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INTENSIVE METHODS FOR THE PREPARATION 
OF VANADIUM CHLORIDES FROM BAUXITE ORE

G y . V á r h e g y i , M. M i s k e i  an d  L. I v á n  

(Research In s titu te  for N on-Ferrous M etals, B udapest) 

Received: N ovem ber 14, 1977.

The authors elaborated  a  technology for th e  production  of vanadium  
(IV)-chloride and  vanadium  (V)-oxide-trichloride, s ta rting  from  b au x ­
ite  processing. O n the basis of th e  results, m odel experim ental re ­
actors were constructed , such as a  steel reac to r for chlorination and 
a  sa lt colum n for purification, from  which im purities can be con tinu­
ously removed in  the  form  o f com plex double salts.

The production  o f vanadium (V )-oxide-trichloride was accom plished 
by  partia l oxidation  of vanadium (IV )-chloride w ith  air accom panied 
by  ignition.

R eactors w ith  high p roductiv ity  can be constructed  inexpensively. 
The energy consum ption of the  process is qu ite  low.

The fifth  group of the periodical system contains several rare metals, forming 
the vanadium  group. New processes for their preparation were developed 
with the  application of the  latest results in the  field of halogen-metallurgy.

Halogen-m etallurgy—a steadily developing branch of m etallurgy—produc­
es m etals by entirely new chemical reactions. The main results can be sum ­
marized as follows:

a) Various processes on an industrial scale for the preparation o f m etal- 
chlorides are known which can easily be developed and designed for 
autom atic operation. Such processes cover the  preparation of titan ium - 
tetrachloride, uranium -tetrafluoride, and aluminium-trichloride, etc., 
plus numerous rare metal-chlorides.

b)  A num ber of processes are used for the  separation and purification of 
metal-chlorides, the  m ajority of which are dependent on the difference 
in the  melting and boiling point, and vapour pressure of metal-chlorides, 
respectively.

c)  Chemical purification methods utilizing the  formation of complex chlo­
rides are also known, which surpass physical methods in sim plicity and 
efficiency. These include the purification process based on the form ation 
of double-chlorides of iron- and aluminium-chlorides with alkali m etals. 
The change in the  degree of oxidation of metal-chlorides also provides 
good separation.
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d)  Halogen-m etallurgy opens up the possibility for the wide range process­
ing of raw m aterials and thus also the  extraction of rare metals.

e) The construction m aterial problem can be considered as solved. In  the 
m ajority of cases th is is not relatively cheap, b u t a small-size, efficient 
reactor can be b u ilt a t  a favourable price.

f )  The main advan tage of halogen-metallurgy processes is th a t  m etal is 
more easily produced from metal halogenides, than  from metal-oxides. 
In  addition, a b e tte r  possibility exists for making the processes more 
efficient. Tor exam ple, bipolar cells of chloride-electrolysis, different 
Kroll syntheses, an d  reductions by  hydrogen, etc.

g) Finally, the energy requirem ent of the processes for the preparation of 
chlorides, its separation and reduction is surprisingly low. Many chemical 
reactions involved are exothermic, for instance, the processes for the 
formation of some chlorides, the reduction by hydrogen, and the  forma­
tion of complex-chlorides.

The production of m etallic vanadium  starting  from bauxite ore goes through 
th e  preparation of vanadium -tetrachloride, vanadium  trichloride and vana­
dium  sponge. V anadium  oxide trichloride (VC130) m ight also occur during 
th e  process. The aim  of our work was to  develop economic and efficient 
processes th a t can be readily developed, which can serve as the foundation 
for the  development o f technology for o ther rare  metals.

The sequence of our work was as follows:

1. A suitable process was selected for the  basis of the method.
2. Reaction kinetic measurements were carried out in model-experiments 

and the param eters of the continuous process were established.
3. On basis of th e  results obtained in th is way, an experimental un it with 

a higher capacity  was designed and operated for a longer time.

Preparation and Purification of Vanadium(IV)-Chloride

The main phases of th e  development work were following :
The synthesis was selected for vanadium (IV ) chloride production, i.e. the 

product was made from  prim ary vanadium  produced by alumino-thermic re­
duction (approx. 80% purity) and elem ental chlorine. The reaction involved 
is satisfactorily exotherm ic, fast and we can presume an almost complete 
conversion.

Based on the lite ra tu re  of the last hundred  years, synthesis processes were 
summarized in Table 1.

Except for two m ethods, the processes involved are of laboratory-scale, 
carried out in a quartz  tube unsuitable for development. The processes of 
F oley and co-workers [1] for the preparation  of chlorides carried out in a 
furnace provided w ith  a heat-resistant lining and th a t  of W. Thiel  [2] carried 
ou t in ceramic-lined reactor can already be considered small-scale technical- 
size methods. However, these are processes o f a small specific output, and a 
bigger quantity o f m ateria l cannot be b u rn t in them  without the risk of sin­
tering, and the lining of the  furnace and reactor is subject to frequent re­
placement.
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Table 7 Prepearation of vanadium(IV)-chloride by synthesis
Comparison of process in chronological order

Development
Construction

Process Initial raw Temperature material Year and remarksmaterials °0 stage of the reactor

Roscoe 1870
Koppel 1905
Ruff
Meyer <Ns+> 600—1000 laboratory

scale quartz
1911
1924

Voigt 1924
Starr 1940
Stschuckarev 1956

laboratory 1957
1957

construction
material
unknown

Tyczak
Foley synthesis 600—1000 semi-continuous

technical
scale

quartz

Freiberg
FNE2 Nb, T a+ Cl2 600—1000

large scale 
laboratory ceramic

lining

1964
unreliable
constructionprocess material

FK I Id synthesis 600—800
large-scale
laboratory quartz

1965
without
continuousprocess heat removal

FK I 11. synthesis 800—1000 small-scale 
plant size

cooled
steel

1970
with continuous

reactor heat removal

1. F K I  =  F ém ip a ri K u ta tó  In té z e t  (R esearch  In s t i tu te  fo r N o n -F erro u s  M etals) B u dapest.
2. F N E  =  F o rsc h u n g sin stitu t f. N ich te isenm eta lle  F re ib e rg .

In  developing our process, the results of the  model tests (3) were carried  
out with raw  vanadium  and chlorine in a quartz boat. According to  this, th e  
formation of vanadium(IY)-chloride is more rapid  and complete —as can be 
seen from Fig. I  — if we work above 600° C tem perature.

Time, min
Fig. 1.

Q uantity  o f vanadium (IV ) chloride form ed from  raw  vanadium  a t  different tem p era tu re s
as a  function  of tim e
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Below 600° C tem pera tu re  sigmoid-shape-eurves were obtained, indicative 
o f autocatalytic processes. The ignition tem peratu re  of vanadium  in a chlorine 
atmosphere was found to  be 600° C.

Time, min

Fig. 2.
Q uantity  o f vanadium (IV ) chloride formed from  raw  vanadium  at different gas velocities 

and chlorine g a s  concentration resp ec tiv e ly  as a  function  o f tim e

In  the next series o f measurements, according to  Fig. 2 the ra te  of vana- 
dium(IV) chloride form ation  increased depending on the velocity of the  chlor­
ine gas stream, which indicated th a t  th e . reaction took place in the  kinetic 
field, and was n o t ham pered  by diffusion processes.

Thus, in a continuous process it  can be expected th a t we can work in the 
high-velocity range. In  addition, the accum ulation of a larger quan tity  of 
raw  vanadium can be avoided and also th e  risk  of sintering.

The tubular quartz  reactor of a vertical arrangem ent on laboratory  scale 
was designed on basis o f  the  model test resu lts. Chlorine gas was fed into the 
reactor from the  b o tto m  and led through th e  raw  vanadium  bed. The device 
was suitable for th e  production of vanadium (IV ) chloride a t the ra te  of 1 kg/h.

Modifications were necessary in two fields, one of them  was the  separator 
operated on the principle of fractional condensation used by F oley and co­
workers [1] in which im purity  metal chlorides were separated above the  boil­
ing point of vanadium (IV ) chloride, a t 200° C, and the other was the  quartz 
reactor which inh ib ited  technical scale operation due to  its fragility.

A limitation in th e  efficiency of the separa to r is shown in Fig. 3. B y this 
m ethod it is possible to  separate only 80 pe r cent of the iron-chloride (Fe2Cl6) 
and  40 per cent o f aluminium-chloride (A12C16). In  addition iron-chloride and 
aluminium-chloride ta k e  p a rt in the undesirable decomposition of vanadium  
(IV) chloride occurring during its condensation, which leads to  clogging.

A process for q u an tita tiv e  separation was required, which was found in 
th e  formation of th e  chloride-complex composed of sodium-chloride, with 
iron- and aluminium-chlorides. The principle used by K orshunov and Moro­
zov [4] was applied in  a  vertical column filled  w ith lumpy salt. In  this column, 
a t  300° C, reaction y ie lded—in quan tita tive  w a y —a chloride-complex com­
posed of iron and aluminium-chlorides, which in  a melted condition drained 
ou t a t the bottom  of th e  column.

The replacement o f th e  quartz tube by  a n o th e r—possible m eta l—construc­
tion  material of good therm al conductivity  was a m ajor problem. The sug­
gestion was p u t forw ard to  keep our construction m aterial close to  room tern-
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Separation o f  m etal-chlorides in  the  separator as a  function of holding tim e

perature to  prevent its damage as i t  is subjected to  strong corrosion a t  a  high 
tem perature. This was in complete agreement w ith our other objective, nam e­
ly, the  increase in  efficiency is accompained by  a proportional increase in 
exothermic heat, which we w anted to  remove by  a flowing cooling medium. 
Thus, the idea was reached of using a water-cooled, jacketed steel reactor, 
designed on the following basis:

The prerequisite for the maintenance of the process was to  have the reaction 
heat as close as possible to the value, which a cylindrical steel wall could 
remove. For exam ple a steel tube with a diam eter of 100 mm and w ith  a 
length of 300 mm, has a heat perm eability of 4000 kcal/h. This was com­
pared in Table 2, w ith  the heat formed during the  form ation of vanadium (IV )

Table 2.
Comparison of reaction heat formed during different outputs with the heat 

th at can be removed by a 100 mm diameter steel tube*

vcu
(kg/h)

Heat
formation
(kcal/h)

Removable
heat

(kcal/h)
Difference
(kcal/h) Remarks

1 890 4040 -3160 small, it  freezes in

2 1780 4040 -2260 small, it  freezes in

3 2670 4040 -  1370 small, it  freezes in

4 3660 4040 -4 8 0 in balance

б 4460 4040 + 410 in balance

6 6340 4040 + 1300 too high overheated

7 6230 4040 +  2190 too high, overheated

W all th ick n ess : 10 m m ; te m p e ra tu re  d ifference : 4 5 —35° C =  10° C.
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chloride on a scale o f 1, 2, 3 kg/h, etc., m inus heat needed for the warming 
up  o f raw materials a n d  removed by m etal chloride vapours and chlorine.

Thus, the therm al equilibrium  of our im aginary test reactor is reached at 
an ou tpu t of 4-5 kg /h . The accuracy of above calculation was verified by 
experiment. The w arm ing up of the cooling w ater came up to  our expectation 
and  adapted itself en tirely  to  the charging, thus charging could be controlled 
by  a  contact therm om eter. Fig. 4 shows the  p ro ­
cess flow sheet of an  autom atically operated  
bench-scale operation u n it linked up w ith a  salt 
column and condenser.

Process flow sheet o f  reco v ery  and purification  o f va- 
nadium(IV) ch lo ride  on scale of 15 k g /h  

1 — chlorine gas cy linder, 2 — rotam eter, 3 — co n ta c t 
m anom eter, 4 — in d ic a to r  bell, 5 — pressure gauge, 
6 — make-up chlorine, 7 — steel reactor w ith  w ate r 
ja ck e t, 8 — w ater in le t, 9 — sa lt column, 10 — th e r ­
m om eter, 11 — com plex-chloride outlet tu b e ,12 — th e r ­
m om eter, 13 — com plex-chloride collector, 14 — cyc­
lone condenser, 15 — w a te r  inpu t, 16 — VCl4-collection, 
17 — outgoing gas, 18 — co n tac t therm om eter, 19 — 
ind icato r, 20 — cooling w a te r  outlet, 21 — supp lem en­
ta ry  chlorine gas cy linder, 22 — raw  vanadium  charging, 

23 — s a lt  charging

reacto r for th e  production  
of vanadium (IV ) chloride on

a scale o f 15 kg /h

The cooled steel reac to r is shown in Fig. 5.
The productivity o f th e  autom atically controlled p lan t is high: 15 kg/h. 

The iron and alum inium  content of the  p roduct is below 20 ppm  Due to its 
readiness to decomposition, vanadium (IV)-chloride has to  be protected against 
light, humidity and  hea t, and used if possible, w ithin few days.

Preparation of Vanadium(V) Oxide Trichloride (VC130)

A summary of th e  laboratory processes so far known for the preparation 
o f vanadium(V) oxide trichloride is given in Table 3.
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Table 3.
Comparison of processes for making vanadium (V) oxide trichloride

Process
Starting
materials

Temp.
°0

Development
stage

Construction 
material 

of the reactor
Kemarks

Ruff
Lickfett
1911

v 2o 3+ c + c i 2 2—300 laboratory
tests quartz contaminated

product

Ruff
.Lickfett
1911

V20 3 + S 2C12 2—300 laboratory
tests quartz contaminated

product

Ruff
Friedrich
1914

VCI4 +  0 2 600 laboratory
tests quartz

uncertain, too 
much V2O5 
was formed

Ruff
Lickfett
1911

v 2o 5+  Cl2 2—400 laboratory
process quartz not yet ela­

borated

Oppermann 
Gmelin 
Slawish 
1962, 1970

v 2o 5+ c + c i 2 2—400 laboratory
process quartz contaminated

product

Hecht 
J  anden 
Schappman 
1947

v 2o 5+ s o c i2 300 laboratory
process glass

boiled with 
reflux-cooler, 
contaminated 
product

Scheiden
Tyree
1969

v 2o 5a ici3 300 laboratory
process unpublished product con­

tains some A1

Du Pont 
1959

NH 4VO3 + 
4- air+  Cl2 200—400

technical
scale
operation

unpublished
at first V2Os 
is produced by 
the fluidising 
technique

Ruff
Lickfett
1911

v c i3+ o 2 5—600 laboratory
tests quartz expensive

procedure

Roscoe
1868 VCl4+ N a 152

laboratory
purification
process

glass
risk of explo­
sion. Earlier 
used for puri­
fication

Dynamit-
Nobel
1962

VCI4 + 0 2 300 technical scale, 
batch process unpublished

indirect, slow 
oxidation, 
batch process

New FK I1
process
1970

VCI4 + air 400—450
technical scale,
continuous
process

nickel
direct flame
reaction
continuous

1 FK I =  Fémipari Kutató Intézet (Research Institute for Non-Ferrous Metals) Budapest.
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The unsuccessful experiment o f R uff and Friedeich [5] fifty  years ago 
was chosen as th e  starting  point o f ou r m ethod among the  existing laboratory 
processes. The vanadium (IV) chloride was treated  with oxygen a t red ho t 
tem perature and  a  lo t of vanadium -pentoxide was formed in addition to  v a ­
n a d iu m ^ ) oxyde-trichloride.

During the  kinetic  measurements carried  out a t different tem peratures and 
w ith different oxygen-nitrogen m ixtures in the model un it illustrated in 
Fig. 6., i t  was found th a t the process takes place under a strong flam e forma-

tion a t 400° C tem perature. The form ation of undesirable vanadium  pent- 
oxide can be reduced from 15 per .cent to  5 per cent (F ig. 7.) by  the appro­
pria te  setting o f th e  inlet gas tem pera tu re  and to  a neglible value by the use 
of a suitable n itrogen dilution according to  Fig. 8.

F ig . 8.
F orm ation  of vanadium (V ) oxide trich lo ride a n d  vanadium -pentoxide as a  function of

the oxygen concen tra tion

Fig. 6.
Scheme of model re a c to r
1 — air, 2 — com pressor, 3 — VCl4-boiler, 4 — heating, 5 — 
sealing, 6 — VCl4-in le t, 7 — inspection w indow, 8 — charging, 
9 — transparen t m odel-reac to r, 10 — therm o- m eter, 11 — cooler, 
12 — outgoing gas

Fig. 7.
F orm ation  o f  vanad ium  (V) oxide trich loride and vana- 

d ium -pen tox ide as a  function o f VC14 tem perature
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Finally, the dilution resulted in  a gas m ixture corresponding to  th e  com­
position of air, which also added to  the  economy of the  process.

The product is a  clear liquid, golden yellow in colour, it  does no t decom ­
pose, and can be easily purified by  destination. The product is no t only used

as a  catalyst, b u t also as an im portan t basic 
m aterial for the m anufacture of vanadium -pen- 
toxide of semi-conductor quality.

In  Fig. 9 the flam e reactor and in Fig. 10 
the  process flowsheet of a laboratory u n it of 10 
kg /h  ou tp u t can be seen.

Fig. 9.
Schem e of nickel flam e 

reactor

Fig. 10.
Process flow  sheet o f th e  m anufacture of v an ad iu m  

(V )-oxide-trichloride on scale of 10 kg /h  
1 — turbo-blow er, 2 — ro tam eter, 3—4 — silicagel 
columns, 5 — air p reheater, 6 — curren t in lets, 7 — 
therm om eter, 8 — flash-distillator, 9 — th e rm o m ete r, 
10 — h ea te r, 11 — pressure gauge, 12 — pressure d iffe­
rence, 13 — VCl4-bottle, 14 — feeder, 15 — v acu u m  
pum p, 16 — filter, 17 — feeding valve, 18 — inspection  
window, 19 — flam e reactor, 20 — therm om eter, 21 — 
cyclone condenser, — 22 cooling w ater, 23 — outgo ing  

gas, 24 — VCLO-eollecting bottle

The above processes and equipments are also suitable for the preparation and  
purification of o ther metal-chlorides, verified by the production of niobium(V), 
and tantalum(V) chlorides carried o u t in this device. Two Hungarian p a ten ts  
cover these methods. [6, 7].
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РЕЗЮМЕ

Авторами разработана технология непрерывного получения хлорида ванадия (IV) и трёх­
хлористого окисла ванадия (V), исходным сырьём для которой служит необработанный вана­
дий, полученный в ходе переработки боксита. На основе результатов, полученных в ходе мо­
дельных опытов, были сконструированы необходимые реакторы. Так для хлорирования при­
меняется стальной реактор, а  для очистки — солевая колонна, из которой загрязняющие ком­
поненты непрерывно отводятся в виде двойных комплексных солей (NaAlCli и NaFeCij).

Получение трёххлористого окисла ванадия (V) осуществляется путём парциального окисле­
ния хлорида ванадия (IV) воздухом, что сопровождается реакцией в пламени.

Изготовление таких реакторов высокой производительности не требует больших затрат. 
Осуществление этих способов получения сопровождается минимальными энергетическими 
затратами.
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The developm ent and testing o f  th e  efficiency of a new m e ta l ca ta ly st 
for the  elim ination of air po llu tan ts  of d ifferent types are described. 
The new ca ta ly s t contains a v e ry  small am ount o f noble m eta l in  
a  highly dispersed form on a solid support. Due to  th e  un ique s tru c ­
tu re  of the ca ta ly st, high efficiency can be achieved a t  re la tive ly  low 
tem peratu res.

The effects an d  the in terre lation  of the  tem pera tu re  an d  space 
velocity are dem onstrated b y  v ir tu e  of th e  conversion curves. The 
developm ent o f  cata ly tic ox idation  processes for industria l a ir  pollu­
tio n  problem s b y  using the new  ca ta ly st is discussed. In d u str ia l rea l­
isation of the  process is described and fu rthe r developm ents o f c a ta ­
ly tic  reactors a re  indicated.

Introduction

Various adsorption and absorption processes, therm al and catalytic combus­
tion methods have been developed an d  introduced for the elim ination of harm ­
ful and malodorous substances in a ir and industrial off-gases. The selection 
of the m ost suitable m ethod for a given task m ainly depends on the  quality 
and concentration of the  pollutants. For the elimination of inflam m able sub­
stances in low concentrations, catalytic oxidation is considered to  be the most 
suitable m ethod from th e  point of view of its economy and efficiency.

Catalytic oxidation is generally carried out in a temperature range between 
350 and 700° C depending on the type of the catalyst used as well as on the 
quality and concentration of the pollutants involved.

Catalytic oxidation is achieved w ith  catalyst composites containing cataly- 
tically active metals or metal compounds on supports. F o r the  elimination 
of air pollution in the  main noble m etal catalysts are used.

Development of a New Type of Catalyst

Based on a detailed analysis of literature references and the  results of labora­
tory  experiments carried out with self-made catalysts of different composi­
tions, it  was found th a t  the efficiency and other characteristics of the catalyst
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com posite vary considerably, depending on the quan tity  of the metal compo­
n e n t as well as on the operating conditions used in the  coating procedure.

On the  basis of our experim ental results, it  was ascertained th a t by ap­
p ro p ria te  selection and control of the  operating conditions, high efficiency 
ca ta ly sts  can be prepared w ith  a very low m etal content. By changing the 
operating  conditions, the  characteristics of the  catalysts can be modified 
w ith in  a certain lim it depending on the  assignment given [1].

T he new catalyst contains about 10_6-10~7 g/g palladium  calculated to the 
u n it  weight of the support used. The m etal is very highly and uniformly di­
s tr ib u te d  on the surface o f the  support, making a fast interaction possible 
w ith  th e  pollutants from  th e  a ir passed through the  ca ta lyst bed [2]. Due to 
th e  special structure of th e  catalyst, high efficiency can be achieved. The high 
a c tiv ity  of the catalyst m akes it  possible to  eliminate pollu tants in a low con­
cen tration  a t relatively m oderate tem peratures and w ith high space velocities. 
A v ery  im portant characteristic of the  catalyst is its behaviour in the pres­
ence o f such compounds which are regarded as catalyst poisons. According to 
litera tu re , catalysts p repared  in the usual way and containing 10-2-10-3 g/g 
p la tin u m  metal are very  sensitive against sulphur compounds (mercaptans, 
sulphides) and the ac tiv ity  o f such a catalyst rapidly decreases. The activity 
o f ou r catalyst did not show any  decrease when working for a prolonged time 
w ith  gases containing a considerable am ount of sulphur compounds. This ca­
ta ly s t  was also successfully applied for the elimination of phosphorus contain­
ing a ir pollutants (insecticides).

T he choice of the support depends on the  given assignment. Several alumina 
an d  ceramic supports o f d ifferent types and different surfaces areas were used.

W ith  regard to the process, the  shape and the size of the  support determine 
th e  pressure drop in th e  ca ta lyst bed. During our experiments, supports of 
various shapes were investigated. In  Table 1. the m ain characteristics are 
given o f the catalysts studied.

Table 1.
Characteristics of the catalysts developed

Shape
(Material)

Baschig rings 
(ceramic)

Balls
(alumina)

Honeycomb tubes 
(alumina)

Size, mm 5— 25 6 — 1 0 4 3 x 4 3 x 1 0 0
B ulk density, kp l"1 0 .8 1.0 0 .9
Tem perature range, °C 1 8 0 — 4 5 0 1 8 0 — 4 5 0 1 8 0 — 4 5 0
U pper temperature limit, °C 1 0 0 0 8 0 0 9 0 0
Space velocity, h r 1 1 0 — 5 0  0 0 0 2 0 — 1 0 0  0 0 0 2 0 — 2 0 0  0 0 0

Testing the Efficiency of Catalysts

T he efficiency and life duration  of catalysts were investigated in reactors 
coupled with a gas chrom atograph. The flow-sheet of the  reactor system is 
shown in Fig. 1. The reac to r is connected in by-pass to  the  gas chromatograph 
an d  by  switching the  appropriate  valves, samples can be directly introduced 
in to  the  gas chrom atograph from  the  reactor inlet and outlet, respectively.
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R eac to r —gas chrom atograph system
1 — Flow  m eter, 2 — C ataly tic  reactor, 3 — Sampling valve, 4 — Sam pling loop, 5 — 

Switching valve, 6 — Gas chrom atograph

Different reactors o f 1-100 cm3 volume were used for these tests.
Some catalysts were also tested for longer periods in separate reactors. 

The activity of the catalyst after 8,000 stream hours was found to  be about 
95% of the initial activity.

In  laboratory reactors the conversion of a large num ber of air pollutants 
were measured as a function of the concentration, tem perature and residence 
tim e. The compounds investigated are listed in Table 2.

Table 2.
Air pollutants investigated

Hydrocarbons Sulphur compounds

Methane
Ethane
m-Pentane
n-Hexane
Cyclohexane

2,2,4-Trimethyl pentane
Benzene
Toluene
Xylene
Tetralene

Methylmercaptan Carbonyl sulphide 
Ethylmercaptan Dimethyl sulphide 
Butylmercaptan Butyl sulphide 
Amylmercaptan

Phosphorus compounds

Oxygen compounds o-ethyl-S,S-dipropyl dithiophosphate 
o,o-diethyl-S-ethylthiomethyl dithiophosphate

Methanol
Ethanol
Isopropanol
Butanol

Acetone 
Ethyl acetate 
Formaldehyde 
Formic acid

Solvents
Shellsol-A Mavesol DS 
Aromasol Helux
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Conversion of some m odel substances vs. tem peratu re  
Space velocity : 10,000 h “1

In  Fig. 2 the conversion curves o f some of the investigated compounds are 
shown as a function of the reactor tem perature. I t  can be seen in the figure 
th a t  for most of the compounds shown an about 95% conversion can be achiev­
ed a t  about 300° C, however, for cyclohexane the same conversion can be 
achieved only a t 350° C.

Fig. 3.
Conversion o f m ethanol vs. residence tim e (4 g /m 3 m ethano l in  air)



1978 C ata ly tic  O x id a tio n  P rocess 15

In  Fig. 3 m ethanol conversion curves are presented as a function of the 
residence time m easured with air containing 4 g/m 3 methanol. As the  figure 
shows, 98% conversion can be achieved a t a 300° C tem perature w ith a resid­
ence time of 0.05 sec, a t  270° C with a residence tim e of 0.1 sec.

The tem perature and the residence tim e are interrelated in a given conver­
sion range. At a higher tem perature, lower residence tim e is sufficient, th a t  
is to  say a higher space velocity can be applied in order to  achieve a given 
conversion.

In  Fig. 4 the sam e types of conversion curves are shown m easured w ith 
air containing 35 g /m 3 methanol.

Fig. 4.
Conversion o f  m ethanol vs. residence tim e (35 g /m 3 m ethanol in  air)

I t  can be seen in the figure th a t  the  residence tim e corresponding to  98% 
conversion is 0.09 sec a t 300° C and 0.13 sec a t  275° C, respectively. These 
residence times are somewhat higher th an  th a t  obtained with air containing 
4 g /m 3 methanol.

B y comparing the  conversion curves presented in Fig. 3 and 4, i t  can be 
seen th a t the catalyst can efficiently be applied for the elimination o f pollu­
tan ts  th a t are present in a wide concentration range.

The selection of the  optimum operating conditions depends on the  one hand  
on the  concentration, and on the other hand on the quality of the po llu tan ts.

For demonstration purposes, the  relationship between the  tem perature and 
the  space velocity is shown in Fig. 5 for the  elimination of different po llu tan ts 
w ith the same conversion from air containing m ethanol, toluene and  n- 
hexane, respectively.

As the figure shows, the same conversion (98%) of a more refractive, less 
oxidable compound can be achieved with considerably lower space velocity 
a t a  given tem perature, or putting this another way, in order to  achieve the  
same space velocity a higher tem perature is required.

In  some cases th e  selection of operating conditions is also influenced by 
o ther factors. For th e  elimination of compounds which are harmful or m alod­
orous a t very low concentrations (low MAC value or low odour threshold limit) 
99-99.99% or even higher conversion should be achieved. As shown in the
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Fig. 5.
In terrela tion  of te m p e ra tu re  and  space velocity  for th e  oxidation of some m odel sub­

stances a t  98% conversion

figures representing th e  conversion curves, such a high conversion can be 
achieved by increasing the  tem perature and  decreasing the space velocity, 
th a t  is by the appropria te  adjustm ent of these two parameters.

Generally speaking i t  can be concluded th a t  the optimum conditions of 
a catalytic oxidation process can be established on the basis of experiments 
in the knowledge o f th e  concentration and  quality  of the pollutants to  be 
eliminated and the  required  purity  of the  ou tle t gases.

Development of Catalytic Oxidation Processes

On the basis of industria l requirements, process technologies have been de­
veloped for the  elim ination of harm ful substances in air and industrial off­
gases [3].

The main steps o f th is  development were as follows :
1. Selection of th e  appropriate catalyst based on laboratory measurements 

carried out in th e  m icroreactor—gas chrom atograph system.
2. Laboratory an d  bench-scale experim ents w ith model m ixtures under d if­

ferent operating conditions.
3. Experim ents carried  out with a bench-scale unit in a factory to  eliminate 

the  pollutants and  select the operating conditions.
4. Planning of process technology and furnishing of design data.
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For the experiments on a bench-scale and for the industrial m easurem ents, 
a  mobile catalytic oxidation un it furnished w ith an electrical preheater was 
built with a capacity of 60 Nm3/h. The flow-sheet of the equipm ent is shown 
in Fig. 6.

Fig. 6.
Flow diagram  of th e  bench scale reacto r system 

1 — Fan, 2 — P reheater, 3 — C atalytic reactor, 4 — Flow  m eter, 6 — P ressu re  gauge, 
7, 8, 9 — Sam pling points, 10, 11 — T em perature recorder, 12, 13 — T em peratu re  contro l

In  the following paragraph, some examples show the wide application pos­
sibilities of catalytic oxidation.

In  plants m anufacturing animal proteins, the effluent of some processing 
units contains malodorous protein fragm ents in a relatively high concentra­
tion (1-2 wt.%), mainly sulphur and nitrogen containing substances causing 
a critical odour problem in the p lan t and in the  neighbourhood. Deodoriza- 
tion of the effluent gases cannot be solved by the generally used absorption 
process. Therm al incineration also proved to  be inefficient for the  complete 
elimination of the  malodorous substances.

On the basis of the laboratory model experiments and m easurem ents car­
ried out in the  p lant, it  was dem onstrated th a t  the malodorous substances 
from the effluents can be completely elim inated by  catalytic oxidation. The 
catalyst selected on the basis of laboratory experiments can be used for 
a longer period w ithout a decline in activity.

I t  should be noted th a t some of the  malodorous substances, i.e. m ercaptans, 
have a very low odour threshold value, below 0.1 ppm, which means th a t  
very efficient conversion must be achieved in order to eliminate the  odour of 
the effluents.

A process technology was suggested for the  deodorization of effluents a t 
a  tem perature o f 250° C.

A similar task  emerged in a pharm aceutical factory working with th e  ex­
traction of active compounds from animal organs, which could also be effici­
ently solved by  catalytic oxidation.

2
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A process was e laborated  for the elimination o f solvent vapours evolved in 
th e  spray painting u n it o f  a machine factory. The concentration of the solvent 
vapours in air varied betw een 1 and 10 g/m 3. As different types of solvents 
and  solvent m ixtures were used, working conditions had to  be chosen for the 
elimination of the m ost refractive compound. The appropriate working condi­
tions were determined for the  removal of a t  least 98% of the solvent vapours. 
F o r the  industrial scale un it, a reactor working a t  330° C was suggested.

In  the  m anufacture o f a  pharm aceutical p roduct 90 kg/charge m ethylm er- 
cap tan  and some e thylm ercaptan  are evolved. Due to  batchwise production 
th e  amount of the  m ercaptans evolved varies considerably in tim e by the 
progress of the reaction. The effluent was dilu ted  w ith air and passed through 
th e  pilot reactor. The m ercaptan concentration of the  inlet air varied from
0.1 to  5%. On the ca ta ly s t selected on the  basis of laboratory experiments 
working at 280° C tem perature , the outlet gas contained 0.001% i.e. about 
10 ppm  mercaptan. W orking a t 330 °C m ercaptan was not detectable by gas 
chrom atography and  th e  ou tle t gas was odourless.

This example illustrates th a t catalytic oxidation can be applied for the 
elimination of po llu tan ts evolved in high concentration and changing in time.

' Industrial Application

A catalytic oxidation system  was built in a pharm aceutical factory for the 
deodorization of th e  effluen t evolved in the  spray-drying unit of the  p lant 
producing B12 vitam in. The flow-sheet of the  process is shown in Fig. 7.

Flow  sheet of th e  in d u stria l un it for deodorization  o f a  ferm entation p roduct 
1, 10 — Burner, 2, 11 — M ixing chamber, 3 — S pray  drier, 4 — Bag filters, 5, 9 — F an , 
6 — Scrubber, 7 — H e a t  exchanger, 8 — P u m p , 12 — C ataly tic  reactor, 13 — Stack
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400 kg water containing 15 kg suspended solids is sprayed with 10,000 N m 3 
air a t 320° C inlet tem perature into the drying unit. From  the air stream  
leaving the drying un it a t 130° C the  product particles of diameters of a  few 
microns are recovered by  bag filters. The effluent passes through a scrubber, 
the tem perature of the outlet gas is 50° C and is sa tu rated  with water vapour. 
This outlet gas is preheated to  320° C and contacted w ith the catalyst. The 
reactor effluent leaves the system through the stack or a larger p a rt of the  
clean gas can be recycled into the drying unit and only a part of it, corre­
sponding to  the quantity  of the flue gas produced in the  burner, will be ex­
hausted.

For the processing of a small am ount of polluted air or off-gases, a mobile 
catalytic oxidation unit was constructed, w ith a nominal capacity of
1,000 Nm 3/h. The schematic drawing of the reactor is shown in Fig. 8 which

also illustrates the operation of the reactor. A blower feeds the polluted air 
into the reactor through the casing of the  reactor which also serves as a heat 
insulator. The inlet air is intim ately mixed with the ho t flue gases in the  
mixing chamber, then enters the catalyst bed a t tem peratures between 250 
and 400° C, and the clean air leaves the reactor through the  stack.

Conversion, (g/g)

Fig. 8.
Schem atic draw ing of th e  1,000 m3/h  capacity  reac to r 

1 — Burner, 2 — M ixing cham ber, 3 — C atalyst

2*
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Preheating the  air to  the reaction tem pera tu re  is accomplished by the pro­
ducts of combustion from  a conventional gas or oil fired burner. The unit 
shown is equipm ent w ith an oil fired bu rner (100.000 K cal/h).

The tem perature of the  catalyst bed is m easured a t two points by  therm o­
elements, i.e. a t the  gas inlet and a t the  m iddle height of the  bed. Preheating 
of the  inlet gas is controlled according to  th e  tem peratures measured.

The above reactor system  can be used for the  processing of 500-1000 Nm3/h 
polluted air or off-gas. Another feature o f th e  system is th a t  i t  can easily be 
transported  and can be used as a pilot reac to r for determining design data  for 
larger units.

W ith  the above system , the deodorization of gases evolved in ferm entation 
was investigated and  some other applications of the process are under pre­
paration.

In  addition to  the  units described, the  development of larger units, equip­
ped with heat recuperation systems, was also started  in order to  decrease the 
energy requirem ent o f the  process.
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РЕЗЮМЕ

Авторы знакомят нас с разработкой нового типа металлического катализатора и с изучением 
его эффективности с точки зрения удаления загрязняющих воздух соединений различного 
типа. Новый катализатор содержит на носителе очень малое количество благородного метал­
ла при высокой его дисперсности. Вследствие специальной структуры катализатора, может 
быть достигнута высокая его эффективность, а  также модифицируются и прочие его качества.

С помощью приведённых кривых конверсии исследуется влияние температуры и объёмной 
скорости, а также зависимости между ними. При использовании новых катализаторов пока­
зана разработка технологий каталитического окисления для решения промышленных задач, 
связанных с проблемой защиты окружающей среды. Показано также осуществление процесса 
в промышленности, и направления дальнейшего развития каталитических реакторов.
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A general technological theory  com plete w ith definitions and postu l­
a t e s  is advanced. The theory  is aim ed a t  selecting technological non ­
varian ts b y  th e ir  use during th e  exam ination of the  technlogical sys­
tem s of various m aterials of biological origin. R aw  m aterials subjected 
to  processing in  the  technological system  were characterized and th e  
h ierarchy principle as well as th e  te rm  technological functional group 
are presented. Based on the  th eo ry  developed by  B l ic k l e , th e  in ­
te rn a l and  ex ternal structures o f m aterials were evaluated.

Introduction

A characterization of technological systems based on the central idea of the  
identification of the  technological invariants and their subsequent use is ad ­
vanced. B l ic k l e  developed this m ethod. His publications [1 , 2] served as the  
main basis of this paper. The au thor is convinced th a t the exam ination of 
technological invariances is extrem ely im portant because the  evaluative and 
critical treatm ent of the vast wealth of experience of the chemical and related  
industries m ay lead beyond the particular problems and can result in the  re ­
cognition of new, general relationships. The theory advanced here, a  possible 
presentation mode of technological theories, is based on definitions and pos­
tulates. I t  should be mentioned a t  th is point th a t neither the m ethod of p re ­
sentation nor its content are the sole possible and correct ones, because the  
particular field where this theory is used is so special th a t  conscious precau­
tion seems advisable.

The prim ary goal of this paper is the characterization of the technologies 
used to  process raw  m aterials of biological origin, a field closely related to  the 
chemical industries. The author is convinced th a t by utilizing certain techno­
logical invariances, a  direct relationship can be established between the  tech ­
nological systems used to  process chemical and biological raw m aterials. Cor­
respondingly, a guide to  applying the  well advanced results of chemical engi­
neering in bioengineering can be obtained.
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1. The Technological System and its Parts

Definition  1: The term  technological objective is used to  denote the artificial 
production of m aterials of certain values of use.

D efinition 2: The te rm  technological system  is used to  denote a system by 
which certain in itia l or raw  m aterials can be turned  into products of pro­
perties in accordance w ith the technological objective.

D efinition  3: The technological system is composed from  materials, changes 
and  equipment; m aterials which are artificially transform ed in the techno­
logical system ; changes which take place in the  m aterials entering the tech­
nological system and  equipm ent, which cause or prom ote these changes of 
th e  materials in th e  technological system  or which emerge from the  space 
and  time boundaries o f these changes.
This definition of th e  technological system  was given by Blickle [1]. 

In  fact, this definition is the  central core of this theory (see p. 22-94 and 
p. 39 of [1] for the im plicit and explicit definition).
Postulate 1: Various p a rts  of the technlogical system are connected by  com­

plex, m ultilateral relationships. These relationships apply for the  various 
form s of motion, a n d  in a more general sense, for the information flows 
w ithin the technological system.
Thus, relationships rela ting  to  the physical forms of m otion (such as energy, 

force, and momentum), chemical forms of m otion (such as the reacting ele­
m ents, and balance o f charges, etc.) and so forth  have to  be considered. 
Postulate 2: The sufficient and necessary condition for completing any techno­

logical objective is th a t  all the pertaining relationships relating to  actual 
m aterials, changes an d  equipm ent details are simultaneously fulfilled a t 
any  point of the appara tus.

D efinition 4: The technological system is considered to  be in technological 
equilibrium or technological harmony when all the relationships relating to 
ac tual materials, changes and equipm ent parts are simultaneously fulfilled 
a t  each point of the  technological system.
Thus, in other words, Postulate 2 means th a t  the  necessary and sufficient 

condition of the com pletion of the technological objective is th a t the  techno­
logical system should be in  technological equilibrium.

A t this point, it is im portan t to recognize th a t  the relationships between 
various forms of m otion relate to  dynamical relationships, so technological 
equilibrium  itself is also a dynamic condition.
Postulate 3: The technological systems as open systems can interact w ith each 

other. In  this case, th e  product of a previous system  becomes the raw  ma­
te ria l of a later system .

Postulate 4: Any technological system can be decomposed into a fin ite num ­
b er of technological system s functioning as the  system  of these subsystems. 

Postulate 5: Any p a rt o f any  technological system  is a set consisting of a finite 
num ber of object-classes as elements and these object-classes can be consid­
ered  the sets of a fin ite  num ber of elements.
The relationships betw een the elements of a technological system are re­

p resen ted  by the technological triangle relationship (triangle graph). The 
po in ts of this graph are th e  materials, the changes and the  equipm ent as sets
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while their arrows are the relationships existing among these sets com pound­
ed into a single line. This is shown in Fig. 1.

[A]—[B] [A]: m aterials
technological system  =  \ /  where [V] : changes

[V] [B]: equipm ent

Fig. 1.
Technological triangle relationship

Postulate 6: The triangle relationship of any technological system is th e  spe­
cial case of a  general technological triangle relationship, it is its particu lar 
solution.
I t  is possible to  arrive a t the general technological triangle relationship by 

an examinantion of the elements of the elements (object-classes) of th e  p a rts  
of the technological system materials, changes, and equipment, followed by  
the  detailed exam ination of the (A)—(V), (A)—(B) and (V)—(B) re la tion ­
ships. Thus all the m athem atically possible combinations of all the  possible 
properties of all the materials, changes and equipm ent have to be taken  and  
reduced by such combinations which, according to  undoubtedly correct ob­
servations are impossible. These combination-reducing statem ents are given 
by  B lickle (cf. p. 2 2 —28 of [1]) as “Statem ents of technical chem istry” . 
In  m y opinion there are a num ber of statem ents among them, which due to 
their widespread acknowledgement can become the axioms of the  present 
technological theory.
Postulate 7: The general technological triangle relationship can be considered 

the  sum of all the  m athem atically possible relationship-combinations o f the 
parts of the technological system reduced by the  technological axioms.
The content of Postulate 7 is shown in Fig. 2.

general technological 
triang le relationship

[A]—[B]

X
reduction

to ta l

[A ]- [B ]
\ /  axiom 
[V]

Fig. 2.
The general technological triangle relationship

Statem ents 1 to  8 of B lickle  relate to  m aterials, statem ents 9 to  33 refer 
to  equipment, statem ents 34 to 64 relate to changes (as algebraic mapping) while 
statem ent 65 relates to the relationship of m aterials and equipm ent (“opera­
tion units” ). A few examples are given to  dem onstrate their axiom atic cha­
racter.

Statem ent 34 : There is a conservation relationship applying to the elements. 
S tatem ent 44: A homogeneous solid-solid system cannot be decomposed into 
its constituents by  any solid material.

Statem ent 20 : Connection in series is feasible only in the continuous opera­
tion  mode.
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How the Terms of the Technological Theory are Derived

The logical p a th  followed so far is shown in Fig. 3. As it can be seen, both 
the  technological-material and its value-of-use p lay  central roles in the  scheme. 
A double arrow is due in-between m aterials and  their values-of-use, since the 
value-of-use is a term  entirely different from  the term  of the technological 
m aterials expressed b y  the  object-classes. The value-of-use as a m aterial cha­
racteristic is an economic term, while all th e  other material characteristics 
(object-classes) are th e  technical characteristics of the materials. The double 
arrow represents a  specific relationship betw een value-of-use and technolog­
ical materials. How ever, this relationship differs from the conceptual deriva­
tion seen in connection with the o ther term s. This means th a t the  logical 
p a th  followed is n o t plagued by circulus vitiosus.

A  — m eans: te rm  В is derived  from  term  A

sooio-economical
side

technical side

value-of-use

I
m aterials

1
object classes 

1
elements

-► technological objective 
1

Technological system
Ï

changes
1

o b je c t classes 
1

elem ents

1
apparatuses

1
object classes 

1
elem ents

Fig. 3.
D eriv a tio n  of the term s o f th e  technological theory

The “elements” shown in Fig. 3 represent the  well form ulated term s of 
a  given scientific top ic  — the arrangem ent o f these elements corresponding 
to  the  present theo ry  is given below. This definitive importance of the  value- 
of-use of different m aterials is explicitely expressed in each technological 
system  and the given technological system  fulfills its specific social function 
by  it, an apparent form  of it  is, e.g. the  commercial connection, etc.

2. Characterization of the Materials From a Technological Point of View

2.1 The Hierarchy Levels o f Materials Entering the Technological Process

W hen a wide range o f m aterials entering th e  technological system, such as 
the  materials of biological origin are considered and the levels of m aterial 
organization, the so-called hierarchy levels-at which changes of the characte­
ristics of the m aterials can take place-are assigned, then the following levels 
are found:

4 i — organism
q2 =  part of the  organism
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q 3 =  organ
q4 — part of the organ
q5 =  tissue
q6 =  p a rt of the tissue
q7 =  cell
q8 =  part of the cell (e.g. organs w ithin a cell) 
q9 =  phase systems 
q10 =  phase
qu  =  component (molecule)
q12 =  p a rt of the molecule (e.g. radical, functional group, etc.) 
q13 =  atom
q14 =  part of the atom  (e.g. ion, etc.)

The levels of organization in the  sphere of materials do no t term inate here 
towards the micro-sphere-side, b u t for the purpose of the  present study these 
levels are sufficient.
Postulate 8: The m aterials in a technological system suffer m any changes a t 

m any hierarchy levels. Nevertheless, there are hierarchy levels in each tech ­
nological system a t which a finite num ber of changes characteristic to  the 
particular technological system  take  place.

Definition 5: The elem entary m aterial flows of the m aterials taking p a rt in 
the  characteristic changes of the  technological system are the  flows of such 
m aterial groups (the so-called “functional groups” ) in  which the  change 
characterizing the given technological system takes place a t and only a t 
one level, the lowest hierarchy level.
According to Definition 5 those groups are called functional groups which
— do take part in the characteristic change of the system
— constantly change only a t one level and this is the lowest hierarchy level.

Definition 6: The hierarchy levels assigned to functional groups are called 
critical hierarchy levels.
In  o ther words, Definition 5 does indeed assign such “undecomposable” 

m aterial groups, which act as the  atom s of the technological system a t any 
arb itrary  hierarchy level range. In  the q9_14 range this definition is identical 
to  th e  classical molecule, radical, complex ion and atom  or atom-ion term s 
of chemistry.

Postulate 8 expresses a statem ent concerning the existence of the charac­
teristic changes of the technological system, but presents no m ethod to  de­
term ine this characteristic change. Changes which are significant qualitative 
or quantita tive  changes are term ed characteristic changes.

2.2 Presentation o f the Technological Systems on the Basis' 
of the “Hierarchy Principle”

2.21 The Hierarchy Principle
M aterial groups flowing into a technological system represent different levels 
of m aterialistic organization and although some of the  changes can alter 
these levels, any technological system  can be composed o f the  flows of such
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elem entary m aterial groups, the so-called functional groups, which retain 
the ir levels of m aterialistic organization while passing the  given technological 
system .

This principle can be easily dem onstrated: the elements, or rather their 
particular, electrically excited forms rem ain unchanged in any technological 
system  which means th a t  the  changes brought about in a  chemical technolog­
ical system, i.e. the  chemical changes cannot alter the chemical elements.

This chemical elem ent principle can well be applied to  higher levels of m a­
terialistic organization as well (cell, tissue, and organ etc.).

From  here on, the  term  functional group mainly applies to  a functional 
group flow, since these groups as elem entary m aterial flows are the consti­
tuen ts  of the m aterial flows studied entering and leaving the  technological 
system . This convention—in the au tho r’s opinion—is a simple and straight­
forw ard one, since technologically there is no real difference in this respect 
between a flowing or a  stagnant system.

According to the  above hierarchy principle, the m aterials flowing into a 
technological system  can be described as the  sum of the  elem entary m aterial 
flows. Thus, the m athem atical treatm ent-tak ing  the m aterial flows (the sys­
tem s of elem entary m aterial flows) as vectors composed from  the elementary 
m aterial flows as basic vectors-seems justifiable.

I t  follows th a t all m aterial flows in to  a  given technological system can be 
described by equations formed from  the  elem entary m aterial flows of the 
system . This equation set is characteristic for the given technological system 
and  it is invariant w ith respect to  any sta tes of the given technological system. 
Accordingly :

a)  The material-flow-system set X  is a vector space above object T  gener­
a ted  by set /  of th e  functional groups as linearily independent basis vectors 
a t  critical hierarchy levels determ ined by  the  aim of the  technological system. 
The dimensions of X  and  /  are m ass/tim e.

b)  Although basic vectors /  have an unlim ited set of hierarchy levels, they 
cannot be further decomposed because the  critical hierarchy levels are de­
term ined.

c) The elements o f com m utative object T  are na tu ra l num bers obtained as 
the  ratios of the functional group mass flows and the  un it functional group 
m ass flows of the mass-flow-system.

T he guideline set by  th e  h ierarchy principle is :

technological
objective

critical h ierarchy ' 
levels an d  app ro ­
p ria te  changes

technological
system

The “undecomposibility” of basic vectors f  is entirely due to  the critical 
hierarchy levels, because although the  m aterials subjected to  technological 
processing could be fu rth e r decomposed theoretically tow ards increasing hier­
archy levels, the changes required by  the  technological objective make this 
unfeasible.

This means th a t there  is no direct way from the  technological objective to 
th e  technological system , ra ther there is a step of theoretical importance in 
betw een: the level of m aterialistic organization a t which the  technological 
system  in question is required to  operate, has to  be decided upon.
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For example, chemical technological systems are chemical systems because 
they are created to facilitate changes a t the q9- 14 hierarchy levels. I t  was 
experienced th a t  the sets of the material-flow-system in a chemical technolog­
ical system can always be produced as vector spaces generated by chemical 
elements, bu t there is no need in a chemical technological system for deeper 
decomposition (higher hierarchy level) than th a t  of the  ionized element (q14), 
so qmax =  q14. Occasionally, the basic vectors need not to  be elements or their 
ionized forms, because the changes of the compounds can be described by 
changes of radicals or complex ions and then the m axim al hierarchy level is 
q12. Of course, this description mode is not the  only advantageous one, b u t 
in the case of macromolecules, in biochemistry, where the peptide chain is 
described only by the symbolically noted amino acids and not the chemical 
elements proper, this representation can be used exclusively. In  this case, the 
functional groups as basic vectors are assigned by  describing the  q 12 level as 
the ciritical level.

The assets of the m ethod outlined above become m anifest when it is rea l­
ized th a t the usual atomic level cannot be reasonably m aintained in the p ro­
cessing of certain materialistic formations, such as p lan t fragm ents, and or­
gans, etc., because even the most minute morsel of this m aterial contains an 
enormous wealth of compounds, and in fact it  is not these compounds or a t 
least not all of them , th a t one has to  work with while these m aterials are 
processed. Thus, no single hierarchy level or the  f9_14 chemical range can be 
assigned to  this material. I t  is only the technological objective which specifies 
the depth of changes to be achieved in the structure of the material.

2.22 Mathematical Formulation of the Hierarchy Principle

L et the set of the functional groups in the technological system  studied be 
[/], the set of the critical hierarchiai levels corresponging to  the functional 
groups be [Hcr] and let the set of the material flow systems of the technolog­
ical system be [X].

Let set [a] describe the relationships existing between the functional groups 
and let the elements of the set be:

on : there is a  relationship between tw o functional groups

a i ,i  homogeneous relationship
OCl.ll ionic
<xi,i2 covalent
ai, i 3 biological
ai, 1 o ther relationship

a i ,2  heterogeneous relationship
ai, 2i coarse suspensions
oti, 22 fine suspensions
oii, 23 em ulsions
oii, 24 gels
oii, 25 aerosols

an  : there is no relationship betw een tw o functional groups.

Then the technological system  studied is unambiguously defined by the 
m atrix equation ot the technological system:

/ •  T =  X  [Her] is se t (1)

where: /  is the raw m atrix  describing the functional group set, the set has 
n  elements

T is an n X m  m atrix consisting of natural num bers (ratios)
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X  is the row m atrix  describing the  material-flow-system set, and the 
set has m elem ents.

Since there is n  functional groups in the  technological system  its dimension 
is n.

T he other just as well correct and easy to  understand way to  determine 
E q . 1 is a follows:

— le t us examine each m aterial-flow-system  of the technological system in 
such a manner th a t  th e ir hierarchy levels starting  from 1 to  14 are noted, 
and  let the material-flow-system s of different hierarchy levels and qual­
ities thus obtained form  the  columns of a m atrix.

— simultaneously let us exmine the hierarchy levels starting  from 14 down 
to  1 searching for those m aterial groups whose quan tity  remains un­
changed in the technological system ; let the m aterial groups thus obtai­
ned form the rows o f the  same m atrix  (in fact, once again flows are 
concerned here)

— le t us fill in the m atrix  with the ratios of the  material-flow-systems and 
the  material group flows

— le t us combine the  non-independent rows
— the  rows obtained during the row elimination process yield the functional 

groups of the technological system
— th e  m atrix obtained during the row elimination process is m atrix  T of 

E q . 1 in which the  rows and the columns correspond to  /  and X ,  respect­
ively.

L e t us complete the  quan tita tive  definition of the  system by  the  [a] set 
o f th e  system. Thus we ob tain  the (complete) definition of the  system.

Thus, the complete definition of the technological system  studied becomes :

/T  =  X  [H or] and [a] are se t dim ension n  (2)

T he schematic of th is technological system  is shown in Fig. 4.

A N CESTO R P IC T U R E

X a n c esto b  

/ ANCESTOR

>- technological system  
characteristic  m a trix  T

>  XpICTTJRE

->- / p ic t u r e

X  ANCESTOR +  X piC T U R E  =  X

/ a n c e s t o r  + / p ic t u r e  = /
/ .  T =  X [Л е г ]  ]

[a] I
are set

Fig. 4.
T he schem atic  o f th e  technological system

L e t us examine an easy to  visualize example.
L e t the material-flow-systems of the technological system  be th e  flows of 

th e  following m aterials: CO, C 0 2, CH4, HCOOH and C2H 5OH. W ithout know­
ing anything in particu lar of the  technological system proper m atrix  Eq. 1
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can be applied because it  is invariant with respect to  the changes of the system 
and only the  functional groups have to  be known. To select them  we have to  
know th a t changes of the chemical systems occur a t the atomic hierarchy 
levels (q14). This is shown in Fig. 5. I t  can be seen th a t  the technological sys-

ANCESTOR P IC T U R E

A  ancestor ------------->■ technological system
/ ancestor------------->- characteristic m atrix  T

X PICTURE
/ picture

X  =  ̂ ANCESTOR +  A'piCTURE 
/  = / ANCESTOR + / PICTURE

[X] =  {CO; C 0 2; CH4; H COOH; C2H 5OH} [ H c r ]  =  q u
[y] =  {C; O; H} [a] =  determ ined b y  form ula

CO

6о

C H 4 HCOOH C2H 5OH
c ' 1 1 1 1 2 '

.0 1 2 0 2 1 = [X1X2X3X4V5]
H . 0 0 4 2 6 .

/ i  =  carbon 

/ 2 =  oxygen 

/ з  =  hydrogen

X i =  CO X 2 =  CO 

X 3 =  CH 4 X 4 =  HCOOH 

X 5 =  C2H 5OH

Fig. 5.
D escription of a  В dim ensional technological system

tern has 3 dimensions since it  is composed of functional groups С, О and H  
(elements). I t  should be noted th a t  the relationships of the functional groups 
are also known which means th a t [a] is set.

2 .23  The exact mathematical formulation o f the hierarchy principle makes
the definition o f the linear independence o f the functional groups as basic 
vectors indispensible

Thus, the linear combination of functional groups /  is:

/  =  a i / i  +  a2/ 2 +  - * . -hanfn  (3)

Various material-flow-systems can be composed from the flows of functional 
groups Л ,  / 2>

Definition 7: Vector system , / 2, is linearly independent then  and
only then when the expression :

« l / i  +  a 2/ 2 +  . . .  +  a„Jn =  0

is fulfilled only a t a1 = a2~  . . .  = an = 0.

(4)
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2.24 I t  is important to note that Eq. 3 shows how the material flow systems ore 
obtained (at given hierarchy levels), but it does not reveal anything about 
the connection modes of the functional groups. This is given by set [a]

Set [a] is the set of relationships defined by  the  Descartes m ultiple set [/] X [/] 
o f functional group se t [/]. If, for example, compound C2H-OH is examined 
as shown in Fig. 6 th en  it can be seen th a t  the  three types of functional

T he s tru c tu ra l form ula of 
ethanol :
6 5

H  H
7 ll [2 3 4

H —C—C—O—H

[a] =  {a 1, 1 2 ; ai,i4; ai,i5; an} 
w here

[<*]= U /ia i/m
( - 1

and
l, m = l ,  2 , . . . ,  n  
i f  l = m=> ai = an

The [ /]  X [ /]  m ultip le  (following the  
num bering used on th e  s tru c tu ra l 

form ula) :

Symbols
ai, 12 =  covalent =  + 
an = -
ai, 14 =  o ther =  д
a i,i 5 =  o ther (2) =  ()

1 2  3 4 5 6 7 8 9

1 1+++111+1
2 +111+1<1+
3 - д - 0 ----------------------
4 ------- 0 ------------------------------
5 — +  — — — — — — —
6 +  — — — — — — — —
7 +  — — — — — — — —
8 +  — — — — — — — —
9 _  + ---------------------------------

Fig. 6 .
The [a] set o f th e  relationships am ong th e  functional groups of C2H5-OH

groups form a material-flow-system consisting of 9 elements in which set [a] 
has four relationship elements. This description mode seems complicated and 
tedious for so simple a  compound and indeed it is; th e  chemical structural 
form ula, a graph representation itself, is much more expressive. Nevertheless, 
the  m atrix  representation and the structural form ula are equivalent. However, 
there  are cases when th is graph representation cannot be used, as it  can be 
w ith  chemical compounds. This happens when the  possible connection modes 
are examined during th e  hierarchy level changes.

L et us now form the  Descartes m ultiple [q i- i 4]X rq1- 14] over the set of the 
hierarchy levels and le t us examine w ith respect to  each pair, which relation­
ship element of [a] is possible a t all. W ithout claiming completeness these 
relationships, as I  envisage them , are listed here:

(qi-14) ai, u(q9-X4)

(qe-i4)ai,i2(q9-i4)

(qi-8)ai,i3(q]_8)

( q i_ i 4 ) a i ,2 ( q i _ i4 ) .

The heterogenous relationship is no t discussed here, it  is beyond the scope 
of th is paper. (Relationship a n relates to  the  “em pty” connections.)
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I t  is worthwhile noting th a t while the relationships obtained during the  
examination of particular functional groups are symm etrical, the inter-hier­
archy level relationships defining the functional groups are not sym m etrical 
with respect to  the general possibilities. However, in a particular case, the  
relationship is symmetrical with respect to  both the functional groups and the  
hierarchy levels defining the functional groups.

2.25 Determination of the Functional Groups

Selection of the functional groups is no t an easy problem. In  principle the  
m ethod shown below ensures the success in any technological system, b u t it  
may require several attem pts.

Let us define the union U and section П set operations for the functional 
groups.
Definition 8: The union operation as a set-operation w ith respect to the  func­

tional groups means th a t the flows of the  functional groups are united  into 
a material-flow-system set.

Definition 9: The section operation as a set-operation with respect to  the  
functional groups means th a t one of the functional groups is hierarchy de­
pendent from another one, i.e. it  is no t a true functional group; the section 
operation applied to  real functional groups results in an em pty set {0}. 
Based on Definition 8, Eq. 3 can be rew ritten as :

[/]=  L)[/d (5)(-1
Based on Definition 9. Eq. 4 can be rew ritten as: 

where i ^ j  and
i, j =  l ,  2, . . . ,  n. (6)

Based on Eq. 5 and 6, the  functional groups can be selected. Visualized, 
Definition 9 means th a t  a non-real functional group contains in fact another 
real functional group, because one of the  characteristic changes of the  tech ­
nological system takes place in it, i.e. it contains a critical hierarchy level 
which is of a higher level than  th a t characterizing the given group. L et us 
assume th a t  the set of the material-flow-systems of a given technological sys-

m
tem studied is [X] =  (J[Xj]. Then let us obtain:

i=i

where i ^ j  

and

m
и [XdntXjM /],

Í.Í-1

[Her] is set 

[X,]€[X]; [Xj]e[X],

( 7 )

Set [ /]  thus obtained contains the m aterials from which all the elements of 
the material-flow-system set [V] can be generated. Occasionally Eq. 7 results 
in an em pty set; in these cases [X J and [Xj] are relatively linearily indepen-



32 F . M ohos Vol. С.

dent, bu t from the  point of view of the  overall system, this only means th a t 
they  are generated by  such functional groups in which there are no identical 
ones.

I f  set [/] is successfully selected, then  we have to make certain th a t set [X] 
can be generated from  its elements or no t. Generation proceeds as follows:

№ ] - [ Л ,  fm, (8/a)
x k = Ox/i + amfm + anfn  + . . .  (8/b)

Eq. 8a and b, together ensure th a t  th e  material-flow-system in question 
can indeed be generated from the selected functional groups.

The situation is more complicated if the  section operation according to 
E q . 7, allocates f x_k type, i.e. к functional groups to  the  material-flow-set 
elem ent [Xg], b u t the  entire material-flow-system  cannot be reconstructed 
from  this, only a p a rt  of it. This means th a t  the functional groups have to  
be “completed” by  a m aterial fraction /* , i.e.

[X g]= (u /i)ll/®  (9)

Then it has to  be examined whether m aterial fraction f® results in a non­
em pty set when its sections are obtained w ith respect to  all the  other functi­
onal groups of the  technological system, i.e. with all the  elements of [/]. I f  
only em pty sets are obtained, then f® is a  real functional group and should 
be added to  set [ /] . On the other hand, if  the  elements of the  set:

[ / i ] € [ / ]

where i = l ,  2 , . .  .n

(fÛ [/i]n r/« ])= [ /f , f f ,  • • -Л®! (1 0 )

[Ног] is fixed

are not em pty sets, then  another section operation has to  be performed to 
te s t  the linear independence. This procedure is continued until linearly inde­
pendent m aterial fractions are obtained a t  given hierarchy levels.

2.26 Similarity of Technological Systems

Definition 10: One of the cases of sim ilarity  in technological systems is when 
their material-flow-systems, i.e. the  system s formed from  the flows of their 
functional groups are identical, i.e.

C haracteristics o f
dimensions 
functional g roup  set 
m aterial-flow -system  set 
critical h ie ra rch y  level set 
relationship  set

th e  f irs t system  th e  o ther system
Ш
ГМ
№ ]
[Я с г (1 ) ]
l«i]

П2
[ / 2]
№ ]
[ f f c r ( 2 ) ]
[«2]

1 )  [#cr(l)]=[Hor(2)]
2) [ / 1] =  [ / 2]=>ni =  П2

(U /a )

(11/b)
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3) № ] = [ X 3] (11/c)

4 )  [ a i ] = [ a 2] (11/d)

Definition 10 in fact predicts four cases described by  Eq. 11 /a—d. I f  the 
technological triangle relationship is recalled then this definition of sim ilarity 
seems justified, since in fact the criterion relating to  the  set of the hierarchy 
levels provides limitations on the characteristic technological changes, [F], 
the most significant part of the  set of changes, while the  other three criteria 
relate to the  most im portant properties of material set [А]. The rem ainder of 
the characteristics of the technological system, such as the  equipm ent set, 
[B] contain the differences. However, similarity seems more im portan t in this 
case than  identity, because even the  descriptions of sim ilarity  contain am bi­
guities which make identity  a theoretical rather th an  practical category.

2.3. Characterization o f Material-Flow-Systems from  the Technologicalj
Point o f View

2.31 Internal and External Technological Structure

Definition 11: The internal technological structure of the  material-flow-systems 
characterizes the material-flow-systems by those characteristics which dis­
play their effects when they come into contact with each other.

Definition 12: The external technological structure of the  material-flow-sys­
tems characterizes the material-flow-systems by  those characteristics which 
prim arily determine their relationships to the equipm ent.

2.32 Description of the Internal Technological Structure of the Material-Flow- 
Systems

The object-classes of the characteristic-set of the material-flow-systems are as 
follows :

1. Chemical structure (c) (if it  can be defined)
2. Crystalline structure (k)
3. Form  (/)
4. Phase sta te  (h), its elements are: ßx \ solid; ß2: liquid; ß z : gas
5. Q uantity  (G)
6. Tem perature (T)
7. Pressure (P)
8. Dispersity, its elemets are:

N :  the num ber of dispersed particles 
D:  the size of dispersed particles 
F  : the  surface area of dispersed particles.

9. Inhomogeneity, its elemets are:
I a: inhomogeneity of quantity  
I T: inhomogeneity of pressure
I n : inhomogeneity of the num ber of particles
I D: inhomogeneity of the size of particles
I F: inhomogeneity of the surface area of the particles.
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10. Rheological properties, its elem ents are:
B v: viscosus
B pl: plastic 
B e: elastic

11. Biological struc tu re  (BIO)
The structure graph of the  object-classes is shown in Fig. 7. The material-

Gp

о
b-6

T h e structure graph o f th e  object-classes form ing th e  in ternal s tru c tu re  of the  m aterial
flow  system s

flow-systems can be adequately characterized from a  technological point of 
view  by the above 11 object-classes. However, a given material-flow-system 
cannot always be characterized in detail by  all the object-classes, e.g. non­
crystalline m aterial, i t  has no biological structure, etc. In  such cases we have 
to  note th a t these characteristics are missing.

In  the case of jo in tly  flowing material-flow-systems the  resu ltan t material- 
flow-system can be characterized by  property  a which can assume two values :

Zj property: there  is a governing material-flow-system. In  this case the 
relationships o f the  other m aterial-flow-system  to  the  governing materi 
al-flow-system are depicted by  symbols => and — in th e  homogeneous- 
and heterogeneous cases, respectively, and the arrows point towards the 
non-governing system s.

a 2 property: there  is no governing material-flow-system. In  such cases the 
relationships betw een the system s are depicted by symbols <=> and —► in 
the homogeneous and the heterogeneous cases, respectively.

Obviously, there is a strong relationship between property  oc and relation- 
ship-properties oc existing between the  functional groups, it  is a  macroscopic 
characteristic, their resu ltan t. Since i t  characterizes the  entire material-flow- 
system , it plays a m ajor role in shaping the  external structure.

The other symbol of the  homogeneous relationship is y x which corresponds 
to  => and v>. The o ther symbol of th e  heterogeneous relationship is y2 which 
corresponds to  -*■ and

These two symbols can be thought of as the  two cases of characteristic y. 
T hen a general relationship (q4_i4)y(qi_14) can be introduced which shows 
w hether the hierarchy level pairs formed as the Descartes multiples of the set 
o f th e  hierarchy levels with itself can or cannot be form ed according to y. 
W ithou t claiming completeness, th is relationship set is shown here.

Homogeneous relationship yx corresponds to  the dissolution in a chemical 
sense of covalently bound or ionic m aterials. Furtherm ore, the  existing bio­
logical structure which is the  consequence of the coupling of the compounds 
is also classified.
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I t  should be noted th a t according to  our present knowledge, biological 
coupling can be decomposed, bu t cannot in general be created, except perhaps 
in the case of insuline synthesis, where the form ation of a biological connec­
tion can be claimed.

Under the heading heterogeneous relationship y2 come all the suspensions, 
emulsions, gels and aerosols.

Thus:
(q4_8) if all the  material-flow-systems are biological 
(qi_i4) y1, ion-covalent (q9_14) where 
(q4- 14) can reflect biological couplings as well 
(qi-io) У 2 (У\~ю)
In  compounded material-flow-systems, the following object-classes of the  

separate material-flows-systems have to be considered to  describe the resul­
ta n t characteristics of the resultant material-flow-system :

— chemical structure (c)
— phase sta te  (h)
— crystalline structure (k)
— quantity of m aterial (G)
— inhomogeneity (I)
— sensitivity (S)
— biological structure (BIO)
— dispersity, except in dispersing media of characteristic a4.

Thus, based on their internal relationships compounded material-flow-sys­
tem s can be characterized by the set shown here :

[ A - } = { j ( c , k , h , a , I , B I O ) r ,  u V ,  D, F) i ; f ; P ; T ; R ;  U a2li (12)
Í-X  ( - 1  ( - 1

where 1 <  к <  n  — 1
For this relationship it is assumed th a t
— there is only one material-flow-system of p roperty  öí1 in the system
— the (n — 1) material-flow-system of property oc2 can be reduced to  к sys­

tems by, e.g. dissolution.

2.33 Description of the External Technological Structure

One of the main principles of Blickle’s theory is expressed by the following 
postulate :
Postulate 9: P rim arily  the structure of the equipm ent of a technological sys­

tem  is determined by the phase states and the m utual relationships of the 
material-flow-systems processed in them .
Due to this postulate we have to  characterize the  material-flow-systems 

according to both  their phase states (h; ßx = solid; ß2 =  liquid and (S3 =  gas) and 
their mutual relationships (y4 =  homogeneous; y2 = heterogeneous).

In  this case, the following internal characteristics are neglected:

c, k, G, I ,  S,  BIO , N,  D, F,  P,  T .

3*
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The description of the  external technological structure is shown in Fig. 8. 
I t  can be seen from Eq. 13 th a t the  mode of contacting (y) and the charac­
teristic  feature (oc) are two in terrelated  facets of the same phenomenon.

— if  there is ôci th en  the  
characteristic o f th e  
govering m aterial- 
flow -system  is entered  
here

— if  the re  is аг th en  th e  
charasteristic rep re ­
sen ting  the phase s ta te  
o f  th e  resu ltan t m ate- 
rial-flow -system  is e n t­
ered  here

bi = ßi-3t\(ßi  V ßzV ßs) AÍViVz)

— if th e re  is ocx th e n  the 
phase s ta te  o f th e  non- 
governing m aterial- 
flow -system  is entered 
here

— if  th e re  is 0C2 th en  the  
phase s ta te s  occurring 
(with resp ec t to  the  
resu ltan t m aterial- 
flow -system ) are e n t­
ered here

— if  th e re  is <xi then  the 
con tac ting  mode of the 
governing and non­
governing material- 
flow -system  is entered 
here

— if  th e re  is 0C2 then  the 
characteristic  con tac t­
ing m odes in  the  re ­
su lta n t m aterial-flow- 
system  are entered 
here

Fig. 8 .
The descrip tion  of th e  ex tern a l technological system

Based on such considerations, the  possible variants of the  im portant-in­
practice external technological systems (bj) are as follows :

bi = ß iA ß iA (y i \Z yz)

Ъг =  ßi. A ßi Л yi
Ьз= ßz A (ßi V ßi V Дз) Л У г

&4= ß z A ß s A y i  
Ъъ =  /?з Л (ßi V a) Л У2

— homogeneous solid phase or 
m ix ture of solid pow ders

— homogeneous liquid  phase
— solid, liquid or gas dispersed in  liquid 

m edium
— homogeneous gas phase
— solid dispersed in  gas or 

liquid phase.

The following im portan t limiting condition should be noted:
In  the case of m aterials of biological origin the  possible phase states accord­

ing to  the hierarchy levels are as follows :

q t - 5  : solid (ßx)
q6_9: solid (/!,), liquid (ß2)

,qe- :u : solid (ßi)> liquid (ß2), gas (ß3).

The general relationship of the in ternal and external structures is shown 
in Fig. 9.

The properties of the  m aterials in a technological system  can well be de­
scribed in detail by  th e  term s introduced above. The introduction of the set 
o f changes makes i t  possible to accentuate in full the significance of the func­
tional groups.
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[A] =

‘I
[ITS]

[ETS] bi =  ß i-з  ßi- з  y 1—2

Fig. 9.
The relationship o f the external an d  in ternal technological structu re
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РЕЗЮМЕ

В I-ой части серии статей автор излагает общую теорию химических технологий, прилагая 
к ней необходимые определения и постулаты. Целью данной теории является выбор инвари­
антов и исследование с их помощью технологических систем для материалов в основном био­
логического происхождения. В интересах описания технологических систем автор приводит 
характеристики материалов, подвергающихся технологической обработке, знакомит нас с так 
называемым принципом иерархии и определяет понятие технологической Функциональной 
группы. Автор, исходя из теории Бликле, истолковывает так называемые внутреннюю и внеш­
нюю технологические системы материалов.
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This paper, th e  second in a  series deals w ith  changes occurring in 
technological system s, presents the  L  an d  Z  m apping  structures de­
scribing the  changes on the basis of B l i c k l e ’s  theo ry  and finally it  
discusses the  principles and th e  m ost im p o rta n t relationships of con­
nection-algebra. Then the application  fields o f th e  technological 
theory  advanced are outlined and  a general schem atic for the  design 
of the system  an d  its  subsystem s is p resen ted , th e  la tte r  being the  
adap ta tion  o f B l i o k l e ’s  theory.

Definition 13: The general form of a changes is as follows 
change =  v A Ô A r  =  ÔV v A x
where v : is the type  of the change

ô : is the characteristic of the  change 
x : is the mode of the change.

3.11 The modes of changes are as follows:

F . Mohos

Received: May 26, 1977.

3. Changes Taking Place in Technological Systems

3.1 Object-Glasses o f  the Set o f  the Changes

steady-state : 
non-steady-state : t2 
batchwise: t3

2

Since the mode of the  change is inherently and  closely connected to  the  ap ­
paratus of the operation unit, it is advantageously discussed along with the  
apparatus set.

3.12 The characteristic of the change (ô) can be

straight : 
uniting : 
decomposing : 
exchanging :

»1
Ő2
^3
^3
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3.13 The type of change (v ) can be:

neutral change: «1
change of the standard  deviation : V2
change of the size : «a
change of the form : «4
change of tem perature : «5
change of pressure : «6
change of phase s ta te  :
change of the ratio  o f material-flow-

systems : «8
change of the connections of the

m aterial-flow-systems : «9
change of the  crystalline structure : «10
chemical change: «11
biological change : 1̂2
v12 aims a t hierarchy levels (р_8.

3.2 Relationship between the Type  o f  Change (v ) end the Internal 
Technological Structure

This relationship is given on M atrix 1.

4- : th e re  is
d irect 
connection

em pty  : th e re  is no 
d irec t 
connection

Fig. 10.
R elationsh ip  betw een th e  type  of change an d  the  inner technological s tru c tu re

(M atrix  1).
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3.3 Description of the Technological System by Technological Mappings

3.31 The definition of technological mapping

Definition 14: Technological mappings are algebraic mappings which describe 
the changes occurring in a technological system in such a way th a t  they  
contain :
— the type (V) and character (à) o f th e  change and
— the ANCESTOR and the PIC TU R E of the material-flow-systems in­

volved in the change concerned.
I f  the changes of the material structu re  are described by  the in ternal or 

the externa] structures then  l or z m appings are used, respectively.

3.32 l-mappings. L-mapping structures

The general form of Z-mapping reads as follows :

l . - O ' A ä ) ] ' 1 “ “ ! (15)
L .4  p ic t u r e  J

Mappings in which only a single type or character of a change asserts itself 
are called elem entary mapping.

Two im portant operations can be defined for the Z-mappings:
-  definitions of operation : let

fa i o « 2  о . • • o flil
/i =  (FkA<5m):

L ai+i о . . . о a\ J
(16 a)

and

h  = ( V A Ô v) : \ a s ° as+1°  ' " ° a t ] 
L dn О «я+1 О . . .  O GtbJ

(16 b)

then
, П Г . . , Г (ai° • • • o a i) ° ( я з °  . .í i 0 í a  =  (UkA öTO) : 1L(ai+i о . . .  о aj) о («4 о . .

. о a t) I 
. oat,)J

(16 c)

In general ; if
rA N C ESTO Ri T 

=  (® Л ő)i : I1 P IC T U R E ! J
rANCESTORa I

Z2 =  M<5)2:V ' V PIC TU R ES J
then

l i o l 2  = (v Aő)i -(í) A ő)2 : ANCESTOR! о ANCESTORS] 
. P IC T U R E ! о P IC T U R E 2 J

(17)

Small case letter о is used to “separate” the material-flow-systems and p ro ­
mote comprehension of the  notation system .

Operation О is used to  represent an operation in which the transform ation 
of two material-flow-systems in carried out not separately (in space or time), 
rather the two material-flow-systems are  blended and the changes take place 
in the resultant material-flow-system in the  same space and tim e element.
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Definition of operation ® : 
I f

h =

fa =

(v/\ô)i:

(«Aő)a:í

ANCESTOR!
PICTURE!

ANCESTOR2
PICTURE2

]
]

an d  the condition under which operation ® can be carried out is

(18 a)

[-ANCESTOR! o[ANCESTOR2/AJ| 
I [ PICTUREi/A] о PICTTJREa J

[P IC T U R E i] П [AN C ESTO R 2] = K ^ { 0 )

a t  [ i f or] being set th en

h  ® fa =  {v A <5)i- (v Л 6 ) 2  :

F o r  exam ple: let

[0 1  о a2 1 Газ о аъЛ; f2 = (^Aő)2:
аз 0  a4 J Lae oo7J

th e n  [PIC T U R E !] П [AN C ESTO R 2] = K  = as ^{0 )and

[a i о аз о as! 
а, о аз о а?!

(18 b)

(18 c)

Thus, while operation © is to be visualized as the parallel coupling of m a­
terial-flow-systems, operation ® represents the  connection in series of m ate­
rial-flow-systems where the  connection is ensured by  the  non-zero-set result 
of the  section operation, in this case m aterial-flow-system  a3. In  the  course 
o f operation © th e  critical hierarchy levels should be ensured of because 
otherwise the section operation cannot be carried out.

Over the set of Z-mappings operation 0  and  ® create the  L-mapping struc­
ture , L = (  1, O ,® ) .

These algebraical structures are no t trea ted  here in detail, their properties 
can be very varied according to  the chemical conditions.

3.33 z-mappings, Z -m apping structures

According to  D efinition 14 the general form  of z-mapping

2 = OA<5):[^ a n c e st o r ] 

t  PICTURE J
(19)

Over the set of z-m appings operation © and ® define the ^-m apping struc­
tu res (algebraical structures), Z  — (z, © , ©). However, only for the 1-mappings 
can operations © an d  © be carried ou t directly. The result in the ^ -s truc tu re  
can be obtained only afte r the deduction of the  external structure from the  
in ternal structure o f th e  material-flow-system formed. This means th a t  a se­
ries of relatively com plicated steps have to  be taken. The practical meaning 
o f ^(-structures is th a t  in them  the changes become manifest from the  point 
o f view of the appara tu s  since it is the  external technological structure which
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changes in such cases. These structures have not ye t been studied. In  my 
opinion this study is im portant because once the change-series, (vAô) m ulti­
ples in which the external structure remains unaltered can be identified then 
the apparatus in which these changes can take place can also be identified.

Thus, while the internal structure changes in the course of operations © 
and © —as it is shown by the  //-structure — the  external structure follows 
these changes much more “sluggishly” , as it is shown by  the /5-structure.

The inter-relationship of the two types of mapping is shown in Fig. 11.

from  th e  po in t o f ;
view of m aterial- [ 4 a ncestor  —>- 4. pictu re] =>■ //-s tru c tu re  connection 

-flow -system s ^

from  the po in t of
view of the  [ / ancestor  —>- Üpictu re] => ^ -s tru c tu re  
apparatus

Fig. 11.
R elationship  of l- and z-mappings

3.4 Algebraical Stucture “К -connection” Defined Over the Set 
o f the Functional Groups

So far the relationship between an elementary change, in which only a single 
V  or Ô value is changed and another elementary change has been examined. 
However, if the task  is the com putation/identification of the  interm ediary 
changes and the consideration of all the theoretically possible changes deduc- 
ible from the known ANCESTOR and PICTU RE of a large technological 
system, then the means developed so far are inadequate.

This problem can be phrased in another way by using the term s defined: 
why exactly material-flow-systems (a3oaf) are formed from  material-flow- 
systems («jOBj) in the course of mapping operation

1=(V л  Й):

Obviously, if all four material-flow-systems (аг_4) are composed from the 
flows of the functional groups of the same generator system  then other com­
binations of the functional groups m ust also be possible and material-flow- 
systems different from a3 and ai would be founded from  ax and a2. N atu r­
ally, always the m ost economical direction of transform ation is sought.

The types of the changes can be :
u9: change of the relationship of material-flow-system s
i>a : change of the ra tio  o f m aterial-flow-systems.

Obviously, v3 can be considered the special case of vg, so it  is sufficient to 
concentrate on v9. So far the types of changes have been related to  material- 
flow-systems and there is no need to  change this practice, because if the ge­
neral definition of a material-flow-system is

/ = “ 1/1 +  02/ 2+  . . . + “ n /n (3)
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th en
/i = 0*/i + 0*/2+ .. . + L/i+ . .. +0■/„ (15)

an d  except for the coefficient of Jx all the other coefficients are zero. (In fact, 
th e  flows of the functional groups are examined.)

This definition ensures th a t  if  change vd is applied to  the set of the func­
tiona l groups then in the  course of the operation this set is no t left i.e. an 
algebraical structure is form ed over the set of the functional groups.

However, connections are no t th a t  easily concluded because there are se­
vera l substeps while a connection becomes established as follows :

L e t A  and В  be functional groups then
— if  there is a possibility for connection between A  and В  then  the symbol 

(A\B)°  is used. Symbol | means “contacting” . U pper-script о can even 
be omitted.

— if  a homogeneous connection is formed in the case of (A \B )°  then

— if  a heterogeneous connection is formed in the case of (A \B )°  then

(A  I B)° (A I B)H+>

— if  homogeneous connection (A|J5)°(+> is dissolved then

( d I £)»(+> fl<- »  (A\B)°

— if  heterogeneous connection (A\ /i)£(+> is dissolved then

(A  I В)н+) —  *- (A I B)°

T hus, in general, a connection-algebraical structure is obtained described 
as К  =  (/, |, Q, (± ) , e( +  ), which means th a t  operations, |, Q( +  ) and s( ±  ) 
can be carried out on the functional group set f  and the  inverse of the last 
tw o operations can also be carried out.

T he inverse of operation | is also defined, it simply means th a t  two func­
tiona l groups are separated.

L e t us now examine the  characteristics of the structure thus obtained.

3.41 The characteristics of the contacting operation

A t preset Q( + ) and e( ±  ) the  characteristics of the contacting operation, | de­
p en d  on

— the  general properties o f the  m aterials contacted
— th e  maximal hierarchy level of the m aterials contacted.

Depending on the “degree of decomposition” of the  contacted materials 
th e  phenom ena which can occur are a-priori determined.

I n  contacting operation it  is always worthwhile to  examine whether the 
functional groups can form a com m utative Abel group or not. I f  they  can 
th e n  the  task  becomes an exclusively chemical task  and the behaviour of the 
functional groups cannot be determ ined by algebraical means.
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3.42 Connection-establishing and connection-breaking operations, Q( ±  ) and e( ±  )

The first im portant statem ent is th a t  these two operations (and their inverse 
operations) are the duals of each others, i.e. what holds for one of them  holds 
for the other as well.

The operational axioms are as follows:

1. ß ( o ) . ß (  +  ) = ß (  +  ) *( о )-е( + ) = е( + ) (16а)
2. ß (  + ) . ß ( - ) = ß ( - ) е( +  ) * е ( - )  =  е ( - ) (16Ь)
3. ß ( o ) . ß ( - ) = ß ( o ) е (о ) .е (  —) =  е (о ) (16с)

Axiom 3 is a convenient convention, no t a direct cause of the trea tm en t as 
the first two. The Cayley operational m atrix  corresponding to  the axioms is 
shown in Fig. 12.

+ - 0
+ ■ + 0 +■
— 0 — 0
0 .+ 0 0.

Fig. 12.
The Cayley m atrix  of connection-form ing an d  connection-breaking operations (M atrix  2)

The operational characteristics are: non-associative, com m utative; idem- 
potent.

3.43 Characteristics with respect to each other of the operations defined in  connec­
tion-algebra

In  general, the characteristics w ith respect to  each other of the  three opera­
tions are determined not by algebraical, rather by chemical laws. L et us see 
a few relationships to  demonstrate this principle:
1) {(A\B)c>\(C\D)a )a  is no t necessarily identical w ith  (A \B \C \D )a , because:

NaCl| A g N 0 3 =  A gC lpN aN O s.

Thus, unexpectedly—unpredictable by  algebraical m eans—a heterogeneous 
connection does tu rn  up in the system  of homogeneous connections.
2) I f  operation e is used throughout Exam ple 1, then all the connections on 
the resultant are not necessarily are heterogeneous, because if  any of A \B  
dissolves any of C \ D — and there is neither a theoretical nor practical objec­
tion to  i t —then a homogeneous connection is established among these func­
tional groups.
3) The transform ations shown below cannot be calculated

and
[(A I Bya\ (<0\D)üу  ; [(A I By\(C\D)*Y>

[(A|B)û|(<7|D)«]û; [(A|B)fl|(C'|D)«P
These transform ations can be carried out only by allowing for the laws of 

chemistry, otherwise non-real solutions are obtained.
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However, these problem s of connection-algebra urge us to  consider all the 
m athem atically possible solutions—not only the  conventional ones—and ex­
clude those impossible.

This strategy also leads to  the correct solution : instead of considering only 
those few combinations which lead us to  the  objective, all the  m athem atically 
possible combinations are considered and narrowed down as necessary.

Connection algebra is used to  trace the trails of functional groups, and the 
p a th  on which the transform ation proceeds. Thus connection algebra yields 
the  trace-graphs of th e  functional groups.

4. General Characterizátion and Constuction 
of the Apparatus of Technological Systems

This chapter is en tirely  based on Blickle’s theory  [1], and on his and his co­
workers’ results. To m y best knowledge a more sophisticated version of the 
theory  presented here is in  preparation, which can be used to  describe the 
apparatuses of technological systems in more detail and to  solve more com­
plicated problems.

4.1 Gharacteristics-Object-Classes o f the A pparatus

Ъг-ь-
01-4

11—2 > -̂ 1—4 • 
Tl-3 
£ l - 2

? 1 - 3 ' 
^»subscript * 
7Ti_6:
% -з:
#i-z--
ei-6:
*i_7:
M l-io: 
”i-n  :
•b-6

the esternal technological struc tu re  of the ’material-flow-system 
phase-form
flow -state o f the  phases 
run
recirculation 
mode o f connection
order o f connection (numerous subscripts) 
flow conditions 
energy in p u t 
type of energy
function o f th e  apparatus element
positions and  relationships of the  apparatus elements
perm eability  o f the m aterial of th e  apparatus
shape o f th e  apparatus element
m otion-possibilities of the apparatus element.

I t  should be noted  th a t  some of these are subsets. The relationships of the 
object-classes of the  apparatus-set (B) and its subsets (5X-B) are shown as 
a  graph in Fig. 3, p. 47 in  [1]. Operations V and Л on the set ( 5 x 5 )  cor­
respond to the logical disjunction and conjuction operations.

The structure graph  o f th e  operation un it is shown in Fig. 17, p. 84 in [1]. 
The following sub-structures can be distinguished on the  structure graph:

Ri = {t, S, c, b, &, £}
-Ra =  {C, C°, £5 , a, T, y, n) 
Ä3 =  {ft, <5, г, y, #}
Ä4 =  {#> V> £2 , ез)
Д 5 =  {е, X, h, /z, ö}

types o f m aterial-flow -system s or processes
operation m odes
chemical u n it operations
energies
apparatuses.
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The graph of the secondary structure of the apparatus-un it is shown in 
Tig. 18, p. 90 in [1]. To form ulate the  relationships the  decompositions of

r i _ 3  : ru n  and
6i_5 : external technological structure

presented in Table 4, p. 91 in [1] or Table 5, p. 130 in [2] were used. The rela­
tionships of the partial structures are discussed in detail in  pp. 114 — 136 in [2].

The treatm ent of the structure of the apparatuses by  th is theory is so com­
plete and extensive th a t it cannot be presented here in  m ore detail. However, 
any question can be dealt with after having m astered these two references.

5. Application Fields of the Technological Theory Presented

Two main fields can be identified :
1) General m ethod for the design of complete technological systems (“tech ­

nology-design” )
2) General m ethod for the  design of technological subsystem s (apparatus 
units).

5.1 Design o f Complete Technological System s 

Design consists of three m ain types of activity :
1) determ ination of the set of the  functional groups on the  basis of the  AN­
CESTOR and PICTURE.
2) Construction of the PICTU RE from the ANCESTOR by connection-alge­

braical means.
3) Construction of the trace-graph of the functional groups and the prescrip­

tion of the characteristic technological changes.

5.11 Determination of the set of the functional groups

This work starts with the assignm ent of the hierarchy levels and the deter­
m ination of the characteristic technological changes. Then by section-opera­
tion on the sets of the material-flow-systems of the ANCESTOR and P IC ­
TU R E using Eq. 7 of P a rt 1, the m aterial fractions which are transfered from  
one material-flow-system into the other one can be identified. This operation 
is shown by M atrix 3 in Fig. 13. N aturally the “dep th  of decomposition” , 
the  hierarchy level until one can proceed while searching for the m aterial 
fractions in the section-operation, has to  be known.

To help to  understand th is process better let us select a simple, known 
example shown in Fig. 14.

Otherwise, the search for functional groups is entirely identical with the 
search for prime numbers (with respect to addition or union operations).

I t  can be seen th a t functional group E  is not decomposed any further, a l­
though it can be written as C2H 3= .  However, there is no technological tra n s­
formation taking place in this technological system which would w arrant the
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ANCESTOR
X!
x k

technological
system

P IC T U R E
I X*+i

-> X m

X i 6 [X] a rb ita ry  
X^s[X] elem ents

M atrix  3

X if l  X j ^ {0} => (1) (a t p resen t hierarchy 
i f  X in X j  =  {0}=><O) levels)

T h e  resu lt of the section op era tio n  can  also be entered in M atrix  3.

[X] =  [ X a n cesto b ] U [ X pictu k e]
Fig. 13.

D eterm ination o f  th e  functional g roups of a  technological system

D t
Xi >-

F  g Ха ->■

Cl;2, g '
X3

technological
system

X4

Xi

Xg
X ,

x8

Dt
Tt
С1г, g 

^ E e 
HClg

D  : dichlorethylene 
T :  trichloroethylene g : gas
E :  ethylene f :  liquid
F u n c tio n a l groups:

X- =  [CSI I 3 =  ]
=  [ H —]

Cl- =  [CI—]

■ \ [ X ]
[ X ] \

Cl2 E D T HC1

Cl2 Cl2 0 Cl2 Cl2 Cl
E 0 E (E-H) E ■ H-
D Cl2 (E-H ) D (E-Ch) HC1
T Cl2 E ■ (E-Cl2) T (HC1)
HC1 Cl- H- (HC1) (HC1) (HC1)

X i =  X 4; Х з =  Х 6; X 2 =  X 7

(Determ ined b y  chem ical analysis)

C onstruction  of the m aterial-flow -system  from  functional groups :

(X i =  X i )  = E -U Cl- U Cl- X 5= E- u  Cl- U Cl- U Cl-( =  T)
(X 2 =  X 7) =  E- U H-( =  E)  X 8 =  Cl- U H-( =  IIC1)
( X 3 =  X e)=C l-uC l-

Fig. 14.
D eterm ination o f th e  functional groups in  th e  case of a  p a rtic u la r  problem

decomposition of th is functional group into atoms, so w ith  respect to the 
problem  to be solved there  is no reason to  replace the 3 dimensional techno­
logical system selected w ith another generator-system  consisting also of 3 ba­
sic vectors. I t  is another question th a t  to  ensure uniform  handling of the
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chemical systems all the technological systems should be described by the 
linear combination of basic vectors, atoms. In  this case atom s C, H  and Cl 
would be the basic vectors.

I t  is worthwhile noting th a t  if the  changes of the technological system dis­
cussed are taken as the possible changes then the presence of carbon atom s 
in group E could not be determ ined and other changes and  further reactions 
would be necessary to facilitate th is determination.

Let us construct according the Eq. 1 the characteristic m atrix  equation of 
the technological system.

where

D E Cl2 D T Cl2 E H C 1

/ 1 T 1 0 1 1 0 1 0  '
[ / l / 2 / 3 ] - / 2 1 3 0 1 0 0 3 1 =  [ r ia - 2 ^  3^.1^52:63:7X8]

/ з . 2 0 2 2 3 2 0 1 .

D = x 1 T  = x  5 / i  =  C2H 3

E  = x  2 Ch =  xg / 2  =  H -
Ch = X3 E = xi

D = x t HCl =  x8 / 3 =  Cl
and, e.g.

Г  =  (С2Н з)1 (Н_)0 (С1_)з

I t  should be noted th a t the dimensions of /, and x] are m ass/tim e.

5.12 Deriválton of the P IC T U R E  from the A N C E STO R  by connection-algebra­
ical means

The procedure is shown in connection with the previous example.

ANCESTOR :

(( 1 h  11/ 212/з)д+1[(2/ 3)0+1(l/iI a/»)*»]}- -S--P-1^
D f CI2 , g Eg

■> { ( l /d l /2 |2 /3 )ß + 1 [(2/з)я+1 ( 1 / 1 13 /2)Я+Р+1 [unaltered A NCESTOR]}^
D , CI2 , ,  E ,

*- Ш1 /1 11 /212/3) 1 ( 1 /113/з)А+1 (2/з)Д+1 ( l / i  13/ 2)fl+1 ( 1/21 l / 3)fl+]fl+1 [(2/з)0+| ( l / i | 3/ 3)ß+F+b+
D f T ,  Clg, E f  НС1/ Cb, g Eg

* ■  {[ ( l / i l  l / 2|2/ 3)fl+| ( l / i |  3/ 3)n+]Q+| [(2/ 3)n+ |( l / i  | 3/ 2)я+| (1/ 2| l / 3)fl+]fl+>c+
Dr Т /  Clg, g . Eg HClg

PIC TU R E

The corresponding process-graph is

— ^ ---- »- liquid
Clg, E, HCl ------------ >- gas

liquid -------->
Clg, E  „ 

gas -------->-

step 1 step 3

— о ------о — о —
step 2

Fig. 15.
A pplication o f connention-algebra

4

step 3
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B oth  liquid D  and gaseous Cl2 and E  occur in both the  ANCESTOR and 
th e  PICTU RE, so only their excesses have to  be accounted for. Further trans­
form ations are shown in Fig. 15.

The discussion here is naturally  m uch more complicated th an  in the case 
o f the  conventional m ethod, since the  conventional means to  discuss chemical 
technologies are m atched to  chemical phenomena.

The characteristic changes of the  th ree technological steps are as follows:
Step 1 : « 9  occurs 
S tep 2 : г;ii occurs 
S tep 3 : «в, г>9 occur

5 .1 3  Next those change-types have to be designed which complete the known changes 
of the three technological steps just mentioned.

Obviously, the effects of tem perature (v5) and pressure (v6) have to  be iden­
tified . I t  is not impossible th a t there is a phase-state change (v7) for one of 
th e  components. Common chemical laws and principles should be observed 
(equilibrium relationships, etc.). Thus, the  essential changes necessary to  com­
p le te  the  process-graph can be added. However, all changes cannot be selected 
theoretically, and practical experimental work remains indispensable.

5.2 General Method for the Design o f  Technological Subsystems

The method discussed here was advanced by Blickle and  his co-workers 
a n d  published in pp. 148-149 in [1] and pp. 133-136 in [2]. The most typical 
a n d  most im portant forms for practice of the  technological subsystems are the 
apparatus-units. For their design z-m appings relating to  apparatus units are 
required.

— the type (V) and  character (Ô) o f the  changes occurring in an apparatus- 
unit

— changes of the  external technological structure (6( ) of th e  m aterial tran s­
formed in the  given apparatus unit.

Based on the variables occurring in z-mappings all th e  variants of the ap­
paratuses performing the changes required can be selected by the help of 
Table 4, p. 91 of [1] and  the principle shown in Fig. 16.

(material ) [A]

Fig. 16.
Design o f an  appara tu s-un it
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— Arrows show the relationships which can be selected from Table 4.
— The sets encircled are the common sections of the  solutions obtained from  

“two directions” .

The meaning of quantities К  are given in the paragraph dealing with the  
general characterization of the apparatuses, their particular meaning can be 
found on pp. 85-94 in [1].

I t  should be noted in Fig. 16 th a t  the feed of the  information on the m ate- 
rial-flow-system (b) into R \ and the  feed of the  information on the changes 
(V, ô) into subsets R 3 mean th a t the  graph shown in Fig. 16 corresponds to  
a technological triangle-graph in which R \ corresponds to  m aterial set A , 
and R  g corresponds to the set of changes ( V). The rem ainder rest of the graph 
(B) is the apparatus-set. This means th a t  the graph shown in Fig. 16 is one 
of the possible realization forms of the  general technological graph. As far as 
I  know Blickle and his co-workers are working on a more detailed model.

6. Some Problems of the Similarity of Technological Systems

Previously two criteria have been shown which could be used to discuss the  
sim ilarity of technological systems. One of the main ideas of the theory was 
given in P a rt 1, paragraph 2.33 expressed by Postulate 9 as “Prim arily the  
structure of the  equipment of a technological system is essentially determ ined 
by  the phase-states and the m utual relationships of the  material-flow-sys­
tem s processed in them .”

This means th a t  the identity based on these features (phase-state and re ­
lationship, ß and y) renders the technological systems similar (“identical 
processes” ).

This type of “classification” —in m y opinion —can be very fruitful, because 
vastly  different technologies dealing with different raw  m aterials in different 
industries are brought into a sim ilarity relationship. P o r example any atom ­
ization process proves to  be similar to  the others.

Thus, this sim ilarity criterion works on the bases of the  external technologi­
cal structure of the materials.

However, D ifinition 10 in P a rt 1, paragraph 2.26 sta ted  another kind of si­
m ilarity: “One of the cases of sim ilarity in technological systems is . . .  the  
flows of their functional groups are identical” — cf. Eqs. 11/a-d.

This approach more appropriately accords with the  conventional techno­
logical approach which states, e.g. th a t brewery technologies — in which the  
raw  materials and  end products are identical and the m aterials are decomposed 
to  the  same hierarchy level and the characteristic technological- changes are 
identical — are similar. Obviously, the internal technological structure of the  
m aterials is called upon in this approach.

In  my opinion, these two sim ilarity criteria well dem onstrate the two classes 
of the  sim ilarity of technologies. These can be called

— horizontal similarity, which is based on the internal technological struc­
ture,

— vertical sim ilarity, which is based on the external technological struc­
ture.

4*
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Brewing technologies are horizontally similar. Ferm entation technologies 
(independently from  the  application fields) are vertically similar.

A more exacting definition of sim ilarity reads as follows :
A ny technological system  can be described as

{A,  B,  C, D } e E
where

A :  is the set of material-flow-systems entering the system 
B :  is the set of material-flow-systems leaving the system 
G : is the set of changes 
D: is the set o f apparatuses
E :  is the set of technological system s (to be considered a t  all for the given 

problem).

I t  can be seen th a t  (A, B) C and D  form  the  triangle-graph of the  general 
technological system .

L et us now define a  few relationships oA, qb, oc and oD as follows:
L et ex and e2 be th e  two technological systems, then if  е1П А = е 2П А  then 

e1oAe2 assumes value 1, in the other case 0.
Similarly, e.g. qab:

I ei£Me2 ,
eiu Аве-i =>■ : and

1 ezQeez

Relationships qa , qb , oc and gD— used to  express the  cases of similarity 
in technological system s—divide set E  into disjunct classes, so-called equi­
valency classes, correspondingly into m appings

B ^ E  etc
are unambiguous.

Then a value-ordering relationship §c can be defined e.g. in the  equiva­
lency class <pc(Ci) = E(Ci) which yields the  optimum technology a t  the  element 
which has the m axim um  value according to  qc .

Obviously, the  above discussion applies similarily to  A, B, G and D as well.

R E F E R E N C E S

1. T. B lickle  an d  K . Se it z : A m odern  algebrai módszerek felhasználása a műszaki 
kém iában. (The U se o f Modern A lgebraic M ethods in Technical Chem istry) Műszaki 
K önyvkiadó, B udapest. 1976.

2. M űszaki kém iai rendszerek szerkezete. (The S truc tu re of th e  System s o f Technical 
Chem istry; in  Scientific R esults o f th e  MTA M Ü K K I series. E d . K . P olinszky) 
Veszprém. 1974.

3. Ytr. A. Sch r etd er : Egyenlőség, hasonlóság, rendezés. (Equivalency, S im ilarity, Or­
dering) G ondolat K önyvkiadó, B udapest, 1975.

РЕЗЮ МЕ
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The paper deals w ith  the  measures o f m ixing. The general conditions 
to  he fulfilled by  th e  measure of m ixing are scrutinized. I t  is show n 
th a t  th e  appropriately  normalized form  of th e  quadratic functional 
defined for the concentration functions, th e  so-called inhom ogenity  
param ete r is a  good m easure of m ix ing  which, in  agreem ent w ith  the  
p rac tica l conception, defines a  linear ordering relationship betw een 
th e  concentration d istributions occurring  in  reality . In  th e  general 
case, the exact knowledge of th e  concentra tion  distribution o f the  
system  studied is necessary for th e  calculation  of the inhom ogenity  
param eter. In  p rac tice , however, i t  can  be frequently  estim ated  from  
th e  discrete form  o f th e  d istribu tion  derived from  m easurem ents of 
th e  concentration samples. This is so — am ong o thers—in th e  case of 
studies of the hom ogenization processes.

The inhom ogeneity param eter is one o f th e  inhom ogeneity m om ents, 
th e  second order inhom ogeneity m om en t o f th e  inhom ogeneity d is tr i­
b u tion  function defined in this paper. They can be used to  ap p ro x i­
m ate  th e  inhom ogeneity d istribution  function  to  any a rb itra ry  degree 
o f precision.

Introduction

Due to the  complexity of the  exact equations describing mixing phenomena, 
these phenomena are frequently characterized by simplified models and so- 
called qualitative criteria which, no m atte r  w hat the mechanisms causing the 
mixing are like, approach the  problem via the quality of the  distributions 
obtained. These are called the  measures of mixing.

There are several such measures published in literature relating to  the 
mixing o f both liquids and  solids and these are based on various initial con­
ceptions [1-6].

In  the course of the system -theoretical trea tm en t of the processes and ap ­
paratuses of technical chemistry, in the  so-called structure-theory of the sys­
tems of technical chemistry, the need arose for a quantity  more in line with 
the requirem ents of this theory to characterize the above m entioned distri-



54 В . L ak a to s  an d  T . B lickle Vol. 6.

butions, or expressed in  a  more general way, to  approxim ately characterize 
th e  distribution of the  continuous object-classes according to their argum ents. 
These requirements were, among others, the  following ones: to describe the  
phenomena of mixing according to  the needs of practice; to  assign a num ber 
to  each such state of ag ita tion  which can occur in a real process; its struc tu re  
should not be excessively complex, it could be used to  formulate certain op ti­
m ation problems.

The appropriately m odified quadratic functional proved to be such a m ea­
sure which satisfied m ost of these requirements. Due to  this property, th is 
functional is the m ost im portan t of the inhomogeneity moments [7]. This 
paper presents the definition of this measure, described as the inhomogeneity 
param eter here, and some of its characteristics.

The Range of Concentration Functions and the Measures of Mixing

L et us consider a b inary  miscible system located in a f in ite—for the m inute 
being closed—range o f space, (its m agnitude being constant in time), where 
the  distribution of the  miscible component in the  carrier is characterized by  
its concentration.

L et the m athem atical representation of the  range in space be F c R 3, th e  
com pact subset of the  three-dimensional Euclidean space R 3, and let 12 (F) be 
the  H ilbert space of the  quadratically  (Lebesque) integrable functions defined 
on set V.

I f  c = c(x) is the concentration of the miscible medium a t an xÇ V point, 
then  it can be easily shown th a t  the m athem atical representation of any p rac ­
tically perm itted concentration distribution is the  elem ent of the subset of 
space L 2(V)

K (V )  = {c£V->- Li{ V) : sup c(x) =  gm and  in f  c(x) =  0} ( 1 )
x £ V  x £ V

and  it is termed the  range o f the (permitted) concentration functions.
This is the expression o f th a t  natural fact th a t  the  concentration cannot be 

negative in any point no r can it ever exceed a positive real number, om. The 
value of pm depends on th e  particular problem, b u t it  can always be defined 
unambiguously.

Any mechanism bringing about a change in the  distribution of the miscible 
component is characterized by abstract function :

c : ( 0 , - ) - ( F ) ( 2 )

and  symbols c(x)(t), xÇ_ V, <£[0, °°) are used.
A bstract function c(x) (t) defines, according to  th is formalism, a mixing 

phenomenon if :
lim  c(x)(t) = ce(x) (3)
t-*-oo

is true  a t nearly all th e  points of set V  and ccç K ( V )  is a constant function 
representing the uniform  distribution and where the  absolute value of ce is:
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where c stands for the  average value of function c(x) over range V.
Thus, if a functional:

f  :K (V)-+ R  (5)

can be defined in such a way th a t  it is true  for any mixing process c(x)(t) 
th a t a i2Ç[0, °°), t2> t x m inute can be assigned to  any given ^€(0 , «=) m inute 
th a t:

/[c (a :)](Î2)< / [ c ( æ ) ] ( h )  (6 )

then functional f  can be used to  construct the ex ten t o f mixing. (N aturally, 
relationship (6) can point in the opposite direction as well).

This, in practice, means th a t function f  defines such a linear ordering rela­
tionship for the elements of the range of concentration functions К ( V) which 
is in agreement w ith practical experiences.

N aturally, it follows from the above definition th a t  if there is one such t2 
then there are an infinite num ber of them  too and condition 6 is always fu l­
filled for any t2> t x in the case of fluctuation-free processes.

The Inhomogeneity Parameter

Let us cinseider the “distance-square-density in un it volume” of an arb itra ry  
distribution c£K(V)  from a uniform distribution ce^K (V) ,  i.e. the quadratic 
functional :

d v[c]= j-jjj- J  [c(x) — Ce(a:)]2 da; (7)
V

which — since |ce| = c  — can be w ritten as: 
d$[c] =  c2— (c)2

Range (KV)  is convex, dv[c] is a convex functional over range (F) [8]. 
The solutions of the problem:

extrem um  {dv[c] | cÇ.K(V)) (8)
C

i.e. those distributions which yield the minimum and maximum values of 
functional dy[c] within the range of the perm itted concentration functions 
are given by the following distributions 1° dy[c] assumes its minimum value 
in the case of uniform distribution, i.e.

and
Cmin(a;) = c î (x ) x e V  

(lv[Cmln3 = 0,

(9)

( 10)

2° dy[c] assumes its maximum value in the case of a completely segregated 
distribution, i.e.

_( Qm » if x £ V i

Cmax_ 10, if  x £ V \ V i
( 11)

where | V x\ = c | V\ Iq0 and

d v [c  m ax ]= c (e o -c ) . ( 12)
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The derivation is shown in Appendix 1.

Thus, i t  can be seen th a t functional d2[c] determines the distribution of 
minimum and m aximum  transm ixing in range K(V)  in agreement with prac­
tice. To establish the relationships among the  distributions w ithin these two 
extrem e states let us examine the linear diffusion process described by bound­
ary-value problem :

dc(x, t) 
Ы =  div [Z> grad  c(x, i)], xÇ V,

c(x, 0) =  co(x) X  Ç V  

dc(x, t)
Qn

- =  0 x £ S ,  t >0

i>0 (13)

(14) 

(16)

L et us make the known equivalency relating to  the second derivate of 
the square of the functions, the Gauss theorem  and let us carry out a few 
simple substitutions to  arrive a t the  in itial boundary-value problem  :

d{dv[c](i)} 2  r
~ ' at ]v\ JD [grad c(x’ i)]2 dx (16)

D

dv[c](0) =  dv[c0] (17)

I t  follows th a t — since D  arO and (grad c)2> 0  — the linear diffusion process 
becomes manifest via such distributions which result in strictly  monoto­
nously decreasing d2[c](i) with increasing tim e from any arb itrary  initial d istri­
bution c0. I t  is apparent from Eq. 16 th a t  the smaller the ra te  of decrease, 
the smaller diffusion coefficient D  and (grad c)2 are. Therefore, it  follows th a t 
the  ra te  of equalization decreases w ith decreasing gradients due to  equaliza­
tion.

Since this process can be considered the  “m ost typical” equalization pro­
cess, it means th a t the  normalized form of functional dy[c]

/v [c ]=  dv[C] , c € A (F )  (18)
dv[c max]

can be considered a good measure of the  ex ten t of mixing.
L et us introduce ordering relationship B k in set К (V) in such a m anner th a t: 

c1i?kc2 then  and only then, if / 5 [ c j s  1у{.съ\ (19)

Ci, c2£K{V)

which means th a t distribution cq represents a sta te  more thoroughly trans- 
mixed than  c2. Relationship R k orders set K(V)  in a linear m anner, i.e. cvRkc2 
or c2i?kCj for any arb itra ry  cx, c2ç K ( V )  while the minimum elem ent of K(V)  
is the uniform distribution cm determ ined by Eq. 9 and its maximum element 
is distribution cmax given by Eq. 11.

Elem ents cmin, craax, and  an inner elem ent of K(V)  in a onedimensional case 
is shown in Fig. 1.



1078 T he In h o m o g en e ity  P a ra m e te r . I . 57

E lem ents ст1п, cmax of range K (V )  along w ith an  a rb itra ry  in ternal elem ent c

I t  can be concluded th a t ordering relation A‘k called mixing relation relates 
the elements of K(V)  on the basis of th e  diffusion process, i.e. if c1 = c(x, ix) 
and c2 = c(x, t2) are the two solutions of initial boundary problem Eq. 16 and  
17 and then I^[c2]<  I^[cJ, and correspondingly c2Rkc1. Naturally, i t  can 
be seen from Eq. 18 th a t:

Os I I M s I V c e N ( F ) .  (20)

I f  /2 [Cl] =  /2[c2] then distributions tq and c2 represent states of equal de­
gree of mixing and are not distinguished from the  point of view of this study . 
Thus, the  symmetric m irror image w ith respect to  the normal bisector [0, L ] 
as sym m etry axis of distribution c shown in Fig. 1 is equivalent with c. Simil­
arly, any arbitrary  distribution obtained from the original one by cu tting  
section [0, L~\ into finite pieces, followed by the  arb itrary  mixing of these 
finite sections along with the function segments belonging to them, is also 
considered equivalent with c, since these operations do not influence the  value 
of the inhomogeneity param eter. However, th is is a rather static k ind  of 
equivalency, because as it follows from  Eq. 16, dynamic equivalency in any  
m inute requires the identity of (grad c)2 as well, a requirement m ost f re ­
quently not assumed by these operations, since due to  such cutting and m ixing 
operations, new breakage points are formed and the “environm ent” o f the  
elements is also changed.

Certain Characteristics of the Inhomogeneity Parameter

The discrete form of inhomogeneity param eter 1% defined by Eq. 18 — 
when it is calculated from a limited num ber of samples as :

/ v = — y 1------ 2 [« i-e P  (21)
71*(1у[Стах] * =1

where :

c =
1 «
- 2 *n i = l

( 2 2 )
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is the average value o f n concentration sam ples — is an appropriate qualita­
tive  critérium to s tu d y  the homogenization process [1,8].

I t  follows from  th e  definition of I % th a t  th e  sampling points are set, i.e. 
th e  ith sample i =  1, n  is always taken from  th e  same place, and the n sampling 
points are d istribu ted  in such a way th a t  each represents a space element to  
be homogenized o f equal | V\jn magnitude.

Due to the stochastic nature of the homogenization processes, 1% in general 
can never reach th e  zero value, not even when, according to the average va­
lue, the system can be considered completely homogeneous.

L et us assume th a t  the  adequate description of some homogenization pro­
cess c(x)(t) is the  sim plified model known from  the theory of tu rbu len t fowl 
[9] in which stochastic  velocity and concentration spaces are accounted for 
by  a constant value and a superpositioned fluctuating component each of a 
much higher frequency range, e.g., in th e  case of concentration:

c =  <c> +  c‘ (23)

Let us substitu te  th is  expression into E q . 18 and assume th a t due to  the 
homogenization process, the average value is identical in any point, then  the 
expression :

Д и  = ------l -------- f[c '(* )P c te  (24)
I ̂ |dy[Cmax] J

V

is obtained which is proportional with th e  standard  deviation of stochastic 
process c’ and in general, its value is n o t equal to  zero.

Thus, it can be seen th a t the value o f th e  inhomogeneity param eter de­
creases to a m inim um  value given by E q. 24, b u t due to the stochastic nature 
o f the m ixture i t  cannot assume a sm aller value. I f  the m ixture is a perfect 
(ideal) one, then c’ — 0 and the inhomogeneity param eter can also assume zero 
value.

Let us consider a  linear, normal d istribu tion  series over range V, charac­
terized by norm alized density functions o f th e  form : l * * * V

l
c(x) =  — e~bx2 

a
where :

a =  J e ~ bx* d a :

V

and param eter b is a function m onotonously decreasing with the standard  
deviation of the  param eters, a. In  such cases, the inhomogeneity param eter 
defined in space yields an ordering sim ilar to  the standard  deviation a of 
these distributions, i.e. in the case of tw o arb itrary  distributions of the form 
of Eq. 25 cx and  c2, where the respective standard  deviations are a , and a2, 
it is true th a t:

if  <7i <<72 th en  /v [c i] > Iv [c 2]. (27)

The details of the  derivation are shown in Appendix 2.

(25)

(26)
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Obviously, this is in agreement with the “measure of mixing” natu re  of 
the inhomogeneity parameter, because in the case of “normal d istribu tions” , 
the “fla tte r” the distribution, the  greater is the standard  deviation, which 
means th a t it  is closer to the homogeneous distribution, i.e. the value of the 
inhomogeneity param eter belonging to  it is smaller.

The inhomogeneity parameter, 1% can be generalized for system s contain­
ing n components as follows.

Let us introduce concentration vector cT =  (c1; c2, c3, . . . ,  cn) where ср 
i =  1, n  is the concentration of the  ith component.

The inhomogeneity param eter characterizing the system is given by:

4 M  = 1IT/, f  (c -  с)Цс -  c) dx  (28)
dv[Cmax]|F| J

V

where d2[cmax] reads as :
dv[Cmax]=Zci(em-5i)- (29)

i = l

Thus, the relationship between the  inhomogeneity param eters Iy[Cj] of the 
respective components and the inhomogeneity param eter of the entire system  
containing n components is given by :

I v[Cmax] =  iv[Ci] ( 30)
d  vj Стах j

The Inhomogeneity Moments

L et us now consider the perm itted concentration function c^K (V )  and let us 
introduce the function :

F ( q) = m{x-. c(x)~z q) (31)

I t  can be seen from the definition of F(q) th a t  it is a monotonously non­
decreasing and continuous-from-the-left-hand-side function :

lim F(q) = 0 and Hm i ,(p ) = |F | (32)
e~o e—pm

Fig.  2.
D eterm ination  of function F(o)
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T he la tter, in sum, m eans th a t  y>(o) =  F{n)j\ V  | is a  concentrated distribution 
function  over the in terval [0, çm) and it is term ed the inhomogeneity distri­
b u tio n  function of the perm itted  concentration function, c£K(V).  The deter­
m ination  of function F ( q) in the  one-dimensional case is shown in Fig. 2.

I t  can be shown [10] th a t  if  g is a Lebesque-measurable function over the 
in te rv a l (0, om) then:

QmJ 9 ( q )  dy(e) = | ^ j -  JsIcíaOlda; (33)
0 1 V

prov ided  any of the integrals shown in the  equivalency exist.
L e t us substitute function д(д) — д', i =  l ,  2. . .  into Eq. 33 to  obtain

Qm

J  еЧ1у«(е) =  — J c ‘(x)da: i = l , 2 ,  . . .
0 V

(34)

F rom  here it can be easily shown th a t  :

V

Qm

0
i =  2, 3, (35)

i.e. th e  ith inhomogeneity m om ent a t the left-hand-side of Eq. 35 is equal to 
th e  ith central moment of th e  inhomogeneity distribution function ip(g), i.e. 
th e  inhomogeneity m om ents ac t as the  central moments of a one-dimensional 
d istribu tion  concentrated over the interval [0, gm). Thus, if  a distribution 
c £ K ( V )  is characterized by  its inhomogeneity moments, then a c-~y> m apping— 
m ain ly  a fictious one—is carried out and thus there is no need to  examine 
th e  space dependency o f the  concentration. This, and another very similar 
approach  [11] as m entioned before, is used prim arily to  characterize the 
q u a lity  of homogenization processes and batch-wise operations of the chemical 
industry .

T he inhomogeneity d istribution functions rpmax, y>min and y> corresponding 
to  distributions cmax, cmin, c£ K (V )  shown in Fig. 1 are shown in Fig. 3.

Fig. 3.
T h e  inhom ogeneity d is trib u tio n  functions of concen tra tion  functions Cmin, cmax and c

shown in Fig. 1.
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I t  can be seen from  Eq. 34 and 35 th a t  the approxim ations of the m om ents 
of inhomogeneity distribution function ip(q) can be calculated by expressions 
of the form shown in Eq. 21 constructed for the ith, i = l ,  2, . . .  power, i.e. 
the calculation is based directly on th e  concentration sample taken a t po in t n.

Distribution function [12] can be calculated as a good approxim ation 
by the Bernstein polynômes from these samples, or ra ther from the m om ents 
calculated from these samples. I f  the  c-»ip mapping is m utually unambiguous, 
then the original concentration distribution c£K (V)  can also be reconstructed 
unambiguously.

In  the  general case, inhomogeneity param eter / у , as shown by Eq. 16, can 
be calculated only when the exact concentration distribution of the system  
is known. For practice, however, it  is Eq. 21 which is im portant, because it  
ensures th a t  the inhomogeneity param eter can be calculated by the discrete 
form (Eq. 21) from measured concentration samples — as, e.g. when hom o­
genization processes are examined.

Eq. 16 is a very im portant and significant result because thus the diffusion 
process is considered a  basic process for the  derivations and can be used to  
classify the respective elements of the  K (V)  range of the perm itted concentra­
tion functions.

I t  can be seen from  Eq. 35 th a t th e  inhomogeneity param eter is — from  
the stand-point of probability theory, th e  standard  deviation of the inhom og­
eneity distribution function ip(g) defined by Eq. 31, where xp(c) is the p ro b a­
bility of the occurrence of a particle in the system studied at a point where 
the concentration is smaller than q. I t  should also be noted th a t the  th ird  
momentum  informs us about the sym m etricity of distribution c, i.e. abou t 
the ratio of the areas swept by the  function sections above and below th e  
average value.

On the basis of the  above discussion, the simplicity of its structure and  its 
frequent use as the qualitative criterion of optim ation problems, it  can be 
concluded th a t the inhomogeneity param eter satisfies all the requirem ents 
advanced in the Introduction and thus it can be appropriately used in the  
structural theory of the  systems of technical chemistry.

Although this paper dealt with phenom ena connected to components, th e  
results shown can also be applied to  heat phenomena, since the equations 
used to  describe heat phenomena in the  systems of technical chemistry are 
similar to  the equations dealing with component transport, so the inhomogen­
eity param eter also applies in their case.

Final Remarks

SYMBOLS USED

c
Ce
Cmln
Стах

a
b

— constant, (Eq. 26)
— constant
— concentration , (kgm-3); concen tra tion  function
— uniform concentration  d istribu tion
— minimum concentration d istribu tion
— m axim um  concentration d istribu tion

dv[c]
D

— Eq. 7
— diffusion coefficient, (m2s_1)
— functional/
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F  — d istribu tion  function
g  — function
í v  — inhom ogeneity  param eter, (Eq. 18)
K (  V) — th e  range o f the  perm itted  co n cen tra tio n  functions
L \ — th e  length  o f  th e  system  in  d irec tion , a i, (m)
Lz(V) — th e  space o f  th e  functions q u ad ra tica lly  integrable over V 
m  — m easure o f  th e  set
n  — norm al, n a tu ra l num ber
R  — th e  se t o f rea l num bers
R 3 — th ree  dim ensional, Eucledian space
R k  — transm ix ing  relation, (Eq. 19)
S  — boundary  surface of V
t  — tim e, (sec)
X  — space v ec to r
V  — set
E i, Vi,  Ез — sets
Q — probability  variable
gm — m axim um  concentration value
a  — standard deviation
y> — inh om ogen eity  distribution fu n ctio n
<p — Lagrange functional
Ai, Яг — Lagrange functions
V — Lagrang(j»constan L
a, a’ — constants
у  — function
& — em p ty  se t

Ind ices
1, 2 — particu lar va lue
0 — in itia l va lu e

M athem atical operations 

(•) — average va lue
I • ] — m easure o f  th e  set, absolute va lu e
(•) — probab ility  average
(• )' — flu ctu a tin g  com ponent
(•)T — transporation
(•) — vector
(•)/(•) — difference o f  sets
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Appendix 1

Solution of Problem (8)

This problem is divided into two : the  determ ination of the minimum and m a­
ximum elements. This determination was made with the Lagrange functional 
m ethod [13].

Determination of the Distribution Yielding the Maximum Value

Since d'v is convex over range K(V)  functional — dy, is a concave functional 
and the determ ination of the distribution resulting in the maximum value is 
given by the solution of the following problem:

Let us determine element cmax minimizing functional :

_  dv[c] =  -  (c -  5) 2  (A .l .l .)

under the limiting conditions :
c =  |ce| (A .1.2.)

c ( x ) — Qm^O (A .1.3.)

— c ( x ) ^ 0  (A .1.4.)

The Lagrange functional of the problem  becomes :

ф(с, и , Ai, A2) =  - ( c - c ) 2+ / i ( c - e 2) + J  Ai(x)[c(x) — pm] d x +  J  A2(x)[ -  c(x)] d x  (A .1.5.)
V V

so the necessary and sufficient conditions become :
2

grad; ф(с, f i ,  Ai, A2) =  —  [c - c(x )] + u + Ai (x ) -  А2(х) =  0 (A .1.6.)

J  Ai(x)[c(x) — Qm] = 0  ; j  h (x ) [ -c (x ) ]  = 0 (A .1.7.)
V V

Ai(x)a:0, A2(x)a:0 (A .1.8.)

and also, conditions A .1.2 to  A.1.4.
Let us assume th a t  constraint A.1.3 is active in the range T1c  V, A .1.4 in 

the range V2<zV and there does exist such a set of non-zero-measure V 3czV  
th a t none of the constraints is active there. Then, since F, Fj =  (/>, i, j =  
=  1, 2, 3 and F 1U F 2U F 3=  F, Eq. (A.1.6.) can be decomposed as:

2
—  \ с - с ( х ) ] + ц +  A1(x) =  0, if xÇ V i (A .1.9.)

2
—  [c -  c(x)] + ft -  fa(x) =  0, if xÇ. Fa (A .1.10.)

2
—  [ c - c ( x ) ] + / i  =  0,
|F1

if xÇ. V 3 (A .1.11.)
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I t  follows from (A. 1.11) th a t c{x) — c + p (F )/2  is constant over set F 3 and 
let this set be oc and  0 <  a <  . Then, however, one can immediately find
such a function to  which functional — dy is smaller.

L e t us consider Fig. A . 1.1 showing—for the  sake of sim plicity—the one­
dimensional case. L e t oc 'xx and oc' | F 3j ' =  a( F 3). The difference of the two

oc'IV3r -o c  |V3|

|V3! IV3I X 

F ig . A . 1 .1 .
Schem atic used for th e  de term in a tio n  of the  d is trib u tio n  acting as the  m axim um  elem ent

functionals is given b y  a '2 1 F 3| ' —oc2 | F 3|. I f  the  above values are substit­
u ted  here then one obtains :

a |F 3| ( a ' - a ) > 0  (A.1.12.)

I f  oc' =  gm then set F 3 is bisected and the  value c(x) — qm is selected on set 
F 3. L et c(x) = 0 on th e  set F 3/F 3. I f  ranges V1 and V 2 are completed in such 
a  m anner then th e  value of functional — (d2) decreases. Thus, it  follows th a t 
in  the  case of the m inim um  element | F 3| =  0.

Then let us select /и — 0. À1(x) = 2(gm — c)/j F | over range Vl and А2(ж) =  
=  2c /|F | over range F 2. Since om- c > 0  for any c£K(V)  i t  follows from con­
dition (A.1.2) th a t:

хИ = f Qm’
lo,

xÇ. V i  

xÇV2
(A.1.13.)

where \ V1\= c\V \lQ m and  | V2\ = | F| - 1 F t | . .
The determ ination o f the  distribution yielding the minimum value is car­

ried  out analogous to  th e  previous procedure (and therefore it is no t repeated 
here) under the necessary and sufficient conditions resulting in the uniform 
distribution :

Cmin =  Ce (A .1.14.)

Appendix 2

Derivation of Eq. (27)

Since the average value  is constant it is sufficient to  examine the sign of the 
derivative according to  a of:

e ~ 2 b x 2 d x  =  d ~ 2r , V = J g —2bx2 dx

V V

(A.2.1.)
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The derivative becomes :
d ( а ~ 2У)  

d a

d a
— 2a- 3 ---- у  +  a

d a
(A.2.2.)

if  the derivation rule of definite integrals with respect to  param eters is made 
use of then  :

da db г---- =  -------x‘-e-bx2 da; (A.2.3.)
da do- J

V

d у - db  г

da
- 2 ----  Х2е-2ьх2 da;

d a  J
V

(A.2.4.)

I f  Eq. A .2.3 and A.2.4 are substituted into A.2.2, then  after rearrangem ent 
one obtains :

d(a-ay) db г Г 1
J  х 2е - ъ х 2 d x

V

J  x 2e~2bx2 d x

V

da der LJ r r
V e-ь*2 da; I e -2bs2da;

V V

(A.2.5.)

I t  is immediately apparent th a t the sign of the firs t derivative of (ar2y) 
with respect to  a depends only on the signs of d b /der and the  term  in the 
second parenthesis, because the signs of the other term s are always positive.

However, the first term  of the difference in the second parenthesis is the 
second common moment of a normal distribution of param eter b, while the  
second term  yields the second moment of a distribution of param eter b ’ = 2b . 
Since b ’< b  and function a-* b is a monotonously increasing one, i.e. <r(b)> 
>  cr(2b) the  difference in the  second parenthesis is larger th an  zero.

Thus, i t  follows th a t  the sign of the left hand side of Eq. A.2.5 is identical 
with th a t of db /du, i.e.

d (a-ar) 
do-

(A.2.6.)

Eq. 27 directly follows from here.

РЕЗЮМЕ

Темой данной статьи является степень паремешанности. В статье рассматривается, каким об­
щим условиям должна удовлетворять характеристика, применяемая в качестве степени пере- 
мешанности. Было доказано, что соответственно нормализованная Форма квадратичного 
Функционала (т. н. параметра неоднородности), толкуемого на основе Функций концентрации, 
является чрезвычайно хорошей мерой перемешанности. Этот параметр связывает распределе­
ния концентраций, имеющих место в действительности, при помощи линейных реляции, соот­
ветствующей практическим представлениям. В общем случае, для расчёта параметра неодно­
родности необходимо точно знать распределение концентраций в исследуемой системе, од­
нако на практике зачастую —- так и при изучении процессов гомогенизации — это может быть 
определено с помощью дискретной Формы параметра, на основе образцов концентрации, по­
лученных в ходе проведения опытов.

Параметр неоднородности является одним из моментов неоднородности — а именно мо­
ментом неоднородности второго порядка, — которые представляют собой не что иное, как 
моменты Функции распределения неоднородности можно приблизить с любой степенью точ­
ности.

5
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This paper deals w ith  th e  application of the  inhom ogeneity  param eter 
used to  characterize the steady-sta te  conditions of open system s 
(concerning m ass transport) to  com pare different sta tes and systems.

E ven  microscopic m ixing can be characterized in  continuous flow­
through system s by the  inhom ogeneity p a ra m e te r—although only as 
an approxim ation —resulting in  a  w ealth of useful inform ation.

The relationship of three em pirical m ixing characteristics—recir­
cu lation— and  th e  inhom ogeneity param eter are scrutinized.

I t  is concluded th a t  system s can be easily com pared by  the  inho­
m ogeneity p aram eter: a t  f irs t the  approxim ate value of the inhomo- 
genity  param eter is calculated from  m easured d a ta , then  the  empirical 
characteristic sought is obtained by the  appropria te  equations.

Introduction

The term  inhomogeneity param eter was defined in P a r t 1 of this paper [1] 
and a few of its characteristics were shown in the  case of closed systems (no 
mass transport between the system and its environm ent whatsoever). I t  was 
concluded th a t the inhomogeneity param eter defined a linear ordering re la­
tion among the true concentration distributions obtained in agreement w ith 
the practical point of view, so it  could be used as the  measure of the ex ten t 
of mixing. In  the general case, the concentration distribution of the system  
studied- had to be exactly known to calculate the  inhomogeneity param eter. 
In  practice, however, it  could frequently be estim ated by its discrete form  
from measured concentration samples as, e.g. in the  case of studies relating 
to  homogenization processes.

The application of the inhomogeneity param eter for the characterization 
of the steady-state conditions of systems, open w ith respect to mass tran spo rt 
and for the comparison of different states and systems, will be dealt with here.

5*
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Micromixing in Continuous Flowing Systems

L et us consider an a rb itra ry  continuous flowing system in which the  residence 
tim e distribution spectrum  relating to  the  m ixed fluid is F(t). This function 
describes the macroscopic mixing in the  system . Once the system  arrives a t 
a steady-state  condition, the concentration distribution of the flu id  mixed 
becomes uniform in the  system and the  inhomogeneity param eter character­
izing the  distribution becomes zero, i.e. /y[c] =  0. Since in steady-state  condi­
tions, this is tim e for any such system, th e  form derived for 1% in  closed 
system s cannot tell flowing systems from  each other.

However, after an appropriate m odification, conclusions can also be drawn 
w ith  the assistance of the  inhomogeneity param eter about th e  microscopic 
m ixing in continuous flowing systems in  th e ir steady-state conditions.

D ak ckWerts [2] in tro d u ced  th e  te rm  “ flu id  p o in t” to  describe m icroscopic 
m ixing. A flu id  p o in t is a  flu id  elem ent o f negligible size com pared  to  th e  
en tire  system , y e t i t  con tains enough m olecules to  allow for th e  defin ition  of 
th e  d istribu tions a n d  average values o f c e rta in  intensive characteristics.

A ny fluid stream  entering the system  is decomposed into a large num ber 
o f such elements. D uring their residence in  the  system these elements can be 
transform ed and m ixed w ith each other. Y et independently from these chang­
es, the  can be considered perfectly m ixed a t any  moment.

L e t a be the age of any  arb itrary  molecule in the system a t a given moment 
and  let it  be equal to  the  tim e th a t  has elapsed since the molecule entered 
th e  system [3]. Similarily, let the life expectation of the molecule be Я [3] and 
le t i t  be equal to  th e  tim e the molecule will still spend in the system  from the 
given m inute on.

Thus, if the residence tim e of a molecule is t  then :

t —  o c+ A . (1 )

D ue to the stochastic nature  of the  phenomenon, the age of all the mole­
cules in the system  can obviously be characterized by a  distribution function 
called the age function designated 0 (a).

L e t the age d istribution function belonging to  the p th point, p  Ç P  and where 
P  is the  set of indices used to  denote the  points, be 0 p(a). According to the 
above definition th is can be defined for each point and let its concentration 
be c .

Then the concentration of this “p o in t” due to molecules of an age not 
greater than  a is given by the following expression:

cp(a) =  cp@p(a) (2)

so the  inhomogeneity param eter in space given by molecules of an age not 
greater than  a can be expressed as :

Í i Y b v  <3>
V V

where, for the sake of simplicity, summ ing the operation according to p is 
w ritten as the integral according to  volum e and  the second term  in the  brack-
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ets is the average value given by molecules of age not greater than  a, i.e.

c(“) = Jcp0p(a)dF (4)

In  steady-state conditions c = c  =  const., thus:

where :

4 (« )= 7---- -  f[öp(«)-©(«)]* d7
( g o — e ) | F |  J

V

i0p(ot)dF

(6)

(6)

Thus, it  can be seen th a t  I \(a)  indeed informs us about the degree of seg­
regation in the system, because the greater the differences between the  age 
distribution functions of the respective points, the  greater the value of /y (a ).

The distribution of the  molecules remaining in  the  system since a m om ent 
between <x and a +  da between the “points” is given by the respective density  
functions form ulated according to  Eq. 5.

The m ost interesting case during the exam ination of Iy(a ) expressed by  
Eq. 5 is when i^(a) =  0, i.e. 0 p(a) =  0(a) for any oc6[0, °°] and all p g P ,  i.e. the  
age distribution function of all the “points” are identical and equal to  the  age 
distribution function of the  system.

I t  will be shown th a t  I \  = 0 if and only if the  system  is perfectly m ixed in 
both macroscopic and microscopic scale.

I t  is known from the model given by Zw ieterlng  [3] for a microscopically 
perfectly mixed system, characterized by any arb itra ry  residence tim e dis­
tribution function F(t) th a t  the age distribution function of a “point” of life 
expection A reads as:

„  , , F ( l v+ a ) — F(otp)
e '<“>------- П Г г ш —  (7>

while the same function of the system is calculated by:

0(a) = — J [1 — P(a)] da' (8)
о

I f  the residence tim e function of a macroscopically perfectly mixed system  
F(t) =  1 — exp ( — tjr) is substitu ted  into Eq. 7 and 8, then the equivalency 
0p(ö) =  0 (a) =  l —exp (— a/r) is obtained proving the first p a rt of the s ta te ­
ment.

To prove the reversed statem ent let us consider the  model shown in Fig. 1.
The model consists of a long tube of constant cross section S divided in to  

a large num ber of sections of width Ax moving continuously along the do tted  
line.

Each section is divided by  (»—1) walls into n  cells of equal volume along 
axis у  corresponding to  the  “points” defined earlier.

The system is composed from an appropriate num ber of cells of the n  sec­
tions actually found between points 0 — L, i.e. L  — nAx, according to the  fol-
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Г

L

F ig . 1.
Model to  s tu d y  microscopic m ixing in  a  continous flowing system

lowing rule: the firs t cell of the first section, the first and second cells of the 
second section, . . .  th e  first, second, . . .  ith cell of the ith section and the first, 
second, . . .  nth cells o f the  nth section, i.e. the  system always consists of the 
enum erated n (n + l) l2  cells.

Let us assume th a t  the  flow rate of liquid  entering the system is q =  const.
Then the system controlled by an appropriate  autom atism  operates through 

the  following cycles :
1 ) D istributor E  distributes the liquid o f volume qAt entering the  system 

during tim e interval A t  as equal doses in to  the n sections between points 0 
and L  in such a m anner th a t  liquid dose of volume qAt/n  enters the  ith cell 
in section i, i =  1, n.

2) There is a certain  transmixing tak ing  place between the section.
These steps are completed in no tim e or, a t  least, during a tim e period much

smaller than  At.
3) Sections move a  distance of Ax  along the positive x  axis a t  a constant 

speed w, while the  flu id  of volume n(<[At/n) =  qAt in the cells of the  n th, while 
the  last section leaves the system m ixed to  a degree determ ined by  step 2. 
As a result of this step  the  ith section becomes the (i +  l ) th section ( i=  1, n — 1) 
while a previous section of the “continuous elevator” takes the place of the 
firs t section.

I f  the volume of a  cell is A V then the  following relationship is valid :

q- At = n- A V (9)

and:
2 t

t = -------
n+  1

( 10)

( H )

L et us assume th a t  the  model resum ed its operation a t  i = - o o  so a t i = 0  
it is in a steady-sta te  condition and let us trace the trail of volume element 
q At entering the  system  this minute.
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Obviously, the system  can be considered perfectly m ixed microscopically 
only when the flu id  entering the  system a t < =  0 during step 2 is uniform ly 
distributed among the  cells, i.e. all cells receive “fresh” liquid as volum e 
(2qAt)l(n+1) leaves the system during the interval (0, tj) in step 3, uniform ly 
distributed during th is interval according to  velocity w =  const.

L et us assume th a t  the concentration of a tracer of the  liquid flow entering 
the system is c0 then  the exit concentration becomes :

c(io) =
2co At со At
n +  1 T

( 12)

The amount of tracer left in th e  system is qc0At(\ — Atjr), its age becomes 
At = oq and after transmixing it is once again uniformly distributed among 
all the  cells.

I t  follows th a t the  value of the  next concentration pulse is:

(13)

and the amount of tracer left in the  system is <\c()At{ \ — At/т)2. I ts  age is 2 At =  a 2.
L et us continue th is process. The value of the nth concentration pulse be­

comes :
(14)

and the amount of the tracer left in the system is qc0 At(l — At/r)n+1, its age 
is ( n + l ) A t= x n+1.

Since a similar process takes place for all concentration pulses c0 At~Cc^a) 
entering the system during all fu rther time intervals, it  follows th a t the equiv­
alency 0 p(a) =  0(a)  is valid for any  tim e interval for all p  = 1, n ( n + 1)/2.

L et us substitute tn = At-n into E q. 14. According to  the  binomial form ula, 
the following expression is then obtained :

c(tB)=̂ ( i _ j = _ +j L f i - i ) _ j L f i - i ) f i - £ ) + .. .
r  l 1 ! t  2 ! t 2 ( n ] 3 ! t 3 \ n  ) \ n  ) 

n  ! тя ( n  J { n  ) I w /
. . . + ( - (15)

L et i„ =  t  and let us decrease th e  duration of intervals At, i.e. let us obtain  
the limiting valves At-*Q, while c0 should change in such a m anner th a t
the equivalency c0A t=  1 holds for any At.

Obviously Eq. 15 then becomes the infinite series:

t i2 
т  + 2!т2

ft3
3 ! t3

+ . . . + ( - 1 ) "
t n

n \  Tn
(16)

from which it is immediately apparent th a t :

c(i) =  — e ~ lir r
( 17)
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i.e. the density function of the residence tim e distribution of the system is 
entirely identical w ith  the density function of the macroscopically perfectly 
m ixed system, quod e ra t demonstrandum .

L et the system  characterized by residence tim e distribution F(t) now be 
perfectly segregated microscopically [2, 3]. Iy(x) can then easily be obtained 
in a closed form.

The age distribution function of any p £ P  “poin t” of a  perfectly segregated 
system  is a step function, i.e.

®p(a)
0, if  asiotp
1, i f  a=-ocp

( 18 )

I t  can be easily shown th a t  now:

IFil 1 г
©(«)= V r = -  t1 -  W ]  dot'’ <19)\V\ r  J

a

where |Fj |  is the  volum e occupied by “po in ts” remaining in the  system for 
a  tim e greater th an  a.

L et us substitu te  E q . 19 into Eq. 5 then :

I y ( a )  = ——rr ®(«)[1 — ©(a)] (20)
Q O - C

I t  is immediately apparen t th a t  1 y(oc) depends only on the residence time dis­
tribution function o f th e  system.

The Inhomogeneity Parameter of the Recirculation Model

The recirculation model is used to characterize the mixing ra te  of the tran s­
ferred m aterial in steady-sta te  systems during the exam inations of transfer 
processes. Let there be a tube of length L  w ith  plug flow in the  forward branch 
into which the m aterial is transported along length co-ordinate x  from a sur­
rounding of concentration ck =  const by  transfer coefficient a. The concent­
ration of the m aterial entering and leaving the  system is c0 and cL, respectively. 
Thus, the differential equation of the tube  with plug flow is:

dc
q — =<*K[ck -C (X)] (21)

ax

and the  initial condition is:

qc0 4- RqcL =  ( 1 +  -K/qc/0] (22)

This states th a t  the  concentration in the  p lane a t ж = 0  of the  tube is obtained 
by  the appropriate m ixing of initial cL according to mass flow rates q and 
q ' =  Rq.

The solution of Eq. 21 and 22 is:
Ck — Co

l + R i l - e - “*)C(x ) =  Ck — e ~v x (23)
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or if the term : 

is used then  :
G( x)-

C(x)-

Ck — c(x) 
Ck — Co

l
l+ 7 ? ( l- e -> * )

By simple operations one can arrive a t:

■ е,-У х

I4[G} =

where :
[1+Д (1-е-^)]2

A = -
2y2L2

[yL{ 1 -  e-2yi) -  2(1 -  e-vi)2]

(24)

(25)

(26)

(27)

I t  is apparent from E q. 26 relating to  the inhomogeneity param eter th a t 
function I%{Ii) is a monotonously decreasing one, i.e. the greater the  recircula­
tion ratio  R,  the smaller the inhomogeneity param eter I%(R) reflecting the 
natural fact th a t the faster the mixing rate, the more uniform the  concent­
ration distribution in the  system.

Let us no t th a t:
lim I y  — O (28)y-̂ oo

i.e. a uniform concentration distribution is established in the system  when the 
transfer ra te  in infinitely fast. At the same tim e:

lim I y  =  lim  A  (29)
y—*• 0 y-*-0

where A  becomes a 0/0 undetermined form during the y-+ 0 lim it tes t. Ac­
cording to  1’H ospital’s rule:

lim  A — lim  e~vL( 1 — &~vL) =  0 (30)
y—o y-*-0

lim 7v =  0. (31)
y-*- 0

Fig. 2.
The inliom ogeneity p aram eter of the recirculation  model p lo tted  against 1/7? ( L =  1)



74 В . L akatos  and  T . B lick le Vol. G.

Since /у  is a continuous function of у  i t  passes a maximum value with 
incerasing y. This can be seen in Fig. 2, where th e  changes of the inhomoge­
neity  param eter of the  recirculation model are p lo tted  against 1 JR for various 
у  values. At e.g. 1 /R — 15 I \  initially then decreases w ith increasing у  and L = l .

The Inhomogeneity Parameter and the Number of Mixing Units

A nother frequently used empiric characteristic o f mixing processes is the 
num ber of mixing un its [4, 5]. In  this case the  mixing phenomenon occurring 
in a system is modelled by a cascade series consisting of n perfectly mixed 
system s and n is term ed  the  number of m ixing units. The equation of the ith 
system  in steady-state condition is:

F
q(Ci -  ci_i) =  a — (сл -  cs)

or, if  the concentration simplex:

C,= Ck — Ci 

Ck — Co

is introduced once again then  Eq. 32 becomes:

Ci x O i- i

from  which:

1 +

=(ЧГ>
n) \n+ ß)

(32)

(33)

(34)

(35)

because (70=1.
I f  the summation form ula of the first n  m em bers of a geometric series is 

used, then the average value becomes :

and  the square average becomes:

C* = -
/3(2 n+ß) [* -fen

(30)

(37)

In  the case of n  =  1 the  inhomogeneity param eter is obtained by simple re ­
arrangements :

iv(l) = 0.

B ut since w® =  exp '(u  In u) and 1’H o spita l’s rule can be used:

_  1
11 — lim exp (n -I n ------- 14 1 -  lim Í -  МL Пч-оо П + ß ) j ß П-*-°о

i + i
{ ß)

(38)

(39)
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and :

so:

lim C2 = lim
П-*-оо П-*- °o — lim  exp

il-.«»
|2n.-ln =  -Д- ( 1 — e~2ß) 2ß

lim Iy(n) = —  (1 -  e~2ß) -
П-*- oo "P ß2 ( l - e - ß )

(40)

(41)

i.e. lim /у  is a finite positive num ber when 0 <  /?<°°.
Since the general form of the inhomogeneity param eter vs. mixing un it 

num ber relationship :

(42)

is too complicated to  draw direct conclusions, numerical calculations were 
carried out.

Function Iv(n) is shown in Fig. 3 for a num ber of ß  values. The function

Fig. 3.
The inhom ogeneity param eter p lo tted  against the  num ber o f m ixing units

increases strictly  monotonously. W hen n — 1 it is equal to  zero, corresponding 
to  the perfectly mixed state  of the system, i.e. uniform concentration d istri­
bution. I \(n)  increases with increasing n, i.e. the smaller the  mixing, the “less 
uniform ” the concentration distribution and it reaches its maximum value a t 
n = oo, i.e. when the num ber of mixing units describing the mixing pheno­
menon in the system is infinite. I t  can be seen th a t  th is is also equivalent to  
the  plug flow model.

Let us consider the plug flow model described by Eq. 25 and le us m ultiply 
both of its sides by length L  of the model. Then, after simple rearragem ents
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the  differential equation:
dC(z) 

d  z
+ ßC(z) = 0 (43)

is obtained.
G ( o)  = 1 (44)

L et us integrate E q . 43 
average value becomes:

over the  in terval [0, 1] and observe Eq. 44. The

G =
!-<?(!)

ß
(45)

which, if the solution of Eq. 43 is noted, is identical with Eq. 39. Similarily, 
th e  square average is determ ined by  th e  expression :

C2 =
1-C 72(i)

2/3
(46)

which is identical w ith  E q . 40.
I t  follows th a t th e  inhomogeneity param eters are identical, th a t  is the  mo­

dels studied are indeed equivalent.

The Inhomogeneity Parameter of the Axial Dispersion Model

Perhaps the most frequently  used model to  describe mixing processes is the 
axial dispersion model. I ts  boundary conditions depend on the  actual problem 
[7, 8]. I t  can be w ritten  as:

1 d2c 
P e dz2

dc
■ — =ßi(0k-c) 
dz

(47)

an d  the  boundary conditions are:

and :

1 dc
со =  c ----------- z =  0

P e  dz

z =  1

(48)

(49a)

or:
l im c < ~  (49b)
Z-*-oo

I f  the  boundary conditions are selected and express by  Eq. 48 and 49a, 
th en  the  inhomogeneity param eter becomes: 60

4 [ c] =  A?
e2;i—1 (ед* - 1 ) 21

+ A l
еаД* -1 ед‘— 1

2 Ái Ái J . 2Хг Ál .
+

+ 2 A 1A 2
- 1  (еЛ1- 1 ) ( е Дг- 1 )

Al+ 2̂ ül/.2 (60)
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where :

and

and:

Co

Аг 1 A  e A -W
l  Ы  { Pej À2

Со

Í1 Í1 Ax j ;-2 Pi-Ap
l Pej 1 P в ) Al

( 61 )

(62)

I f  the boundary conditions selected are expressed by Eq. 48 and 49b, then 
the above expressions are significantly simplified and the inhomogeneity pa-

The inhom ogeneity param eter o f the  axial dispersion model p lo tted  against th e  P e  num  
her in  th e  case of boundary  conditions expressed by  E q . 48 and  49a
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ram eter becomes :

I f  Pe-*-0 then corresponding to  perfect m ixing Iy-+0 in both eases. I f  Pe-+°° 
then  both lim Eq. 50 and  lim Eq. 51 become:

which corresponds to  the  plug flow model as i t  can be seen from Eq. 43 to  46.
Between the two lim iting values /у  increases monotonously with increasing 

Pe  numbers (cf. Fig. 4). This means th a t  there  is an unam biguous-correspon­
dance between the  inhomogeneity param eter and the Peclet number. I t  should 
be noted th a t Jy once again passes a m axim um  value, while ßL increases from 
zero to  infinity.

Since the condition c — const is valid in continuous flowing systems in steady- 
s ta te  conditions, the  inhomogeneity param eter as determined previously [1] 
can well be used for these systems. The significance of this application is th a t 
thus there is an opportun ity  to  compare various systems. In  the case of dif­
ferent systems, equal inhomogeneity param eters mean th a t concerning this 
study, the systems behave identically. I f  the  mixing phenomenon in one sys­
tem  is described by  th e  recirculation model and  in another one by the num ber 
of mixing units, th en  a relationship can be established between the two di­
rectly  incomparable quantités by m aking E q. 26 and 42 equal. The Peclet 
num ber used in the  axial dispersion model can be similarily treated.

The determ ination of the empirical characteristics in question becomes 
m uch more simple w ith  Eq. 26, 42, 50 and 53. I f  the concentration is measured 
a t  several points in a system  in steady-state  conditions, then the approxim ate 
value of the inhomogeneity param eter can be calculated by its discrete form. 
The recirculation ratio  belonging to  th is value can be easily calculated by 
E q . 26. The calculation of the num ber of m ixing units or the  Peclet num ber 
from  Eq. 42 and 50 or 53 is more complicated. They can easily be obtained 
graphically.

Microscopic m ixing in a continuous flowing system can be characterized 
approxim ately by  th e  inhomogeneity param eter. Nevertheless, even this 
yields very useful inform ation. I t  has been shown th a t  for any a rb itrary  age 
a the  condition l y  = 0 is feasible only for macroscopically perfectly mixed 
system s. Since IyS :0  th is means th a t  th is is the minimum value of the  in­
homogeneity param eter.

N aturally, although only component mixing was treated  here, the results 
shown can also be directly  applied to  heat phenomena, since similar equations 
describe both heat and  component transports in the systems of technical 
chemistry.

(54)

Final Rem arks
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A
Ai, Az 
c 
G 
Ck
Стах
D
E(t)
mT2
К
K (t)
L
n
Pe
R
S
t
V 
го
X

V
z

U , V

q
a
ß
V 
A 
в  
г 
о2
Ах, Аг

S y m b o ls  U se d

— constan t, Eq. 27
— constants, E q . 51
— concentration, (mole-m-3)
— concentration simplex
— concentration of the  environm ent, (mole-m-3)
— concentration  d istribution  resxxlting in m axim um , d2[c] =  c—c2
— axial dispersion coefficient, (m2s-1)
— residence tim e distribution  density  function
— residence tim e d istribu tion  function
— inhom ogeneity param eter
— circumference
— residence tim e distribution  density  function
— length, (m)
— num ber of mixing un its , na tu ra l num ber
— Peclet num ber ( =  wL /D )
— recirculation ratio
— cross section, (ma)
— tim e, (s)
— volume, (m3)
— linear velocity, (ms-1)
— axial co-ordinate
— co-ordinate perpendicular to  x

— dimensionless axial co-ordinate

— functions
— flow  ra te , (m3s-1)
— age of molecules, (s) ; m ass transfer coefficient
— constan t ( = F /q)
— constan t ( =  К/ q)
— life expectation  tim e, (s)
— age d istribution  function
— average residence tim e, (s)
— standard  deviation
— E q . 62

Indices

p  — denotes the “fluid p o in t”
0 — inpu t signal
1 — itb serial num ber
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РЕЗЮМЕ

Статья касается применения параметра неоднородности для характеристики стационарных 
состояний систем, открытых с точки зрения материального оборота, а также для сравнения 
отдельныхсостояний и систем.

С помощью параметра неоднородности может быть охарактеризовано — хотя лишь прибли­
зительно — микроперемешивание систем с непрерывным потоком, и тем самым — получено 
значительное количество полезной информации.

В статье рассматривается связь трёх эмпирических характеристик перемешивания — доли 
рециркуляции, числа единиц перемешивания и коэффициента продольной дисперсии — с пара­
метром неоднородности, и сделан вывод о том, что с помощью параметра неоднородности 
можно без труда провести сопоставление систем, благодаря тому, что на основе измеренных 
данных сначала рассчитывается приближённое значение параметра неоднородности, а затем, 
с помощью соответствующих уравнений — значение искомой эмпирической характеристики.
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The knowledge of th e  ex ten t o f transm ix ing  between th e  cells in  a 
m ulticell fluidization apparatus is essential. A n experim ental tech ­
nique has been developed to  determ ine th e  m agnitude o f th e  back- 
m ixing mass flow  ra te  and the effects of various process an d  ap p a ­
ra tu s  param eters upon  th is backm ixing m ass flow ra te .

Experim ental resu lts and the ir evaluation  are presented . R e la tio n ­
ship were deduced betw een the  backm ixing mass flow  ra te  and the 
process, as well as the  apparatu s param eters. E xperim en ta l results 
are evaluated by  a  hypothesis th a t  assumes th a t  p ressu re f lu c tu ­
ations also resu lt in  backm ixing.

The experim ental apparatus and  th e  evaluation m ethod  developed 
to  determ ine th e  particle  m ixing phenom ena in m ulticell fluidized 
beds were published in  a  previous pap e r [1]. An evalua tion  of the 
experim ental resu lts  an d  re la tionsh ips m ixing m ass flow  ra te  and 
various process and apparatus p aram eters are also shown.

The Effects of the Size of the Opening Between the Cells and 
Solid Mass Flow Rate Upon the Magnitude of Backmixing Mass

Flow Rate

The effects of the shape and area of the  opening a t height Fk between the  
cells upon a backmixing mass flow ra te  were examined a t  various input mass 
flow rates. The values of backmixing mass flow rate were calculated by E q. 
34 of [1].

From  the analysis of the  experimental da ta  i t  could be concluded th a t the 
backmixing mass flow rate  depended only on the area of th e  opening, b u t no t 
on its geometrical param eters, so the values obtained w ith identical opening 
areas could be averaged. Averaged values are shown in Table 1 and Fig. 1 
and  2.

G
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T a b le  1.

G =  1.95 kg Ffe =  2 x  10-2 m 17" =  0.175 m /s

ÖX104 -FbXlO* ÿxio<
(kg/8) (m2) (kg/8)

1.5 12.8
4.17 3.0 21.2

4.5 40.8
6.0 52.1

1.5 11.6
8.33 3.0 22.3

4.5 32.8
6.0 43.1

1.5 9.1
16.7 3.0

4.5
18.0
27.4

6.0 32.6

1.5 6.4
25.0 3.0

4.5
12.7
22.1

6.0 26.1

Fig. 1.
Backm ixing m ass flow  ra te  as 
a function o f th e  opening area

I  50

tU
30

20

10

О О

+ 1.5x10-4(m2) 
О  3.0x10"'* - I I -  
Д4.5х10ч  -II- 
•  6.0x10-'*

д

0 10 .2 0
'0x10 д (kÿs ),

Fig. 2.
Backm ixing m ass flow  ra te  as 

a function of solid m aterial mass 
flow  ra te

I t  can be seen th a t  a  backm ixing  m ass flow  ra te  increases w ith  th e  enlarged 
opening areas. A t a  g iven  opening area th e  backm ixing m ass flow ra te  decrea­
ses w ith  an  increasing in p u t solid m ateria l m ass flow  ra te .
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The relationship between the backmixing mass flow rate g, the  opening 
area F b and the input solid m aterial mass flow rate  can be described b y  the  
following empirical function :

Obviously, if:

. kiFb
9 = --------- —

1 -t k^G

Fb -*■ 0 th e n  (/-.О and

(1)

Fb Ft)m ax  9 9m ax  a n d

ff-.«» 9 0*

F bmn stands for the maximum flow-through cross section obtained w ithout 
separating baffles between the two cells.

Coefficients in Eq. 1 are obtained from  the linearized form of Function 1 as :

Fb 1___ ! k%\___
9 *1

( 2 )

I f  the  F J g  values calculated a t various opening areas are p lo tted  against 
G (cf. Fig. 3) then it can be seen th a t  the points define a line. In  the  case

6 5 10 15 20 25~
G«104(kq/s ]

Fig. 3.
C alculated Fb/g values rela ting  to  various opening areas p lo tted  against in p u t solid

m aterial m ass flow ra te

of the model m aterial used (0.2-0.4 mm sand fraction) coefficients k x and fc2 
become :

ki =  10.9 kg /sm 2 

ki = 597.6 s/kg.

в»
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The Effects of the Height of the Midpoint of the Opening,
Linear Gas Velocity and Changing Input Solid Material Mass 

Flow Rate Upon the Backmixing Mass Flow Rate

The backmixing mass flow rate as a function of the height of the  m idpoint 
o f the  opening was exam ined a t a constant inpu t solid m aterial mass flow rate. 
Experim ents were carried  out a t four Y k m idpoint height values a t a given, 
constan t opening area and  input solid m aterial mass flow rate. The calcul­
a ted  backmixing mass flow rate values and  experimental param eters are 
sum m arized in Table 2.

T a b le  2.

Fb =  3 X10-4 m 2 G=  1.95 kg U " = 0.175 m /s

áx lO 4
(kg/s)

n x io !
(m)

<7X10*
(kg/s)

0.5 16.5
16.7 2.5

4.5
16.4
18.3

6.5 19.0

0.5 13.8
26.0 2.5

4.5
10.8
12.5

6.5 12.2

I t  can be seen from  the  figures shown in Table 2 th a t the  changes of the 
height of the m idpoint of the  opening have no significant effects upon the 
backmixing mass flow rate.

I f  the backmixing mass flow rates are p lo tted  against the linear gas velo­
c ity  (cf. Fig. 4) then  i t  can be seen th a t  E7  ̂=  0.075 m /s is obtained for the

Fig. 4.
Backm ixing masa flow  ra te  as a function  o f linear gas velocity (Ï7m =  0.075 m/s)
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minimum fluidization velocity from the  line fitted  to the points. I t  was assum ­
ed th a t  only coefficient k 1 depended on the linear gas velocity in Eq. 1. I ts  
value was calculated by  the  following relationship :

kx = g (l + k2G) i -  (3)
íb

and it was found to depend on the linear gas velocity as :

ki =  b0( U " - ü ' A )  (4)
I f  E q . 4 is substituted into Eq. 1 th en  it becomes:

T7
g =  ( U " - U n ) -----— ; bo (5)

1+ k2a
The backmixing mass flow rate values (gs) were calculated by  Eq. 5. These 

values and those calculated from the moments agreed well, so param eter k 2 
was indeed independent o f the linear gas velocity (cf. Table).

Table 3.
Й =  7.5X10-2 m /s 0 = 1 . 95kg  Jc2 = 597.6 s/kg

(7X104
(kg/s)

(F " _  !7Й)Х10» 
(m/s)

.
9X10«
(kg/s)

9sX10«
(kg/s)

4.2 6.7 7.2
8.3 10.0 21.3 17.8

16.9 25.4 27.5
21.5 36.3 37.1

4.2 5.1 5.9
25,0 10.0 12.3 14.2

15.9 22.8 22.6
21.5 32.2 30.6

Я 120
jfioo

о-ßl
+

80 +

60 +
40 +

20

1 2 3
G (kg)

Fig. 5.
P aram eter o f 6о as a function o f  th e  m ass of the fluidized bed
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F urther experiments proved th a t  param eter k 2 did not depend on the mass 
o f the  fluidized bed either. The values of param eter b0 in E q . 4 were calculated 
by  param eters kx for various am ounts loaded into the fluidized bed. I t  can 
be seen in Fig. 5 th a t  param eter b0 increases approxim ately linearly with 
increasing fluidized bed mass.

The Effects of the Parameters of Mechanical Agitation Upon 
the Backmixing Mass Flow Rate

The effects of two different types of agitators (cf. Fig. 6) were tested in the 
experiments. M easurements were carried out a t four different rotation speeds 
w ith two identical openings a t different heights. In  one case the height of

b
Fig. 6.

M echanical ag ita to r  elem ents used in  th e  experim ents

th e  m idpoint of the  opening was in level w ith the active height of the agi­
ta to r, in the other case it  was different. In  the case o f the  three-wing agitator 
called b in Fig. 6, th e  active height of the ag itator w as—by definition—taken 
as the  height of the m idpoint of the opening in level w ith the  horizontal w i n g .

The backmixing mass flow ra te  is p lo tted  in Fig. 7 and 8 against the  ro ta-

jn 5 0
g
-fa á0 

30 
20 : 
10 

о

+Yk -  10-2(m)j 
oYi<-2.5«10'2(m)[

3
n (1/s ),

Fig. 7.
Backm ixing m ass flow  ra te  as 
a  function of ro ta tio n  speed of 
th e  two-wing ag ita to r  placed 
th e  bo ttom  of th e  fluidized bed

Fig. 8.
B ackm ixing m ass flow ra te  as 
a  function  o f th e  ro ta tion  speed 

o f th e  three-w ing ag itator
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tion speed of the agitator. I t  can be seen th a t when the m idpoint of the 
opening is in level with the agitating element, then  the  backmixing mass flow 
rate  decreases with increasing rotation speed. Beyond a certain value, i t  in ­
creases significantly. W hen the m idpoint of the opening and the agitating 
element are not in level, then the backmixing mass flow rate is practically 
independent from the rotation speed.

There is no uniform approach as of how to characterize the intensity of the 
mechanical agitation used in fluidized beds. The in tensity  of the agitation 
depends on the type, size, and ro tation  speed of the agitating element, and 
the characteristics of the  fluidized bed. L et us consider an agitator of ro ta tion  
speed n  rev/m in in a fluidized bed o f diam eter 2R  and minimum bed height 
Y m (cf. Fig. 9). Let the  joined lengths of the line pieces in direction z on the

z(r)

Fig. 9.
D efinition of the in tensity  of mechanical ag itation

perpendicularly projected picture o f the  agitating elements be tu rned  into 
plane z — r a t a given point of radial co-ordinate r  be z(r).

L et the  circumferential velocity of an elem entary p a rt of surface area 
z(r)dr of the agitating element a t a point of radius r be 2tc r n. The volume 
elem ent in the fluidized bed „swept” by the elem entáry p a rt of surface area 
z(r)dr in unit time is n 2nz(r)dr. I f  th e  average density of the fluidized bed is 
g then  the  mass of the  solid material moved by the above elem entary p a rt of 
the ag ita to r is 2rnz(r)drQn. Let us assume th a t the kinetic energy transferred  
to  th e  particles by the  elementary p a r t of the ag itator is :

E  =
1
2

v3 — r\ — 2rnz(r) (1гдп(п2лг)2 ( 6 )

where r) is an efficiency factor. Thus, the kinetic energy transferred to  the 
bed by  the  agitator can be expressed by  the integral o f Eq. 6 between lim its 
r =  0 and r —R :

R

È  = T]*n3n3g ^  z(r)r3 dr  (7)
0

The power transferred to  the unit mass in the dense layer of the fluidized
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bed becomes :

IJ z(r)r3 d r
E£*=— = ---------- ------
a  ir-Ymnn

x.e.

Т]4Л2П3 j  z(r)r3 dr

£*=- R2Y„

L et us introduce the  term  :

i —

and  let us characterize th e  intensity o f the  agitation by the quan tity  :

R
h 3 J  z(r)r)r3 d r

í = - R3Y„

( 8 )

O)

( 10)

(И)

The characteristic values of f indicating the  intensity of the  agitation in 
the fluidized bed were calculated for the  agitating elements and fluidized bed 
used in the experim ents. Then b0 was obtained from Eq. 5 as:

b0 = g
. 1 + k2& 1

F b JJ"  — Um
( 12 )

The values of param eter Ъ0 calculated for the  two agitators are plotted 
against the in tensity  o f agitation (cf. Fig. 10). I t  can be seen th a t b0 increa­
ses linearly with increasing agitation intensity .

1̂300|Г
a-X.

5  200

100

+two-blades agitator 
othree- blades agitator

о
+

! v  ior>iFb- З-Ю^т2 
G -16.7-1Ö41<gfe

u 100 20Ö““ 300 Í0C
i -105lw/kq]

Fig. 10.
A sine com ponent o f th e  pressure drop as a  function  of the  heigh t of the  opening
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Evaluation of the Experimental Results by the Pressure Fluctuation 
Hypothesis Causing Backmixing

I t  was discussed in detail in a previous paper th a t  the driving force of the 
solid m aterial flow between the  cells was the pressure difference, a  sta tistical 
value between the pressure drop values d p  in the two cells. Backmixing be­
tween the  cells can be explained by  this phenomenon, namely a tem porary  
pressure difference occurs a t different points of the opening which forces the 
solid m aterial to flow back from the second cell into the first one.

Let us consider an opening of small height and assume th a t  pressure is 
constant a t a given m inute a t both  sides, bu t due to  fluidization it  fluctuates 
in time.

Let us examine a sine component of the fluctuating pressure difference :

pi(t)-pz(t) = Ap(t) (13)

a t the height of the opening (cf. Fig. 11).

Fig. 11.
How the  bo param eters change w ith the  m ixing in tensity

Let us assume th a t the m aterial flows only in one direction through the  
opening a t a given minute.

Let us consider the changing pressure difference following a sine function:

Ap(t) =  ci +  C2 sin cot (14)

to Ле the driving force of the mass flow. The m om entary mass flow between 
the cells can be described as a mass transfer phenomenon by function :

F t = kFnAp(t) (15)

The sign of the function is negative when the m aterial flows from the  second 
cell into the  first one.

Let us consider a period of sine function Ajp(t).
Obviously, during a given period there is a backflow only in th e  (tt , t2) 

interval (cf. Fig. 11). I ts  average over the entire period becomes:
*2

~ 9  = ̂ r~ \ k F bAp(t) di 2 л  J 
h

(i6)
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Similarly, the average value of the mass flow transferred from the first cell 
in to  the second one during the  periods (0, tj) and (t2, с3/2тг) is given by:

и
2я
Сз

G + g =  J J  kFtiAp(t) d í +  J  kFbAp(t) d íj (17)

A fter integration an d  summation, the value o f the solid m aterial flow is 
obtained as:

Gr = k F  bCi (18)

The difference of two functions yields the overall mass flow rate :

G -f- 2g ~  fcF\) \c  1 C3Í2 — c o s (19)

The relationship betw een the overall mass flow ra te  and the opening area 
was tested using the  experim ental da ta  shown in Table 1. I t  was found th a t 
in  the  case of small openings, the overall mass flow ra te  is constant and in ­
dependent of the in p u t solid material mass flow ra te  G. However, in the case 
o f large openings, th e  overall mass flow ra te  was no t independent of G (cf. 
Fig. 12).

I * 120
■Ijioo

+ 4.17x10“ W
-•азз*га^-7-

+
Д  16.7*10'*-»- •

• 3 l80 -□250x10'*-.- •  Л
8 .  D•53 ! 60

A
40 • 1
20 T

n
1 2 3 4 5 61 2 3 4 5 6

FbxKH m2 )
A  P

Fig. 12.
O verall m ass flow  ra te  as a  function  o f opening area

Fig. 13.
R elationship between overa ll m ass flow ra te  over u n it opening area and  gas velocity
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I f  a small opening area is selected then it can be seen th a t  the overall mass 
flow rate  over the  un it area is proportional to  the  gas velocity (cf. Fig. 13). 
The backmixing mass flow rate can be obtained by the  integration of E q . 16. 

The integration lim it can be determined from  the condition:

C1 +  C2 sin C3ii =  0 (20)
as:

ii =  — arc sin ( — (21)  
C3 1 C2)

Integration limit t2 then becomes :

After integration :

I t  can be seen th a t  the function is similar to  Eq. 18 and 19, so the  back- 
mixing mass flow rate  is proportional to  the opening area.

Experim ental d a ta  support the hypothesis th a t  backmixing can be explained 
by the pressure fluctuation mechanism. In  the case of small opening heights, 
this statem ent is substantiated  by experimental data. The deviation in  the  
case of large opening areas is due to  the fact th a t  the pressure difference 
along the opening depends not only on time, b u t also on the height of the 
opening.

SYMBOLS USED

bo coefficient of E q . 4, (kg/m 3)
E  k inetic energy flow, (w/s)
Fb opening area, (m 2)
G m ass of the fluidized bed, (kg)
G in p u t solid m ateria l m ass flow ra te , (kg/s) 
g backm ixing m ass flow  ra te , (kg/s) 
ki coefficient of E q . 1, (kg/sm 2) 
k'2 coefficient o f E q . 1, (s/kg)
n no ta tion  speed o f th e  mechanical ag itato r, (1/s)
R  rad ius of the bed, (m)
U "  linear gas velocity  over the entire cross section o f the  bed, (m/s)
Um m inim um  flu id ization  velocity, (m/s)
Y  к height of the m idpo in t o f the opening measured from  th e  bed supporting  p la te , (m) 
Y m m inim um  fluidized bed height, (m) 
d p  pressure drop in  th e  fluidized bed, (kg/m s2)
£ in tensity  of m echanical agitation , (w/kg)
Q average density  o f th e  fluidized bed, (kg/m 3)
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РЕЗЮМЕ

При применении способа многоячеечного псевдоожижения очень важно располагать данными 
перемешивания между ячейками. Авторами статьи разработан метод для определения массо­
вого потока обратного перемешивания, исследовалось также влияние, оказываемое парамет­
рами установки и црименяемой установки на массовый поток обратного перемешивания.

В данной работе приводятся опытные данные и их оценка. Авторами была установлена за­
висимость между массовым потоком обратного перемешивания и параметрами способа и ус­
тановки. Опытные данные истолковываются также и на основе предположения о том, что ко­
лебание давления является причиной обратного перемешивания.
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M ajor hydrodynam ical properties o f fluidized beds w ith  and w ithout 
conical inserts are presented here (pressure drop vs. a ir  flow ra te , 
bed expension vs. a ir flow  ra te , m inim um  flu id ization  velocity, and 
void volum e fraction  of the  bed vs. bed height). Local void volum e 
fraction  values are obtained by a  m ethod based on the  pressure drop 
of th e  flu id  phase. Void volum e fraction  m aps based on m easured 
and calculated d a ta  are presented  for various air flow  ra tes and th ree 
conical inserts o f different geom etrical param eters.

Introduction

Ordered m otion of the fluidized particulate m aterial w ithin the fluidized bed 
can be advantageous for various technological, operational purposes. There 
are several ways and means which ensure this characteristic vertical forced- 
circulation in the  bed.

This m otion can be achieved by the  division of the  bed holder p la te  into 
two concentric Sections. I f  air velocity in the outer ring is higher th an  in the  
inner ring, th en  a reverse geysering motion is obtained [1, 2].

Conical inserts can also modify the  flow characteristics causing an ordered 
motion, vertical recirculation in the bed. This solution is frequently used in 
practice, e.g. catalytical fluidized reactors with conical inserts are used a t  du 
Pon t [3] to  produce vinyl acetate. The aim of this solution is the drastic de­
crease of the ex ten t of fragm entation and wear of the catalyst particles. A n­
other characteristic application is the  coating of particles in fluidized beds. 
This process is quite widespread in the  pharm aceutical industry, b u t i t  can 
also be im portan t in food processing, pesticide and fertilizer production [2, 
4, 5, 6].

W hen a conical insert is used, then the  fluidizing gas enters the bed through 
a reduced annular area. The velocity of the fluidizing gas decreases w ith in-
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creasing height from  the distributing p late  according to :

u"(z) =  -
4 V

dk
Fk

2dl 2
+  —  z + LP -dl

( 1 )

A t the height of the  cone, this value becomes equal to  the average value 
relating to the overall cross section. Particles move in a much more orderly 
fashion than in simple fluidized beds w ithout conical inserts where large pa r­
ticles ( >  1 mm dia) frequently push each other, hindering free motion.

This paper presents the  results of a s tudy  carried out to compare the m ajor 
hydrodynam ical characteristics of fluidized beds with and w ithout conical 
inserts. The bed expansion vs. air velocity, and pressure drop vs. air velocity 
functions determ ined are shown together w ith the changes of the  void volume 
fractions p lo tted  against bed height for various air velocities and insert sizes 
in fluidized beds w ith and without conical inserts.

Experimental Methods and Apparatus

The fluidized bed of 10.8 cm diam eter and the  instrum ents connected to  it 
are shown schem atically in Fig. 1.

There are four m easuring points a t  the  bottom  of the bed immediately 
above the distributing plate. Probes of 2 mm internal diam eter covered with 
sieve caps were placed a t these points. A special probe with side bores was 
placed above the  fluidized layer. These probes were used to  determine the 
pressure drop valve in the bed.

Another probe-pair readily movable vertically and radically in the bed was 
also used to  determ ine the static pressure drop. Its  diam eter was similar to 
th a t  of the particles (2 mm). As i t  can be seen in Fig. 1 the probes with side 
bores were used to  measure the pressure drop over a 1 cm section of the bed. 
A micromanometer filled with alchohol was used for the measurements.

A calibrated ro tam eter was used to  m easure the flow rate  of the  fluidizing 
air. Tem perature and  pressure d a ta  were also recorded.

Three conical inserts of different shapes were used. The area fractions cov­
ered by these inserts were as follows: No. 1 insert: 31%; No. 2 insert: 42%; 
No. 3 insert: 55%. The inserts were 5 cm high equal to the minimum fluidiz­
ation bed height (F m =  5.4 cm).

A porous m etal p late  was used to  hold the  bed and distribute the  fluidizing 
air. A mm scale fastened to  the wall of the  bed was used to  measure bed 
height.

Spherical, prilled urea (1.25 — 1.60 mm dia.) was used as tes t material. 
Experim ents were carried out w ith 350 g doses. Prior to  runs, the  bed was 
loosened by passing air through it. Air flow rate  was slowly, and carefully 
discontinued to  bring the bed to rest again.

The position o f the  movable probe-pair was changed both vertically and 
radically in 1 cm increments.
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A

Fig. 1.
E xperim ental ap p ara tu s

— probes, 2 — air d istributor, 3 — conical insert, 4 — m icropressure gauge, 5 — 
flow m eter, 6 — therm om eter, 7 — pressure gauge, 8 — ring for p robes

Theoretical Foundation of Local Void Volume Fraction 
Determinations [7]

I t  is known th a t the pressure drop of the fluid phase in a fluidized bed is 
approxim ately equal to  the bed weight over unit cross section area:

Лр\ Ö q- q" 
F  Q ( 2 )

The average void volume fraction was determined as:
V i —  V *

e
V,

(3)
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where Vr — is the volum e of the bed
V* — is the volum e of the material.

Therefore, it follows th a t :

and :
G

QgF
= Г(1-5")

(4)

(5)

Thus, the pressure drop  in the  fluidized bed can be expressed by the following 
equation :

ф г~ Т (1 -ё " Ж е -е " )  (G)

I f  a probe-pair su itab le for static pressure measurements are placed into 
th e  bed close to each other, b u t displaced in height by a distance (y), then the 
pressure drop over th e  given y  length of the  bed can be determined. Accord­
ing to  Eq. 6.

4 рг~!К 1 - О Я ( е - е " )  (?)

In  principle a void volum e fraction could be calculated from m easured pres­
sure drop values by  th is  equation. However, according to  experimental evi­
dence, the actual m easured pressure drop values and  those calculated from bed 
weight data  can differ b y  as much as +20% in the  case of gas-solid systems [9].

L e t us divide Eq. 7 b y  E q . 6 to  arrive a t:

G Ару 
V9qF Apy ( 8)

The local void volum e fractions can be calculated accurately enough from 
m easured overall and  local (over the height y) ressure drop values by  Eq. 8. 
Thus, the void volum e fractions a t different points of the bed can be deter­
m ined by the m ovable probe-pair.

Result and Discussion

T he most im portant hydrodynam ical relationships characterizing the  fluid­
ized beds are as follows: pressure drop vs. air velocity, bed expansion vs. air 
velocity, and void volum e fraction vs. vertical and  radial position. The effects 
o f conical inserts and  th e ir shapes upon these functions had to he determined.

a ) Overall Pressure Drop vs. A ir  Velocity

I f  th e  logarithm of th e  overall pressure drop of the  bed is p lotted against the 
logarithm  of air velocity  then, as it is known, a steeply rising line is obtained 
for the stationary bed  section and an approxim ately parallel to  axis x  line is 
obtained for the fluidized bed section (theoretically). The lines intersect a t the 
so-called minimum fluidization velocity value.
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The experimentally determined overall pressure drop vs. air velocity rela­
tionships are p lo tted  in a log-log scale in Fig. 2 for fluidized beds w ithout 
and with conical inserts (3 inserts of various sizes). To facilitate comparison,

Fig. 2.
Overall pressure drop as a  function  of air velocity

air velocity values are given with regard to  the  overall cross section area, 
even in the case of conical inserts. Experim ental data  are summ arized in 
Table 1.

The minimum fluidization velocity (0.54 m/s) measured in a  fluidized bed 
w ithout a conical insert, or rather taken from the pressure drop versus air 
velocity plot, agrees well w ith the value (0.56 m/s) calculated by E rgun’s 
equation (Eq. 9) shown below:

„ 1 / 42.8 1 — e'mfi" 0.67g(Q ~g”)d 4 2 8 ( 1 - 8m)/«"
Wm= / ------- — ------- + --------------------Sm3---------— ------  (9)

d g  g  d g

In  fluidized beds with conical inserts, lower air velocities th an  in beds w ith­
out inserts can fluidize the same charge. Obviously, i t  is due to  the  fact 
th a t  the velocity of the fluidizing air is higher a t the bottom  of the bed, so 
a special initial momentum is im ported to  the particles forcing them  to  move 
a t a lower than  usual superficial air velocity. The strange phenomenon occur­
ring in fluidized beds with conical inserts, namely, when there is a  shallow 
smoothly fluidized layer above the distributing plate, bu t under an otherwise 
stationary  layer is also explained by the  above reasoning. (This phenomenon

7
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T a b le  1.
O verall pressure drop as a function  o f air velocity 

(T =  24° C p  ~  750 H g mm)

и "
(m/s)

A P y

(кр/ш2)
v"

(m/s)
A P  Y  

(kp/m2)

0.18 8.4 0.18 13.2
0.22 11.2 0.22 17.2
0.27 16.2 0.27 23.2
0.29 16.0 0.29 24.8
0.38 22.0 0.38 39.2
0.44 28.0 Fluidized bed 0.45 39.2

Simple 0.62 33.6 with conical 0.55 39.2
fluidized bed 0.66 34.4 insert in the 0.63 39.2

0.66 34.8 bottom 0.65 39.2
0.73 35.2 (2) Ф = 42% 0.73 39.2
0.78 35.2 0.78 39.2
0.86 35.2 0.86 39.2
0.98 35.6 0.98 39.2
1.20 36.0 1.16 39.2
1.40 36.0

0.22 13.2 0.18 14.0
0.27 17.6 0.22 18.4
0.29 22.8 0.27 24.0
0.38 34.8 0.29 26.0
0.45 37.2 0.34 34.4

Fluidized bed 0.68 37.6 Fluidized bed 0.38 39.6
w ith conical 0.66 38.0 with conical 0.47 39.6
insert in bottom 0.73 38.0 insert in the 0.58 40.0
(1) Ф = 31% 0.74 38.0 bottom 0.61 40.0

0.78' 38.0 (3) Ф = 55% 0.65 40.4
0.84 38.0 0.73 40.4
0.86 38.0 0.79 40.4
0.98 38.4 0.87 40.4
1.2 38.8 0.98 40.4
1.4 39.2 1.15 40.4

cannot occur in fluidized beds without conical inserts, if they are charged 
w ith  well fluidizing m aterial.)

In  all three fluidized beds w ith conical inserts, th e  pressure drop values 
proved  to be higher th a n  those obtained in fluidized beds without inserts, bu t 
o f equal bed weight. This pressure drop increases w ith increasing base dia­
m eter of the conical insert, both in the  sta tionary  and in the fluidized sec­
tions. This is caused b y  the  increased flow losses brought about by  the  de­
creased free cross section areas.

b) Bed Expansion Versus A ir  Velocity

Ideally , in the case o f large spherical particles, bed expansion (the ratio of 
th e  actual and m inim um  fluidized bed height) increases linearly with increas­
ing air velocities up to  а  y jy m = 2-2.5 value [8]. However, interestingly enough, 
in  fluidized beds w ith  conical inserts, th is linear relationship is broken a t a
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certain air velocity. Below this air velocity value, the  fluidized beds w ith an 
insert, above it those without an insert appear more expanded (cf. Fig. 3 
showing all the measured bed expansion versus a ir velocity curves).

Fig. 3.
Bed expansion as a  function  of a ir  velocity

The regeysering motion characteristic of fluidized beds with conical inserts 
becomes fully developed above this air velocity value ; the  pushing, disordered 
m otion is absent, so the bed appears less expanded and  the number of bubbles 
seen is also smaller. U nder the air velocity, corresponding motion is stochastic, 
nonuninform, and pushing, even in fluidized beds w ith conical inserts.

According to  the  experimental bed expansion vs. air velocity curves, the  
air velocity belonging to  the breaking point is tw ice as high as the m inim um  
fluidizing velocity for all three inserts.

The minimum fluidizing velocity is determ ined as follows. The line repre­
senting the bed expansion vs. air velocity relationship is extended to Y /  F m =  1 
and the  corresponding air velocity is read from the  diagram  [9].

The conclusions relating to  the minimum fluidization velocity are also 
partly  substantiated  by the bed expansion vs. air velocity relationships. The 
value of the minimum fluidization velocity obtained in a simple fluidized bed

7*
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w ithout conical insert agrees ra ther well, i t  is 0.53 m/s. According to  these 
measurem ents, an air velocity 30% less th en  this figure is sufficient to  s ta rt 
the fluidization of the change if 55% the  surface of the distributing plate is 
covered by  a conical insert. This difference decreases with decreasing cone- 
base diam eter.

c) Void Fraction vs. Vertical and Radial Position

To dem onstrate the  accuracy of the  m ethod discussed, a te s t experim ent is 
presented here to  help judge the m ethod based on the pressure drop measure­
m ents of the  fluid phase. The void fraction  belonging to  the  minimum fluid­
ization velocity point in a simple fluidized bed without conical insert is de­
term ined by  the m ethod shown. M easured d a ta  are shown in Table 2. In  this

Table 2.
D eterm ination  o f th e  void  volum e fraction

Position of probes
A P y

(kp/m 2)
A P / Y  

(kp/m2cm) emY
(cm)

r
(cm)

0 .7 6 .1 3 5 .2 6 .9 8 0 .4 3
1 .7 6 .1 3 5 .2 6 .9 0 .4 3
2 .7 6 .1 3 5 .2 6 .9 8 0 .4 3
3 .7 6 .1 3 5 .2 7 .1 0 .4 2
3 .7 4 .0 3 4 .4 7 .1 0 .4 1
2 .7 4 .0 3 4 .4 7 .2 5 0 .4 0
1 .7 4 .0 3 4 .8 7 .0 0 .4 2
0 .7 4 .0 3 4 .4 7 .0 0 .4 1
0 .7 3 .0 3 4 .4 7 .0 0 .4 1
1 .7 3 .0 3 4 .8 7 .0 0 .4 2
2 .7 3 .0 3 4 .4 7 .2 0 .4 0
3 .7 3 .0 3 4 .4 7 .2 0 .4 0
3 .7 2 .0 3 4 .4 7 .2 0 .4 0
2 .7 2 .0 3 4 .4 7 .1 0 .4 1
1 .7 2 .0 3 4 .4 7 .0 0 .4 1
0 .7 2 .0 3 4 .4 6 .9 0 .4 2
0 .7 1 .0 3 4 .4 6 .9 0 .4 2
1 .7 1 .0 3 4 .4 6 .9 0 .4 2
2 .7 1 . 0 3 4 .4 7 .2 0 .4 2
3 .7 1 . 0 3 4 .4 7 .2 0 .4 2

ëm =0,41

case, the  pressure drop over a 1 cm long section is determined in such a m an­
ner th a t  the  m aximum  value is recorded on the differential m anom eter con­
nected to  the  probe-pair around the m inim um  fluidizing velocity point, while 
the  air velocity is continuously increased.

The m inimum value of the void fraction  of solid, non porous spheres of 
narrow  size distribution, according to  literature, is 0.41 and it is independent 
from  the  actual diam eter of the spheres. In  the  case of the spherical urea test 
m aterial of size fraction 1.25-1.60 mm, th e  same figure was obtained by the 
m ethod discussed here. This indicates th a t  the local void volume fraction
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values, calculated from the pressure drop values over a 1 cm long section of 
the  bed, are real, trustw orthy data.

Local pressure drop values in fluidized beds w ithout and w ith conical in ­
serts (three inserts of different sizes) were measured a t  three different air 
velocities a t a num ber of points o f different vertical and radical positions.

Void fraction data  calculated from measured figures by  E q. 8 are shown 
as a m ap in Fig. 4. To help visualize this picture, void fractions in the  bed

V"* 21 (ni/h)

V-24(rrAh)

Fig. 4.
Void fraction  as a  function  of radial and  axial position 

p ~ 7 6 0  H g  mm, T =  24° C

are characterized by the num ber of points in a 10X10 mm square around 
a given point of the bed drawn to  scale as follows.

I f  e" =  0.40— 0.45 then , num ber o f points 160
0.45 —0.60 100
0 .5 0 -0 .6 5 67
0 .5 6 -0 .6 0 60
0 .6 0 -0 .7 0 26
0.70 — 0.80 17
0 .8 0 -0 .9 0 12
0 .9 0 -0 .9 5 3
0.96 — 0.99 1
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T he following conclusions can be draw n :
No direct conclusion concerning the  particle motion can be drawn from the 

local void fraction data , because they  reflect the relative positions of the par­
ticles in the bed, not their velocities. The sharp boundary between the dense 
an d  dilute layers found in a fludized bed without conical inserts, disappears 
in  a  fluidized bed w ith an insert when the area covered by  the conical insert 
increases and the bed becomes more dilute. Due to  the  m omentum im parted 
to  th e  particles by the fluidizing air flowing upward along the  wall of the bed, 
th e  particles rise up to  the  top  of th e  cone, then  they  sink back again.

Nevertheless, the characteristic regeysering motion caused by the conical 
in sert shown in Fig. 5 can be detected by the void fraction data, because in

V"= 21(m3/ h )

Fig. 5.
V oid fraction  as a  function  o f  radial and axial position

th e  m ajority  of cases tested  the  m otion is no t uniform enough. Only a t 30 m 3/h 
an d  w ith conical insert No. 3 do the  hydrodynam ical characteristics become 
stab le  enough, ensuring a bubble-free bed and regular particle recirculation. 
I f  th e  void fraction m aps are considered, then it can be seen th a t the height 
o f th e  bed and along w ith it, the  volume fraction of the  particles are the 
sm allest immediately above th e  cone. A t 30 m3/h and insert No. 3, this sharp 
b ed  height and particle volume fraction decrease disappear.
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This helps to visualize the previous statem ents about the  bed expansion 
versus air velocity relationships. I t  can be seen in Fig. 3 th a t  indeed only 
a t 0.92 m/s air velocity (corresponding to flow rate 30 m 3/h) and a t th a t only 
with conical insert No. 3 covering the 55% of the area o f the  distributing 
plate, is one definitely beyond the critical region around th e  breaking-point to  
achieve stable, uniform, developed regeysering movement. This explains why 
the bed is so extremely homogeneous under these conditions.

CONCLUSIONS

Fluidization was studied in fluidized beds w ithout and w ith conical inserts. 
I t  was found th a t fluidization started  a t a much lower a ir flow rate when 
there was an insert in the bed. Minimum fluidization velocity decreases with 
increasing coverage of the area of the distributing plate.

Contrary to findings relating to  fluidized beds w ithout conical inserts, the 
bed expansion versus air velocity relationship is not linear in beds with in ­
serts, rather there is a breaking point a t an air velocity tw ice as high as the 
minimum fluidizing velocity. Below and above this value, th e  bed expansion 
of the fluidized bed with and without inserts respectively is seen to be higher. 
This is due to the fact th a t only a t u "  >  2 m "  does particle recirculation become 
stable, and develop regular and uniform layer movement, in contrast to  the 
pushing particle movement, when there is a relatively dense layer with large 
bubbles and above it a dilute fluidized layer. These findings are substantiated 
by the local void fraction maps. I t  can be seen th a t once the  stable regeyser­
ing movement has developed, then the layer becomes extrem ely homogeneous 
and more dilute than  the layer in a fluidized bed w ithout an insert a t the same 
air flow rate.

These findings will be used in the course of the film coating of particles in 
fluidized beds. The forced circulation of the particles in th e  layer will ensure 
a better, more uniform coating of the particles.
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SYMBOLS USED

diam eter o f the  fluidized bed, (m) 
particle diam eter, (m)
diam eter of the  base-plate of th e  conical insert, (m)
cross section of the  bed (m2)
weight o f the bed, (kp, N)
grav ity  constan t, (m /s2)
overall pressure drop, (kp/m 2, N /m 2)
pressure drop in  the  bed over a  section of length, y , (kp /m 2, N /m 2)
pressure drop in  the  bed over 1 cm, (kp /m 2-cm)
radial position of the  probe, (cm)
bed expansion
height o f the cone, (m)
length elem ent o f th e  bed, (cm)
air velocity, (m/s)
m inim um  fluidization velocity, (m/s) 
fluidizing air flow  rate , (m3/s) 
distance above th e  d istributing  p la te , (m, cm) 
void fraction 
average void fraction
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£m m inim um  void fraction
и "  dynam ic v iscosity  of th e  flu id  phase, (kg/ms)
Q density  of the  solid m ateria l, (kg /m 3)
q"  density  o f the  flu id  phase, (kg /m 3)
Ф fraction  of th e  area o f th e  d is trib u tin g  p la te  covered n y  th e  conical insert, (%)
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РЕЗЮМЕ

Авторы сопоставили основные гидродинамические характеристики (зависимости типа давле­
ние — скорость воздушного потока, объём слоя — скорость воздушного потока, а также ми­
нимальную скорость псевдоожижения, изменение свободного объёма в слое в зависимости от 
локальной координаты местонахождения) простых псевдоожиженных слоёв и слоёв, снаб­
жённых конусным вкладышем. Для определения локальных значений доли свободного объё­
ма был избран метод, основанный на измерении падения давления флюида. Из замеренных и 
расчётных данных, для различных скоростей воздушного потока и для трёх конусных вкла­
дышей с различной геометрией, были составлены карты.
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E ingegangen am  13. O ktober, 1977

Die Pyrolyse von Benzin, Gasöl, hydriertem  und  en tarom atisiertem  
Gasöl, aus n -H eptan  sowie zyklischen K ohlenw asserstoffen bestehen­
den Gemischen, ferner von mono- und  polyzyklischen N aphtenen 
wurde in Labor- und  Technikum s-einrichtungen un te rsu ch t.

Die vorbehandelten (arom atenfreien bzw. arom atenarm en) M ittel­
destillate (Gasöle) ergaben bei der Pyrolyse ähnliche P ro d u k tau s­
beuten wie die Benzinpyrolyse und erwiesen sich w esentlich günstiger 
als die unbehandelten Rohdestillate.

U ntersuchungen an  verschiedenen zyklischen K ohlenwasserstoffen 
ergaben einen wesentlichen E influß der chem ischen K onstitu tio n  auf 
die A usbeute der Zielprodukte.

Einleitung

Ausgangspunkt dieses Beitrages sollen folgende bekannte Feststellungen sein:
1. Die Pyrolyse von Kohlenwasserstoffen ist seit vielen Jahren K ernstück 

der Erzeugung organischer Grundstoffe, das heißt von niederen Olefinen und 
Aromaten.

2. Äthylen stellt gegenwärtig den mengenmäßig organishen Grundstoff auf 
Erdölbasis dar und ist Ausgangsprodukt fü r ca. 30% aller erzeugten Petro- 
chemikalien und

3. die Olefinerzeugungsanlagen haben hinsichtlich K apaz itä t und Anzahl 
ständig zugekommen.

Es ist bekannt, daß der Bedarf an organischen G rundstoffen in den nächsten 
Jahren  stärker steigen wird als die Verarbeitung von Erdöl. Bei Beibehaltung 
der derzeitigen S truktur der Erdölverarbeitung würde daraus unter anderen 
eine starke Diskrepanz zwischen dem Aufkommen und dem Bedarf an Benzin­
kohlenwasserstoffen erwachsen. Dieser sich abzeichnenden Situation könnte 
prinzipiell auf mehreren Wegen begegnet werden. So z.B.
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— durch eine verm ehrte Spaltung von Mittel- und Schwerdestillaten zu 
vorzugweise Benzinkohlenwasserstoffen oder

— durch den Einsatz von Mittel- und  Schwerdestillaten anstelle von Benzinen 
für die Erzeugung organischer Grundstoffe.

F ü r den ersten Weg ist der B au von sogenannten „K onversionsanlagen“ 
für M ittel- und  Schwerdestillate zur Erhöhung des Aufkommens von Benzin­
kohlenwasserstoffen sehr kostenaufwendig und stellt nicht von vornherein die 
technisch-ökonomisch günstigste V ariante zur Lösung der volkswirschaftlichen 
Problem e dar.

D er zweite Weg erfordert nach dem derzeitigen Stand fü r den Bau von 
Anlagen zur Erzeugung organischer Grundstoffe durch Pyrolyse von M ittel­
destillaten beziehungsweise Gasöl hohe spezifische Investitionskosten, die um 
ca. 25% über denen von solchen Olefinerzeugungsanlagen liegen, welche auf 
der Grundlage von straight-run-Benzinen betrieben werden. D abei muß man 
allerdings berücksichtigen, daß diese Kostenberechnungen in den meisten 
Fällen fast ausschließlich au f die niederen Olefine und Diolefine bezogen sind 
und  die zahlreichen anderen entstehenden organischen Grundstoffe bei der 
Berechnung zu wenig Beachtung finden. Beim Einsatz von Schwerdestillaten 
in den Pyrolyseprozeß steigen nach der derzeitigen Betrachtungsweise die 
Investitionskosten weiter an und  dürften  Mehraufwendungen von nahezu 30% 
erfordern. Hinzu kommt, daß die Verarbeitungskosten bei der Verarbeitung 
von M ittel- und Schwerdestillaten auch steigen!

Die bisher gemachten Erfahrungen m it dem Betrieb von Anlagen, die für 
die wahlweise Verarbeitung von Benzinen und Gasöl ausgelegt sind, führen 
uns zu der Einschätzung, daß die V erarbeitung von straight-run-M itteldestil- 
laten  zu niederen Olefinen und A rom aten durch Pyrolyse und  anschließende 
Zerlegung des Spaltproduktes durch Tieftem peratur-M itteldruck-Destillation 
heute zwar als technisch, nicht aber als ökonomisch und erst recht nicht als 
wissenschaftlich gelöst angesehen werden kann.

E s w ird im allgemeinen eingeschätzt, daß die bei der Verarbeitung von 
straight-run-M ittel- und  straight-run-Swerdestillaten durch Pyrolyse und an­
schließende Zerlegung der Spaltprodukte auftretenden Schwierigkeiten in 
erster Linie au f den hohen Anteil an Kohlenwasserstoffen im  E insatzprodukt 
zurückzuführen sind, denen arom atische Strukturelem ente zugrundeliegen. 
Das sind in der Regel zwischen 20 und  30 Vol.-%. Die daraus resultierenden 
Schwierigkeiten könnten au f folgenden Wegen überwunden werden:

— durch eine der Pyrolyse vorgeschaltete Abreicherung der aromatischen 
Kohlenwasserstoffe m it Hilfe physikalischer Trennmethoden (Adsorption ; 
Lösungsm ittel-Extraktion ; Extraktiv-D estillation) oder

— durch Überführung der arom atischen Kohlenwasserstoffe in N aphthene 
m ittels katalytischer Hydrierung.

Untersuchungen zur Pyrolyse vorbehandelter Mitteldestillate

Ü ber orientierende U ntersuchungen zur Vorbehandlung und  Pyrolyse von 
M itteldestillaten wurde von uns bereits zum letzten W elterdölkongreß in 
Tokio vorgetragen [1].

Die Ergebnisse haben gezeigt, daß arom atenfreie beziehungsweise aromaten- 
arm e M itteldestillate m it ähnlichem  Erfolg der Pyrolyse unterw orfen werden
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Tabelle 1.

C harakteristische A usbeuten bei der Pyrolyse technischer D estilla tfrak tionen
aus K om achkino-Erdöl1

Spaltprodukte (Ma-%) 
(bezogen auf Einsatzprodukt)

Roh-Benzin 
39-148  °C

Roh-Dieselöl 
189-318 °C

hydriertes 
Dieselöl2 

142-310 °C

entaromat.
Dieselöl3 

195-320 °0

Spaltgas 35 C4 70,3 59,1 70,9 68,9

Äthylen 24,5 21,4 28,3 25,4

Propylen 17,0 13,8 15,1 16,5

Butadien 4,9 4,4 6,2 5,5

Pyrolysebenzin <  200 °C 27,6 23,6 22,5 23,3

Benzol 3,4 2,5 5,8 4,0

Pyrolyseöl =» 200 °C 2,1 17,2 6,5 7,8

S p a ltb e d in g u n g e n :
A ustritfcstem peratu r
V erw eilzeit
D am pf/K oh lenw assersto ff 

! H y d rie rb ed in g u n g e n  
K a ta ly sa to r  
B elas tu n g  
H y d rie r te m p e ra tu r  
H 2-P a r tia ld ru c k  
H 2/ K W - V 0 I.-V erhältnis

830 °C 
0,22 s

0,6 (Gew-Teile)
NiO u nd  WO3 a u f  A lum osilikat 
1,5 —5 v /v h  
3 2 0 - 3 8 0  °C 
1 0 0 - 2 0 0  a t  
-500

1 D urch  E x tra k tio n  m it K a ttw in k e lsäu re  (H2SO4 4- Р г 0 6)

können wie straight-run-Benzine. D er in Tabelle 1 an wenigen charakteristi­
schen Kenngrößen vorgenommene Vergleich füh rt zu dem Schluß, daß die 
Spaltung derartig vorbehandelter M itteldestillate zu einer m it der Benzinspal­
tung vegleichbaren Produktausbeute führt und gegenüber der Spaltung von 
Rohdieselöl wesentliche Vorteile bietet.

Bei der Pyrolyse hydrierter Dieselöle steigen nicht nur die rohstoffspezi­
fischen Ausbeuten an Äthylen und  Propylen, sondern überraschenderweise 
auch die von Butadien und Benzol. Dementsprechend verm indern sich die 
Ausbeuten an Pyrolyseöl.

Die Entfernung der im Roh-DK vorhandenen H eteroatom e Schwefel und 
Stickstoff m it dem Hydriergas (als H 2S bzw. N H 3) en tlaste t die Gaswäsche 
den Trennteil der Pyrolyseanlage und  führt zu umweltfreundlicheren Flüssig­
produkten (Pyrolysebenzin, Heizöl). Inwieweit die genannten Vorteile aller­
dings den Bau und den Betrieb der Vorbehandlungsstufen rechtfertigen, kann 
nur durch eine detaillierte Kosten-Nutzen-Analyse erm ittelt werden. Im  Falle 
einer Aromatenentfernung durch Lösungsm ittelextraktion erhebt sich die 
Frage nach einer sinnvollen WeiterverWendung des arom aten- und schwefel­
reichen Extraktes.

Außer der Siedelage unterscheiden sich die von uns untersuchten M ittel­
destillate insbesondere hinsichtlich der Stofftypenzusammensetzung. Aus der 
Gegenüberstellung in Tabelle 2 geht un ter anderen hervor, daß im Falle der 
Aromatenabreicherung durch physikalische Stofftrennprozesse, das heißt
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T a b e lle  2.
Stofftypenzusam m ensetzung technischer D estilla t-frak tionen  

aus Rom aschkino-Erdöl

Stofftyp (Ma-%) 
(bezogen auf Einsatzprodukt)

Itoh-Benzin 
39-148  °C

Roh-Dieselöl 
189-318 °C

hydriertes 
Dieselöl* 

142-310 °C

entaromat. 
Dieselöl* 

195-320 °C

Paraffine 70,6 37,4 53,6 51,4

Naphthene 19,2 35,3 41,3 48,6

Aromaten 10,1 27,3 5,1 0

davon Alkylbenzin 10,1 4,5 0,2 0

* S ieh e  F u ß n o ten  A bbildung 1.

d u rch  die „ersatzlose“ Entfernung der aromatischen Kohlenwasserstoffe, der 
G ehalt an Paraffinen von 37 au f 51 und  der der N aphthene von 35 auf 49 
Vol.-% steigt. Bei der kataly tischen  Hydrierung werden zunächst die konden­
sie rten  Aromaten in Cycloalkylarom aten und diese schliesslich zusammen m it 
den  Alkylbenzolen in m ehr-u . monocyclische Naphthene umgewandelt ( A bb .l),

m —-со—-со

о ------------- - о
A b b . 1.

H y d rie ru n g  der arom atischen  Inhaltssto ffe  am  N i/M o-K atalysator bei 350 °C und 200 a t

so daß hieraus E insatzprodukt für die Pyrolyse resultiert, das zu 54% aus 
Paraffinen  und zu 41% aus N aphthenen besteht [2]. Die Naphthenkohlen- 
wasserstoffe haben som it fü r das Ausbeutespektrum  eine nicht mehr zu ver­
nachlässigbare Bedeutung.

W ir haben deshalb die Frage geprüft, welche Produkte m an nach dem vor­
liegenden wissenschaftlichen E rkenntnisstand bei der Verarbeitung solcher 
F rak tionen  unter den Bedingungen der Pyrolyse erw arten kann. Dabei m uß­
te n  wir feststellen, daß so gu t wie keine wissenschaftlich gesicherten E rkennt­
nisse über das V erhalten von Cycloparaffinen un ter den Bedingungen der 
Pyro lyse vorliegen.

W ir wissen heute im großen und  ganzen recht gu t Bescheid über die beim 
therm ischen Kracken von Paraffinen ablaufenden Reaktionen und deren Bee­
influssung durch die dabei gebildeten Zwischen- und  Zielprodukte und wir 
s in d  demzufolge in der Lage, die beim thermischen K racken von Paraffinen 
ablaufenden Vorgänge zu modellieren. Unsere K enntnisse über die Vorgänge 
beim  thermischen K racken  von Benzinen sind schon viel unvollständiger.
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Die Erfahrung lehrte jedoch, daß diese Kenntnisse zur Auslegung von Pyro­
lyseanlagen für Benzinfahrweise für praktische Zwecke ausreichen, weil die 
Auslegung in diesem Falle in der Regel so erfolgt, als würde es sich bei R oh­
benzinen um Pseudoparaffinkohlenwasserstoffe handeln. E ine solche Vor­
gehenweise ist zwar wissenschaftlich in keiner Weise befriedigend, sie läß t 
sich jedoch aus dem praktischen Erfolg rechtfertigen sowie aus dem Tatbe­
stand, daß die zur Olefinerzeugung eingesetzten Rohbenzine zu etw a 70% aus 
Paraffinen bestehen.

F ü r die Spaltung von straight-run-M ittel- oder -Schwerdestillaten ist eine 
Behanglung als Pseudoparaffin nicht mehr gerechtfertigt, weil der Anteil an 
cyclischen Verbindungen (Aromaten, Naphthene) bei oberhalb 50% liegt. W ir 
haben uns deshalb zum Ziel gestzt, die Grundlagen fü r eine wissenschaftlich 
gesicherte Auslegung von Pyrolysereaktoren zur Spaltung von M itteldestillaten 
m it hohen Naphthengehalten zu erarbeiten. W ir haben unsere Forschungs­
arbeiten aus diesem Grunde au f die Verarbeitung von straight-run-M ittel- 
und straight-run-Schwerdestillaten durch katalytische H ydrierung und Pyro­
lyse der hydrierten Fraktionen orientiert, wobei unser wissenschaftliches In te ­
resse insbesondere auf mechanistische und kinetische Untersuchungen des 
therm ischen Zerfalls der Cycloparaffine gerichtet ist.

Noch 1966 berichteten Purnell und Quinn in einer Monographie [3], daß 
Cycloparaffine ausschließlich nach einem Radikalkettenm echanism us zerfallen. 
Inzwischen wissen wir, daß die thermischen Zerfallsreaktionen von Cyclo- 
propan- und Cyclobutankohlenwasserstoffen keinen ausgeprägten Radikal- 
ketten-Charakter besitzen [4]. Mechanismus und K inetik  der thermischen 
K racken von Cyclopentan und Cyclohexankohlenwasserstoffen wurden bischer 
nur vereinzelt untesucht. Die In terpretation der m eßtechnisch erhaltenen 
Ergebnisse ist weitgehend spekulativ geblieben.

Neuere und bisher unveröffentlichte Untersuchungen von Kalinenko und 
Shevelkowa vom In stitu t fü r Erdölchemische Synthese der Akademie der 
W issenschaften der UdSSR [5] deuten darauf hin, daß die Spaltung von Cyclo­
pentan  von molekularen Fragm entierungen begleitet ist, w ährend die Spaltung 
von Cyclohexan vorwiegend nach einem Radikalkettenm echanism us erfolgt.

I s t  über das Spaltverhalten monocyclischer N aphthene wenig bekannt, so 
liegen über das Reaktionsverhalten mehrcyclischer N aphthene unter P yro­
lysebedingungen praktisch keine gesicherten Ergebnisse vor. Es ist deshalb 
zur Zeit nicht möglich, die m it der Spaltung höhersiedender Erdölfraktionen 
verbundenen Besonderheiten hinreichend zu deuten. N achdem  es uns zusam ­
men m it B e c k e r  und M itarbeitern aus dem VEB Leuna-W erke „W alter 
U lbrich t“ [6] gelungen ist, die in straight-run-Dieselölen enthaltenen Aroma­
ten  an Ni/W - beziehungsweise Ni/M o-Trägerkatalysatoren bei einer Belastung 
von 1,5—5 v/vh, einem Gas-Produkt-Verhältnis von 500 und  W asserstoffpar­
tialdrücken zwischen 100 und 200 a t bei einem m inim alen H ydrospaltanteil 
von etw a 10% bis zu einem Restgehalt von 2 —5 Vol.-% in Naphthene zu 
überführen, haben wir nunm ehr die Aufklärung des Reaktionsverhaltens von 
Cycloalkylaromaten und N aphthenen unter den Bedingungen des thermischen 
Krackens in Angriff genommen. E rste  Ergebnisse wurden von Zimmermann, 
Bach und Günschel bereits au f dem Symposium Alken 77 in Böhlen [7] vor- 
getrangen.

Die in АЬЪ. 2 zusammengestellten Kohlenwasserstoffe wurden als Modell­
substanzen zur Untersuchung eingesetzt. Sie wurden in  reiner Form bezie-
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A b b . 2.
E ingesetz te  Ringkohlenwasserstoffe

hungsweise zusammen m it n-H eptan bei unterschiedlichen Temperaturen in 
einem Laborreaktor aus Edelstahl ( 0 2  mm, Länge 3 m) beziehungsweise 
einem Technikum sreaktor ( 0 8  mm, Länge 18 m) gespalten und die Umsätze 
sowie die Reaktionsprodukte gaschromatographisch bestim m t. Zur Analyse 
setzten  wir 4 Trennsäulen ein :

— H 2, CH4 und die C2-Kohlenwasserstoffe wurden an einer 2 m langen 
Porapak-N-Säule aufgetrennt,

— die C2—C5-KohlenWasserstoffe analysierten wir an einer 6 m langen 
Säule m it Oxydipropionitril au f A120 3,

— die im Gasprodukt mitgerissenen C5-Bestandteile trenn ten  wir an einer 
10 m langen Silikongumisäule und

— die Flüssigproduktanalyse erfolgte an einer 120 m langen Glaskapillare 
m it Carbowax 20 M als Trennflüssigkeit.

D er Param eterraum , in dem die Pyrolyseversuche durchgeführt wurden, 
is t in Tabelle 3 zusammengestellt.

T a b e lle  3.
P aram e te rrau m  der Spaltversuehe

Austrittstemperatur 700—830 °C
Austrittsdruck 1,5—26 at
Dampf/Kohlenwasserstoff 0,6—3,0 (Gew.-Teile)
Kohlenwasserstoff rein bzw. n-C;/eyelo-KW

= 85/15 bis 40/60 (Gew.-Teile)
Verweilzeit 0,3—0,5 sec

D ie erhaltenen Ergebnisse und  die daraus abgeleiteten Schlußfolgerungen 
können wie folgt zusam m engefaßt werden:

1. Die Zerfallsgeschwindigkeiten der mehrcyclischen N aphthene liegen 
durchweg höher; die der Cycloalkylarom aten niedriger als die Zerfallsge­
schwindigkeit des n-H eptans (vergl. Abh. 3).

2. Mono- und mehrcyclische N aphthene führen zu Spaltprodukten m it zum 
Teil signifikant anderen Zusamm ensetzungen als wir sie bei der Pyrolyse von 
n -H eptan  fanden (Ahb. 4).
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A b b . 3.
Sim ultaner U m satz von cyclischen Kohlenwasserstoffen u n d  n-H eptan

Spaltgas C2-C 4 m N ~ p
p N < p

Butadien mN > p
p N ~ p

Flüssigprodukt >C5 m N ~ p
p N > p

Benzol m N - p
p N » p

Legende mN : monocyclische Naphthene
P N : P polycyclische

Paraffine
Naphthene

-466. 4.
Vergleich der A usbeuten heim  E insa tz  von Paraffinen, m onocyclischen und polycyc­

lischen N aphthenen

Diese allgemeinen Aussagen sollen durch einen Vergleich des Anfalls wich­
tiger Inhaltsstoffe des Spaltgases fü r die Cyclohexan- und  Dekalin-Spaltung 
bei 825 °C belegt werden. Bei diesen Versuchen wurden beide Kohlenwasser­
stoffe in jeweils reiner Vorm in Gegenwart von W asserdam pf gespalten (T a ­
belle 4).
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Tabelle 4.
Vergleich der S paltp roduktzusam m ensetzung bei der Cyclohexan- 

und  D ekalinkrackung

Spaitbedingungen: Spaltrohr (18 m  lang, 0 8  mm); iA=825°C ; r= 0 ,5 —1,0 s ;  ! ‘л  =  2,0 a t;

mH2o /mElnaat2Storf — ̂ 96

Cyclohexan Dekalin

M ethan 5 1 2
Äthylen 31 2 2 , 6
Butadien 24,6 4 , 5
Benzol 4,5 17
Toluol 1 10

(Angaben in Ma-% vom Einsatz)

3. Cycloalkylaromaten werden erwartungsgemäß bevorzugt dehydriert. Aus 
T etra lin  entsteht N aphthalin , daneben als Reaktionsprodukt einer stufen­
weisen Dehydrierung D ihydronaphthalin  und  als Isom erisierungsprodukte 2- 
u n d  3-Methylindene (Abb. 5).

/

@ ó . — - @ o —
\  / \  /

Abb. 5.
R eak tionsp roduk te  des T etra lins u n te r  Pyrolysebedingungen. E insatzgem isch : n -H ep tan /

T etra lin ; M engenverhältnis 70:30. 
ía=  776 °C; Pa = 26 a t ;  ршг=1,1  a t ;  т  =  0,4 s; wiH2o:mKw =  2,8

4. Schließlich entstehen aus mehrcyclischen N aphthenen m ehr Benzol und 
Benzolhomologe (C6—C9) als aus Cycloalkylaromaten. Zu diesem Ergebnis

Ring-KW in 
n-Heptan

Spaltgas Olefine 
C2 +C 3

f Riss. Prod.
9  c 5

Aromaten
^6 _  C 9

0 0  3 0 % 4 5 .3 24.6 54.7 2 .9

0 0  з о % 5 2 .3 27.7 4 7.7 14.7

Q Û  3 0 % 4 0 .6 23.1 59.4 2 .2

Г П  3 0 % 60.7 33.2 39.3 12.6

Abb. 6.
A usbeu ten  bei vergleichenden Spaltversuchen  m it verschiedenen R in g -K W  (in Masse-%)
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führten  Versuche zur vergleichsweisen Spaltung der von uns untersuchten 
Verbindungen, die unter einem H 2-Partialdruck von ca. 15 a tm  durchgeführt 
wurden, um  der Dehydrierung etwas entgegenzuwirken (Abb. 6).

Mit diesem Erkenntnisstand müssen wir es vorerst bewenden lassen. Mecha­
nistische Deutungen der hier vorgestellten ersten Ergebnisse sind verfrüh t; 
sie m üßten zwangsläufig zu viele Spekulationen enthalten . W eitere U n ter­
suchungen sind im Gange, über deren Ergebnisse w ird zu gegebener Zeit 
berichtet.

Schlußfolgerungen

W ir sind der Meinung, daß der E insatz von zumindest M itteldestillaten zur 
Herstellung organischer Grundstoffe eine Alternative zur Verarbeitung von 
Benzin darstellt, wenn zwei Problem e durch system atische A rbeit positiv ge­
löst werden können:

1. Die hydrierende Vorbehandlung von Mittel- und u n ter U m ständen auch 
Schwerdestillaten zur Überführung der Aromaten in N aphthene unter ökono­
misch tragbaren Bedingungen und

2. die Abtrennung und die ökonomische Verwendung aller bei der Pyrolyse 
anfallenden Grundstoffe für die Ausweitung des Sortim ents an organischen 
Zwischenprodukten als entscheidende Basis für die dynam ische Entwicklung 
der chemischen Industrie.

N ach unserer Meinung ist die Bearbeitung dieser Problem e fü r die E n t­
wicklung der chemischen Industrie  bedeutungsvoll.

W ir möchten an dieser Stelle allen M itarbeitern D ank sagen, über deren 
Arbeitsergebnisse hier berichtet wurde. Es sind dies insbesondere D e . H . 
Günschel, D r . R. R ehm , D r . W. Zychlinski, D r . G. Bach sowie eine 
Reihe ungenannter M itarbeiter, die uns geholfen haben, die zahlreichen, zum 
Teil recht schwierigen analytischen Probleme zu lösen.
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SUMMARY

L ab o ra to ry  and pilot p lan t scale experim ents were carried o u t fo r th e  pyrolysis o f gaso­
line, diesel oil, hydrated  and dearom atised  diesel oil, the m ix tu re  o f  n -hep tane and  cyclic 
hydrocarbons m oreover o f mono- and  polycyclic naphthenes.

The pyrolysis yield of p re trea ted  (dearom atised) middle fractions (diesel oils) is sim ilar 
to  the  sam e one of the gasoline and  th is  value is more favourable th a n  the  yield obtained 
a t  th e  pyrolysis of un treated , crude distillates.

The yield of the desired p roduct is influenced by the chem ical s tru c tu re  of the raw  
m aterials, th is  was proved by the d a ta  o f  th e  experim ents carried o u t w ith  cyclic hyd ro ­
carbons.
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РЕЗЮМЕ

Н а лабораторных и пилотных установках исследовались смеси, состоящие из бензина, газой­
ля, гидратированного газойля и газойля, освобождённого от содержания ароматических со­
единений, из н-гептана и циклических углеводородов, а также пиролиз моно- и полицикли­
ческих нафтенов.

При пиролизе предварительно обработанных (без содержания ароматических соединений 
или с малым содержанием их) средних дестиллятов, выход их достигается подобно тому, как 
это наблюдалось при обработке предварительно не обрабатывавшихся, сырых дестиллятов.

Результаты опытов, проведённых с различными циклическими углеводородами, подтвер­
ждают тот факт, что химическая структура соединений оказывает значительное влияние на 
выход целевого продукта.
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V apour phase dehydration  o f ethyl alcohol was studied  in  a  flow 
reactor under isotherm al conditions over h ea t trea ted  a lum ina and 
m olecular sieve cata lysts, in  the 250 — 350° C tem pera tu re  range. 
The validity  of a  parallel-constructive reaction  scheme fo r th e  de­
hydration  of ethyl alcohol was dem onstrated .

Introduction

Most aliphatic alcohols yield the corresponding ether and olefin on dehyd­
ration. The resulting products have a large num ber of industrial applications. 
E thyl alcohol is dehydrated to  ether and ethylene, depending on the tem pera­
ture range and catalysts employed. The tex ture of the catalyst also signi­
ficantly influences the product distribution. Reported studies on dehydration 
of ethyl alcohol were m ainly conducted over conventional alum ina and silica- 
alum ina catalysts (1-4). In  view of their precise pore size characteristics, 
molecular sieves are now being used as catalysts for the  dehydration of a l­
cohols (5-7). Depending on the experimental conditions, various investigators 
proposed (8, 9) mechanical models for dehydration involving either series or 
parallel reaction schemes.

The present investigation was made to establish the m ost probable reaction 
scheme for the dehydration of ethyl alcohol.

Methods

The experim ental set-up given in Fig. 1 essentially consisted of: (i) an alcohol 
feeding and  metering unit, (ii) a preheater and reactor assembly and  (iii) the 
product collection unit. Suitable controls were provided to  obtain isothermal

P re se n t A ddress : B .A .R .C ., B om bay .
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conditions in the reactor. The liquid product consisting of ether, w ater and 
unreacted  alcohol was analyzed by vapour phase chromotography, and the 
product ethylene was analyzed by an Orsat gas analyzer.

An alumina catalyst was prepared by precipitation by  the addition of 
am m onium  hydroxide to  a solution of aluminium nitra te . The hydroxyde pre­
c ip ita te  was thoroughly washed and dried in a oven a t  110° C for 24 hours. 
The tex tu re  of the alum ina catalyst was changed by  subjecting the same to 
a  hea t treatm ent a t different tem peratures, viz., a t 500, 630 and 730° C for 
48 hours. A Linde m olecular sieve 10æ supplied by M/s. Union Carbide was 
used.

The specific surface area o f the  catalyst was m easured by  the BET m ethod 
and  the  surface acidity b y  non-aqueous titra tion  using те-butyl amine. The 
ca ta ly st properties are given in Table 1.

Table 1
P ro p e rtie s  o f H ea t T reated  A lum ina

Catalyst
Temperature 

of heat treatment 
(°C)

Surface area 
(sq-m/g)

Acidity 
On moles/g)

Alumina 500 226.5 0.498
Alumina 630 160.6 0.427
Alumina 730 126.6 0.337
Molecular sieve 10a; 500 615.5 0.597

Fig. 1.
L ay  o u t o f ap p a ra tu s  used for dehyd ra tion  studies 

1 — d ry  calcium  chloride bulb, 2 — asp ira to r bottle, 3 — needle 
valve, 4 — capillary  flow m eter, 5 — preheater, 6 — reactor,

7 — condenser, 8 — p roduct receiver, 9 — therm ocouple,
10 — therm ow ell
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Results

Initially  conditions were established by following the m ethods suggested by 
Y o s h id a  et al (10 under which bulk and pore diffusional resistances were a t 
a minimum. Having established these conditions, kinetic d a ta  were collected 
by determining the conversion o f ethyl alcohol to ether and  ethylene as a 
function of contact time and reaction tem perature.
The following range of variables was employed :

T em perature . . 350 — 350° C
C ontact tim e W / F  . . 0.37 —1.87 g. cat. hr/g . mole
(W  is the weight of ca ta lyst in g. and
F  is the feed ra te  in  g. moles/hr.)

A representative plot is presented in Fig. 2. In  general, it  was found th a t a t

Fig. 2.
Effect o t tim e factor on conversion 

C atalyst: 10 x m olecular sieve. T em perature: 300° C

lower tem peratures conversion to  ethylene and ether increases as a function 
of contact time. However, a t  higher tem peratures, conversion to  ether passes 
through a maximum as a function of contact time, while the  conversion to  
ethylene increases continuously. This suggests th a t apart from  ethylene form ­
ed directly from alcohol, ether which forms first as an interm ediate is also 
subsequently converted to ethylene.

Probable Reaction Schemes

D ehydration of ethyl alchohol can yield ethylene and diethyl ether. In  addition 
the later can also yield ethylene. The reactions can be stoichiometricallv re­
presented as :

2 C2H 5OH — (C2H 5)20  +  H 20  . . . (i)
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C2H 5OH A -  c 2h 4 + H 2O (ii)

(C2H 5)20 - V  2 C3H 4 +  H 20  (iii)

In  the  present investigation, since both diethyl ether and  ethylene are found 
in th e  products, the possible reaction schemes can be postulated as:

I. Consecutive Reaction Scheme:

In  th is scheme, it is assum ed th a t the direct dehydration of alcohol to  ethylene 
is negligible, and th a t ethylene is formed only by the  dehydration of diethyl 
ether.

E th y l alcohol —V- d ie thy l ether +  w ater 

ethylene +  w ater

The stoichiometry is given by  reactions (i) and (iii).

I I .  Parallel Reaction Scheme:

In  th is scheme, ethylene is assumed to  essentially form by the direct de­
hydration  of alchohol and  th a t  the dehydration of ether to  ethylene is negli­
gible.

JC2
E th y l alcohol —>- E thy lene +  w ater

E th e r  -f w ater

The stoichiometry is given by  reactions (i) and (ii).

I I I .  Parallel-Consecutive Reaction Scheme:

In  th is scheme, it is assum ed th a t  ethylene is formed by both  the routes, i.e., 
by  the  dehydration of alcohol, as well as by the dehydration of ether

E th y l alcohol ti E th e r +  w ater

E thy lene +  w ater

The stoichiometry is given by  reactions (i), (ii) and (iii).

Formulation of Rate Expressions:

Since the  parallel and consecutive reaction schemes are special cases of the 
parallel-consecutive reaction scheme, the derivations of the  rate  expressions 
were carried out for the  la ter case alone. However, the  ra te  expressions for 
th e  parallel and consecutive reaction schemes can be obtained by a simplifi­
cation of the equations for the  parallel-consecutive scheme.
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Preliminary analysis of the data  indicated firs t order kinetics. The same 
was thus assumed in deriving the rate expressions. In  addition, the volume 
change in reactions (i)-(iii) was neglected, as was done by other investigators 
[11, 12].

Considering th a t all the reactions are first order, the  rate expressions for 
the parallel-consecutive reaction scheme can be w ritten  as:

For alcohol diappearance:

For ether formation :

For ethylene formation :

AC a 
d( W /F ) — (&1 +  ki)C A

■-----------=  l /2k iCA— к 3СвA{W/F) '

ACc
d (W /F )

= kiCa -f- 2кзСв

( 1 )

( 2)

(3)

where CA, С в and Gc are the  concentrations of alcohol, ether and ethylene 
and k lt k2 and k 3 are the specific reaction rate  consistants for reactions (i),
(ii) and (iii) respectively.
The above equations (1-3) on integration give:

Ca = С до exp [ — (ki + к 2 ) (W /F )] ( 1 )

ki ■ CAo{exp [' -  (t'i +  ki) W /F]  -  exp [ -  * 3( W/F)])
2[*3- ( * !  +  &)]

(5)

Gc = С AO 1 +
ki — кз

к 3 — (ki +  ki)
exp [ -  (ki +  ki) W /F]  +

ki
к 3 — (ki 4- ki)

exp | - b ( T / P ) ] j ( 6 )

where CA0 is the initial concentration of ethyl alcohol. Eq. (4) can be rew ritten  
aä:

Cao
In —— =  (ki +  ki) W / F  ( 7 )

C A

Determination of rate constants:

According to q. (7) a plot of In (СМ/СА) Vs. ( W/ F)  should yield a stra ight 
line passing through the origin if the assumption of first order kinetics is 
correct. In  fact such was found to be the case as shown in Fig. 3 and 4. F rom  
the scopes of these straight lines, the values of (k t +  k 2) were evaluated a t  all 
the tem peratures studied. Individual values of k v  k2 and k 3 were determ ined 
making use of eq. (5) and (7), by linear regression analysis. The individual 
values of k v k2 and k 3 for the different catalysts are given in Table 2. The 
reaction velocity constants are reported, based on the  un it surface area of th e  
catalyst in Table 2. I t  can be seen th a t k r and k 2 values are initially higher 
than  k 3 values. However, a t higher tem peratures the  k 3 values increase very 
sharply. The reaction velocity constants were related  to  the tem perature by 
means of the Arrhenius equation. A representative p lot is presented in Fig. 5.
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D eterm ination  o f  K \  + К 2 

C atalyst: 10 ж m olecular sieve

Fig. 4.
D eterm ination  o f K \  +  i f 2 

C ata ly st: A lum ina h e a t trea ted  a t  630° C

The calculated values of the  activation energy and the frequency factor are 
reported  in Table 3. H ea t trea tm ent does no t appear to  have a significant in­
fluence on the activ ity  of the catalysts. This m ay be due to  the  fac t th a t the 
intrinsic acidity (acidity per un it surface area) is more or less th e  same for 
the  different alumina catalysts. The m olecular sieve 10ж was found to  be an 
active catalyst for the  dehydration reaction.



1978 D eh y d ra tio n  o f E th y l Alcohol 121

Table 2
R eaction  velocity constants for th e  parallel consecutive reaction  scheme

Reaction Alumina heat treated a t
Reaction velocity M.S.

temperature °C constant «IO4 10a;
(l/sq*cm*lir) 500 °C 630 °c 730 °C

fei 3.47 5.44 8.53 10.04
276 fe2 4.19 8.73 5.75 19.22

fes 2.32 3.68 5.50 8.55

fel 6.10 12.06 17.93 22.75
300 fe2 7.18 16.67 15.46 27.45

fe3 7.63 14.91 19.17 17.25

fel 8.52 22.37 30.92 43.14
325 fc2 10.73 26.54 27.52 36.86

fes 15.81 32.24 38.24 40.78

fel 15.00 40.35 53.18 65.88
360 fe2 15.97 44.74 59.36 48.63

fes 26.62 105.26 123.07 128.63

Fig. 5.
A rrhenius p lo t C atalyst : A lum ina h ea t trea ted  a t  500° C

Table 3
Values of the  ac tiva tion  energy and frequency fac to r

Catalyst

Activation energy, E  
(к  cal/g mole)

Frequency factor 
(1/sq. cm hr.)

JSi E% Ез A i Ao A 3

MS 10* 10.07 12.81 22.89 3.98 52.48 3.58 x lO 5
Alumina heat treated 

a t 500° C 17.40 14.65 30.21 4.79x103 6.08 X 102 4.21 X 10»
Alumina heat treated 

a t 630°C 14.19 16.93 21.98 4.37x102 3.80 X 103 3.47 X 105
Alumina heat treated 

a t 730°C 14.64 16.87 18.1 9.33x102 1.15 X 103 1.35 X 104
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Conclusions

In  conclusion, it can be said th a t the dehydration of ethyl alcohol proceeds 
by  a  parallel-consecutive reaction scheme over alum ina and related catalysts. 
The heat treatm ent of alum ina did not significanthy change its activity  for the 
various competing reactions. Synthetic zeolite (molecular sieves) can be used 
as active catalysts for dehydration reactions.

NOMENCLATURE

C'a , C b, Cc C oncentrations of alcohol, e th er and  ethylene respectively  m oles/litre.
F  Feed ra te , g. m oles/hr.
k i ,  к г ,  к з  R eaction  velocity  constan ts, litres/sq . cm. hr.
T  ■ A bsulute te m p era tu re  °C
W  W eight o f c a ta ly s t, g.
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РЕЗЮМЕ

Парофазная дегидратация этилового спирта изучалась при изотермических условиях, в тем­
пературном интервале 250—300 °С, в присутствии термически обработанной окиси алюминия 
и катализаторов-молекулярных фильтров, при использовании реактора непрерывного дей­
ствия. Опытные данные показывают, что реакция дегидратации этилового спирта имеет па­
раллельно-последовательный характер.
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SOME LINEAR RELATIONS IN HIERARCHIC MODELLING OF 
MULTIPHASE REACTORS

J .  H o l d e r it h
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I t  is shown th a t  in  m ulticom ponent m ass transfer processes, th e  
locally averaged diffusive fluxes th rough th e  u n it in terfacial area are 
linear functions o f locally averaged concentra tion  o f bo th  phases.
This relationship  can be used for the developm ent o f m athem atical 
models w ith  the  hierarchic s truc tu re  o f the  m ultiphase reactors.

Introduction

In  an earlier paper [ 1 ] the basic principles of the hierarchic developm ent of 
multilevel m athem atical models of multiphase chemical reactors were trea ted  
in detail. In  another paper [2 ] certain linear relations were investigated in con­
nect with the  hierarchic modelling of two-phase reactors of gas-liquid type. 
Namely, it was shown th a t if  the gas-phase of a two-phase elem entary object is 
well-mixed and in the liquid phase the reactions of first and/or zero order are 
assumed then  the linear relations between the  functionals representing the  
averaged absorption rates and the  averaged concentrations of liquid phase are 
valid.

In  the present work, as a  generalization of the above mentioned results, a 
model of a two-phase elem entary object in which both  (fluid) phases are  in ­
homogeneous is investigated. A special example of this general model is the  
elementary model type of fluid-porous catalyst.

Theory

Let L  be a second-order linear differential operator:

L x  = à i v \ y Ç r ) 'X  — Z )(r)-grad x\

where :

v(r) is a three-dimensional velocity field, i.e. a preset vector function o f  the 
three-dimensional vector of the independent variables r,
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D(r) is a dispersion field, i.e. a preset tensor function of г,
X  is an operator argum ent, i.e. a function, a vector of functions or a ma­

trix  of functions.
L e t us consider a singly connected dom ain F  of the three-dimensional space 

confined by the surface F  divided by a surface F 3 in two parts, i.e. the  a-phase 
and  the  6 -phase. In  th e  following the value of any variable in the а -phase and 
6 -phase will be denoted by  indices a and 6  respectively.

The surface F  m ay be divided in two p arts  :
F  =  Fi +  F2

on th e  basis of the  velocity field v(r) :
i f  n (r )-v (r )-z  0 th e n  r £ F i ,  and 
if  n fr  )-г>(г ) ^ 0  th e n  rÇ.F3 ,

where n(r ) is the norm al vector of the surface F. The following equations exist : 
jP[ =  F ia+ F ib and F  — F a + F b of course F = F a+ F b. All preset functions 
constructed on the  dom ain F  may have jum ped on the surface F 3 w ith except 
o f th e  normal com ponent o f the  velocity field v(r), which is continuous on all 
po in t of the surface F 3 and  agree with the  move velocity of the surface F3.

L et us consider in th e  dom ain F  the following system of transport equations 
w ith  linear sources :

Lc = A -c + b  (1)
where :
X is an A-dimensional vector of unknown functions of r (of the  concentra­

tions of components),
A is an A  X A’ m atrix  o f the preset functions of r,
6  is an A-dimensional vector of the preset functions o f f ,

w ith  th e  boundary conditions :

where :

r €  F u  : c = C j  -t-C-m -grad c; j  — a ,b

r £ F 2 :Ü2 -i> (f)-g rad  c = 0

n , , i =  1 , 2 ; are the  norm al vectors of the  corresponding surfaces F it
C is a (generally diagonal) A X  A  m atrix  of the  preset functions on F 1, 
cf, j = a ,  6 ; are A-dim ensional vectors o f the  preset constants,
0 is an A-dimensional zero vector.

( 2)

(3)

L e t us suppose th a t  the  diffusive fluxes :

j k ( r ) =  - x f ( r ) -g ra d  Ck5 k = l ,  . . . ,  N

are  continuous functions of the  positional vector r inside the domain F, hence 
also on the surface F 3 and  let us consider the  following vectors of functionals 
determ ined from the solution of problem (1 ) —(3) :

1

J ~ ~ F 3

c1*IIев J cdFa (6 )

пз-D -g rad  c d F 3

F 3
J  b =

F b
c d F b ( 6 )

r. Vb

(4)
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Functionals of type (4) can be interpreted as diffusive fluxes through the 
interfacial area, averaged locally in space (transfer fluxes). On the  other hand, 
functionals of type (5) and (6 ) can be interpreted as concentrations of the  com­
ponents, averaged locally in space inside the single phases. Below it will be 
shown th a t they are linearly related independently of the  c° values. For this 
purpose, it  will be necessary to  assume the existence of the  solution of problem
(1) —(3) and of functionals (4)—(6 ).

L et Új and U2  two N X N  matrices of the  functions of r, and  v an ^-d im ension­
al vector of the functions of r satisfying the following 2 N  + 1  systems of equa­
tions :

LUj =  A - U i ,  i = l ,  2 ; ~Lv = A -v  + b

with the following boundary conditions :
r € F ia  : U i= E + C -m a-g rad  U i’; U 2 = 0 ; v —0

r€Fit>:U i =  0; U2 =  E +  C<mb-grad.,U2; v = 0
ä *

rÇ.F2 :n 2 'ű 'g r a d  Ui =  0, i =  1, 2; m '-D -grad v  =  0

where E is a unit m atrix, 0 is a zero m atrix.
All these systems of partial differential equations are special cases of the 

original problem (1)—(3), hence the  existence of their solutions follows from 
the assumed existence of the solution of c = c(r). The same sta tem ent is also 
valid for the corresponding functionals :

J i = - —— Í п з - 5 -grad U 4 d F , t = l ,  2 ;
JO 3 J  

F 3

3n = y -  J  U id F j ,  » = 1 , 2 ; j =  a , 6 ;

Vi

J v ---------- Í пз-ТЭ-grad v d Fa
F3 J

S  F 3

jjv  =  -^- j v d V u  j =  a, 6 ;
Vi

I t  will be shown th a t the  solution of problem (1) — (3) can be represented as :

c  =  U i . c 2 + U 2 .Cb +  v  ( 7 )

For this purpose it is sufficient to  verify th a t the vector o f functions c defined 
by equation (7) satisfies the  system of equations (1) and boundary conditions
(2) and (3). The proof will be obtained from the following series of equalities:

1. Lc = £Ui*Ca +  7AJ2-Cb +  Zri> =  A-Ui»Ce + A -U 2*Cb +A-V +  b =

=  A-(Ul-Ca+ Ü 2 -Cb +  v) +  b =  A -c+ b

2. r€ Fin : c =  Ui*Ca-f- U 2 *Cb +  v =  (E +  C •nia-grad Ui)-Ca =  Ca+ C*nja-grad c

3. r € F ib :c = U i-C a + U 2 *Cb-M> =  (E +  C*nib-grad U 2)-Cb =  Cb +  C-nib-grad c

4. 7 t F 2 :m-D -grad  c =  0-Ca+O-cS +  O =  0
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From  equation (7), an d  from  the linearity  of the functionals it follows th a t:
J  = Jl-C° +  J2-C° +  (8 )

<7j =  J ji‘Ca +  Jj2 *Cb +  Jjv; j =  a , b ;  (9)

where by definition, the  functionals forming the  N  x N  matrices and J„ 
(j = a, b; i =  l ,  2) and  th e  A-dimensional vectors •/„ and J jv (j =a, b) are inde­
pendent of vectors c° and  c£. On the  assum ption th a t the  appropriate matrices 
are non-singular, by  elim ination of vectors c” and с°ъ form the  system of equa­
tions (8 ) —(9) one m ay ob tain  the required linear relations. For this reason let 
us introduce the following hyperm atrices :

ill’ <7 =  [Ja , Cv =
f/av f Cu =

Jal Ja2

LobJ U b . j J  bv_ Jbl Jb2

J3= [J i J2]

Then the system o f equations (8 ) —(9 ) takes a  simpler form :
J  = Зз’С<> + Jv  

G — Сц*с® +  Gv

whence it can be seen th a t  :
J  = G-C + g  ( 1 0 )

where G = J 3 -Cy1  and g =  J v—J 3 -Cy1 • 6 'v, supposing th a t  the] hyperm atrix Cu is 
non-singular. Thus th e  following sta tem ent has been proved.

Statement. Let’a solution o f problem  (1)—(3) and functionals (4)—(6 ) exist. 
Then linear relationships (8 ) —(9) presented in param etric form are valid. 
In  addition, if det(Cu) 0 , then  the linear relationship (1 0 ) exists.

Remarks
e-

1 . The hierarchic modelling of m ultiphase reactors requires the relationship 
to  be given between the  composition and the  intensities o f sources of compo­
nents. I f  the right side of the  system  of equations (1) is denoted by q — Q(c) then 
the  required relationship can be represented by  functionals :

j j — a,  b :
rj

( H )

as functions of corresponding functionals J j . B y substitu ting  the right side of 
eq. (1) into (11), and by  use o f (5) and (6 ) im m ediately it  follows th a t:

Qi =  —  J  (A-c +  6) d F j =  A .J j  +  6; j =  a , b ;  (12)
rj

A chemical in terpreta tion  of the relationship (12) can be w ritten  in the form 
of the  next assertion. I t  results from  the  existence of zero o r/and  first order 
reactions on the kinetic level of the  model th a t  zero o r/and  the first order 
in traphase sources o f th e  components also exist on the  higher level of model. 
The reverse assertion is generally not valid.
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2 . I t  is possible th a t  in the development of a concrete model of an elem entary 
object, a  certain co-ordinate component of conductive transport may be neg­
lected and thus the respective second-order derivate is om itted from the tran s­
po rt equation (1). Then the corresponding equation in the  boundary conditions 
of type  (3) will be autom aticaly om itted. This is the  reason fo r—apparently
unnecessary—performing the m ultiplicator D(r). Consequently all the above 
m entioned statem ents are also valid  for this special model.

3. Results for the  two-phase elem entary object of gas-liquid type trea ted  in 
the recent paper [2 ] can be deduced as special cases of relationships introduced 
in th is work. Namely if  one of the phases, say phase “ a ” is perfect mixed, then  
the following relationships are valid : J a =  c°; and if  r£  F a then c(?) =  c°; and 
w hat is more, if rÇ_F3 then also c(r) =  c°. Hence in addition to  the sta tem ent 
announced in the paper [1 ] it follows th a t constant vector g itself is a linear 
expression :

g = G i-c *  +  gi

where c* denotes in the  work [2] the  value of vector c(r) on the surface F 3.
4. I t  is easy to see th a t  if the m atrix  A is diagonal and its elements are non­

positive and b = 0 (for example, if  we consider only one equation for transport 
of a  component reacted in a single firs t order reaction) then  the system of d if­
ferential equations L v = A-v + b has only a  trivial solution: v = 0. Then values of 
all its functionals are also zero consequently: Cv = 0, J v = 0 and g1 = 0, and so the  
above mentioned linear relationships become significantly simpler.

5. In  the  case of zero-order reactions, i.e. if 6=^0, the  whole original problem 
has a  physical sense as far as solution c is non-negative. B u t some of the func­
tions generating the c according to  (7) m ay also have negative values.

6 . Results introduced here can be easily extended for tw o following cases:
6 . 1 . Concentrations on the boundary surface of phases have discontinuities, 

bu t here both phases are in equilibrium and the distribution ratios are constants;
6 .2 . Though the distribution ratios are functions of concentrations, they have 

constant values on the  surface F 3 due to  concrete circumstances or model 
assumptions.
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РЕЗЮМЕ

В данном сообщении показано, что при многокомпонентных процессах массопереноса с хи­
мическими реакциями первого и нулевого порядков, локально осреднённые диффузионные 
потоки через единицу поверхности раздела фаз являются линейными функциями локально 
осреднённых концентраций. Такие соотношения могут быть использованы при построении 
математических моделей многофазных реакторов с иерархической структурой.
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GENERAL PROPERTIES OF TECHNOLOGICAL SYSTEMS. III.

F .  M o h o s

(B udapest Chocolate F ac to ry  of the  H ungarian  Candy Trust) 

Received: Septem ber 27, 1977.

The technological system  of cocoa processing is reviewed together 
w ith  th e  technological processes of cocoa b u tte r , commercial cocoa 
powder, cocoa paste  and indirect chocolate production . The m aterial- 
flow-system s and  functional groups of cocoa processing are described. 
The la test technological trends in  chocolate production  are also review­
ed. The degrees of freedom o f the  cocoa processing technological 
system  are determ ined.

7. Discussion of the Complete Technological Systems of Cocoa Processing

7.1 General Remarks

The technological theory presented in Parts 1 and 2 was based on B l i c k l e ’s 
general theory [ 1 , 2  in Part 1]. This theory can be applied to all fields o f 
chemical industries. Some generalizations are discussed here which perm it th e  
extension of the theory to  non-chemical fields in the  strict meaning of the  term . 
Thus, general guidelines are presented for the description of industries process­
ing raw m aterials of biological origin. These conclusions and guidelines are 
based on the studies of cocoa processing technologies. Though the significance 
of cocoa processing is rather limited even in the  food processing industries, it  
seemed a suitable field to  a tta in  the set objectives. Cocoa processing takes place 
on a large scale by autom ated machinery.

Initially  the problem has to  be dealt with where only the raw m aterials 
(ANCESTOR) are known and the technological system  to  be designed has to  
take into account all the real possibilities of realizaton.

W hy should all the feasable realization possibilities sought in an industry  
processing m aterials of biological origin be bound by strong conventions which 
exclude the possibilities of new technologies based on entirely new concepts. 
Since the capacities of conventional technologies cannot meet the increased 
demands, research projects based on entirely new concepts are unavoidable 
even in this field. However, a venture such as th is requires th a t the very essence 
of the technology be understood and the  solution is sought deeper th an  a t  the
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level of formal technological innovations. The essence of any technology is 
—and this is the m ain achievement of B l i c k l e ’s th eo ry —the change of m ate­
rials in the given technological system, i.e. an y  s tudy  has to  concentrate on the 
sets of the structures o f th e  materials (A) and  changes (F). Added to  this as a 
m ore simple task  is th e  selection of the  struc tu re  of the apparatuses. In  an 
appropriate approach th is task  can be readily  algorithmized. This means th a t 
according to  B l i c k l e ’s  theory, the task  o f apparatus contruction is a second 
ra te  task compared w ith  the determ ination o f the  changes occurring in the 
structure of the m aterials, the essence of th e  technological task. This order is 
essential for the design o f any technology.

7.2 Functional Groups o f the Cocoa Processing Technological System

Cocoa processing becam e an industry abou t 150 years ago, although traces of a 
few processing principles valid even today  were known to and were also prac­
ticed by the Azték Ind ians. This industrialization process has been accompanied 
b y  careful studies o f th e  properties and  stru c tu re  of cocoa bean, i.e. there  has 
also been vigorous analytical activity preparing the  soil for improved techno­
logies.

L et us now consider the  statem ents which, w ithout further help, allow for 
the  determ ination o f th e  functional groups o f th e  technological system  o f cocoa 
processing.
Raw  materials o f cocoa processing (ANCESTOR)

— raw cocoa bean  (cq)
— powdered or crystalline sugar (a2)
— powdered m ilk (skimmed or full) (0 3 )
— lecithine (a4)
— alkali (alkali ash, KHCO 3 , etc.) (a5)
— water to  dissolve alkali (a6)

E nd  products (and wastes) of cocoa processing (PICTURE)
— cocoa bean shell (a7)
— cocoa bean germ  (a8)
— roasting wastes and  exhaust gases (a9)
— commercial cocoa powder (a10)
— milk chocolate paste  (au )
— process vapour (a12)
— cocoa b u tte r  (al3)
— vapours from  cocoa powder drying (a14)

Technological research  concluded th a t
— roasting exhaust gases (a9) consist m ostly of water vapour, carbon dioxide 

and volatile acids,
— alkalic digestion is appropriate for commercial cocoa powder production 

and the end p roduct also contains th e  neutralization products,
— the Maillard reaction taking place between sugar and milk powder used 

to produce milk chocolate paste (au ) has to be taken into consideration, 
while the quantitative aspects of polyhydroxy phenol transformation 
reactions can be neglected,
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— considerable vapour formation occurs during th e  refining and d ry ing  
processes after the  alkalic digestion of the  cocoa paste. This vapour 
mainly consists of water and volatile acids,

— considering the  extreme stability  of cocoa bu tter, the  saponification ef­
fects of alkalic digestion can be neglected.

These findings are shown in Table 1. Let us then  form the m ultiple (at , 
ANCESTOR X a], PICTU RE) shown by M atrix 4. The result of the m u ltip li­
cation is

1 , if  fflj and Uj contain a material fraction transferred from a{ into
0 , if the opposite of the  above statem ent is true.

Only the cases when the  result is equal to  1  have to  be examined. The m ate ri­
al fraction transferred from  af into is sought.

The problem becomes complicated when the m aterial-flow  of the P IC T U R E  is 
composed from the m aterial flows o f several ANCESTORS as, e.g. in th e  case 
of a 1 0 1  or an v  The term  “several” is justified, because, e.g. the sum of aW2 an d  
a101 is equal to  aw. Since in optimum cases a102 can be determined, a101 can  be 
obtained by increasing the  amount o f reaction products to  a10. There is also a  
similar case for alv  W hen the quantitative description of a technological sys-

Table 1
M aterial-flow-systems o f conventional cocoa processing

ANCESTOR

a\ \ raw  cocoa bean
« 2  : sugar (powder or crystalline)
0 3 : pow der m ilk (whole or skimmed)
«4 : lecithin or o ther em ulgeater 
0 5 : alkali (ash, etc.) 
oe: w ater to  dissolve as

P IC T U R E
a-j\ cocoa shell 
as : cocoa germ 
0 9  : roasting  p roduct :

Ogi : w ater vapour
092 : CO2
0 9 3 : vo latile  acids 

oio: com m ercial cocoa pow der:
0 1 0 1  : th e  rest (m ulticom ponent m aterial)
0102 : reaction  p roduct :

01021  : anion
0 1022  : cation 

o n : m ilk chocolate:
0 1 1 1 : th e  re s t (m ulticom ponent m aterial;
0 1 1 2 : M aillard-reaction p roduct: 

a im  : aldose 
0 1 1 2 2 : protein-am ine 

0 1 2 : refining vapour:
0 1 2 1  : w ater vapour
0 1 2 2 : volatile acids 

0 1 3 : cocoa b u tte r  
0 1 4 : process vapours:

0141 : w ater vapour
0142 : volatile acids
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M atrix 4:

Relation of the  material-flow-systems o f ANCESTOR and PICTURE 
in  the cocoa processing technological system

tem  is prepared, th en  the amounts of m aterials have to  be taken  into con­
sideration. This is especially im portant w hen th e  quantitative independency of 
th e  material flows o f  th e  system or its degrees of freedom are tested.

After M atrix 4 is filled  in the nature o f m aterial fractions transferred from ai 
in to  cq should be determ ined on the basis o f analytical information. These re­
sults are shown in Table 2.

Table 2

D eterm ination  o f th e  elem ents of the fu n c tio n a l g roup  set of the cocoa processing tech
nological sy stem

«1 П «7 =  R i (cocoa shell)
a iD as  =  ft2 (cocoa germ )
«1 П ais =  йз (cocoa b u tte r)
« i П agi = Й 4 (w ater con ten t)
«i П « 9 2  =  Й5 (decom posable C)
« 1 П « 9 3  = й в  (acid  co n ten t)
«1 П «юг =  m u ltico m p o n en t m aterial 
«1 П «Ю2 1 =  йб (acid co n ten t)
«1 П « n i =  m u ltico m p o n en t m aterial 
«1 Л «121 =  Й4 (w a te r con ten t)
«1 П «122  = R e (acid  con ten t)
«1 П «141 =  Й4 (w a te r con ten t)
«1 П «142  =  йб (acid  con ten t)

A ccording to  chem ical analysis m ulticom ponent m aterials

(«1 П aioi) and («i П « in )  can  be expressed as 
(«1 П «lo i) and (ai П a m )  =  (й з U Й7)

w here R- is the  d ry  a n d  oil-free cocoa tissue f ra c tio n  containing no m ateria l liberated  in the  
roasting  step.
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F urtherm ore :

« 2  f l  (ini = Н н  (inert saccharose fraction) 
a2 П a im  =  Es (reacting aldose fraction  of saccharose)
«з П a m  =  Rio (inert fraction  o f pow der milk)
аз П a ii22 =  E n  (reacting am ine fraction  o f powder milk)

F inally :
«4 =  f?i2 as — E 13 and as — E\ ;.

Construction o f m aterial-flow -system s of functional groups :

« 1  =  (E l , 2 , 3 , 4 , 5 , e , 7) 

а з  =  (R io , 11)
«6 =  (R14)
«9 =  (R 4, 5 , e)
а п  =  (R 3, 7 , 8 , 9 , 10, 11, 12)
a ie  =  (R 3) a n d

«2 =  (Re, в)
а4 =  (R12) as =  (R13)
ai —(Ei) « 8  =  (Ез)
«ю =  (R3, в, 7, 13, 14) 
a i3 =  (R4, в)
«14=  (Ei, в, 14).

The designation used: (Bt, Rj) =  (Ri, j).

Let us consider the ratios of the quantities of the  functional groups w ithin 
the respective m aterial flow systems ai . Then the functional group m atrix  can 
be written as :

T =
E i-

E u .
[ a i . . .  «14]

I f  the quantitative composition of the  m aterials in a technological system  is 
thoroughly known, then the fractional contributions of the respective functional 
groups can be determined.

(“Functional groups” R-, are, in fact, functional group flows. Their dim en­
sions, just as those of a-s are mass/time.)

I t  should be emphasized th a t information relating to  structural changes and 
critical hierarchy levels previously determined by chemical analytical m ethods 
were used to  create Table 1. Let us now determine the  critical hierarchy levels 
involved in cocoa processing.

Frequently, several q values, so-called critical hierarchy bands have to  be 
assigned to  certain functional groups. Changes in the structure of the m aterial 
take place simultaneously in several directions causing the above problem . 
However, these jo int changes always have a single function.

R i : cocoa bean  hull — p a r t o f an  organ, Ç4
E 3 : cocoa bean  germ  — organ, q-s
Es : cocoa b u tte r  — phase, qio
E 4 : w ater co n ten t o f cocoa bean — qs- 1 1  (na tu ra lly  th e  ty p e  o f w ater involved in  th e  

respective cases cannot be easily identified)
Es: decom posable carbon conten t — qn - 1 2

Re: acid con ten t of th e  cocoa beans. F or th e  sake o f sim plicity it  is assum ed th a t  th e  
am ount o f  volatile acids is equal to  th e  am oun t o f acid th a t  reacts w ith  alkali 
during th e  digestion step  — q u - 12

E i:  roasting w astes contain  no com ponents o f  the  cocoa bean tissue, are free o f oil and  
w ater — p a r t  o f a  cell, qs

Es: unreacted  saccharose conten t o f the  m ilk chocolate — phase, qio
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Rai saccharose c o n te n t o f  th e  m ilk chocolate consum ed in the  M aillard reaction  — 
phase, gio

R \a ' inert fraction o f  m ilk  pow der in th e  m ilk  chocolate. Milk pow der is assum ed to  
contain no w ater, th is  approxim ation is n o t valid  all the  tim e — phase system , pa

.Й11 : fraction os m ilk  p o w d er in  m ilk chocolate involved  in  th e  M aillard reaction  — m ole­
cule, q u

-R1 2 : lecithin — phase system , q<>
Rial alkaline com pounds — molecule, q n

(There is an o th er sim plification  here. A lkali m e ta ls  are considered cations, so th ey  
cannot en ter v ap o u rs  cti4, only the  com m ercial cocoa powder. This, s tric tly  speak­
ing, is not tru e , b u t  less dimensions lead to  th e  sam e value, so th is is a  convenient 
sim plification. )

R u : w ater used to  d issolve th e  alkaline com pounds — molecule, qi\.

Material flow system s as sets consisting of functional groups are 
shown in Table 2. T he critical hierarchy level bands assing the hierarchy level 
ranges in which changes of the material-flows-systems can take place.

Once T is determ ined the  functional m atrix  equation:

Ä i-1 4 * T  =  a i_ i4

is obtained. I t  is in v arian t w ith respect to  all sta tes of the technological system  
examined. This equation  describes the entire m aterial transport in the technolo­
gical systems.

Essential indicators such as, e.g. the cocoa yield number, the  leading indi­
cator of the economics o f cocoa processing can be calculated from it. M aterial 
consumption guidelines for various products produced in the given technologi­
cal system should also be deduced from  m atrix  T. The functional m atrix  
equation is especially valuable when the  technological system is connected to  
o ther systems, a frequen t case in practice (e.g. a  cocoa bean processing un it 
produces interm ediates such as, e.g. chocolate mass, cocoa butter, and indust­
rial cocoa powder, e tc ., for other factories).

The above decom position into functional groups can be simplified in the  case 
o f industrial cocoa pow der and dark chocolate mass containing no powder 
milk.

7.3 Construction o f  the Technological System o f Cocoa Processing 
by Connection-Algebraical Means

Once the material-flow-systems of ANCESTOR and PICTU RE are decomposed 
into functional groups, the  material s truc tu re  transform ation, i.e. functional 
group transform ation technological operations producing the PIC TU R E 
sought from th e  ANCESTOR given can be determ ined by connection alge­
braical means. I t  should  be noted th a t connection-algebra alone is not sufficient 
to  solve this technological problem, the actual properties of the  m aterials tra n s­
formed also have to  be taken  into consideration. This means th a t  functional 
groups can be random ly  coupled to each o ther like letters of the alphabet, b u t 
the  technological v a lid ity  of these m athem atical operations has to  be verified.

These algebraical transform ations are shown in Table 3 for direct and indi­
rect milk chocolate producing technological systems. For the sake of easier 
comprehension sym bol i?index is modified and  3 stands for Ii3. Rom an numbers 
are used to note th e  serial number of the  algebraica 1 transformations. Their 
technological m eaning is as follows.
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Table 3

C onstruction  o f the  cocoa processing technological system  by  connection  algebra

ANCESTOR : /1 /2 /3 /4 /5 /6 /7  о /8 /9 /о /1 0 /1 1 /о /1 2 /о /1 3 /о /1 4 /
U l U2 U z «4 Us Uq

PIC T U R E  : / 1 /  о /2 /  о /4 /5 /6 /  о /3 /6 /7 /13 /14 /  о /3 /7 /8 /9 /10 /11 /12 / о /4 /6 /  о /3 /  о /4 /6 /1 4 /
0 7  0 8  0 9  O io  О н  « И г] O IS  O l4

Algebraical transform ations
step 1

/1 /2 /3 /4 /5 /6 /7 /------ >- / I / o / 2 / о /4 /5 /6 /о /3 /4 /6 /7 /
ril ^ '  (cocoa m ass

ANCESTOR in  or ground
P IC T U R E -sta te  cocoa)

P roduction  o f  cocoa powder-cocoa b u tte r:

l /а :  /3 /4 /6 /7 /о /1 3 /о /1 4 / ■ — -V  /3 /6 /7 /1 3 /1 4 /о /4 /6 /1 4 /
05 Об 014

(P IC T U R E )

/3 /6 /7 /13 /14 / StePV  /3 /6 /7 /1 3 /1 4 /o /3 /
O io  0 1 3

in  P IC T U R E -sta te  

1/b : /3 /4 /6 /7 / /3 /4 /6 /7 / о /3 /
Oio 013

varian t

in  P IC TU R E-
sta te

Production  o f m ilk chocolate m ass

/З / 4 / 6 / 7 / 0 / З / 0 / 8 / 9 /Ю / 1 1 / 0 / 1 2 /  -Step V  /3 /4 /6 /7 /8 /9 /1 0 /1 1 /1 2 /
«13 «2  «3  «4

ANCESTOR

■StgP V  /3 /7 /8 /9 /1 0 /1 1 /1 2 /о /4 /6 /  
O u  О12

in P IC T U R E -sta te

Step I  : separation  of 0 7  (cocoa bean hull), as (cocoa bean germ) and  roasting  wastes
0 9  should be separated  as soon as possible. This obviously follows from  
th e  P IC T U R E . The m aterial ob ta ined  in  th is  process (3 /4 /6 /7) is th e  ground 
m eat o f the cocoa bean, and its  fine  suspension is called cocoa paste . Besides 
R 4 and Re th is m ateria l contains functional groups R 3 (cocoa bu tte r)  and  R 7 
(oil-free, inert, d ry  cocoa bean tissue) found bo th  in cocoa pow der and  m ilk 
chocolate. H ow ever, their w eight ra tio  differs in  the tw o products. This, in 
fact, means th a t  cocoa powder (ею) and  m ilk chocolate (an ) productions 
represen t two different technological approaches. A t th e  sam e tim e p roduc­
tio n  of R 3 =  « 1 3  should also be s ta rted .
Cocoa powder (аю) and cocoa b u tte r  (R 3  =  «13) are p roduced as follows.
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Step I I :  аъ and  «в are  added  to  in te rm ed ia te  (3/4/6/7). A fter evaporation side p ro ­
duct a i4 a n d  an o th er in te rm ed ia te  is form ed from  which :

Step I I I :  «Ю and «ю =  Ra can be produced (by pressing-separation and grinding 
operations).

As a result of v arian t 1 /b (Step I V )  industrial cocoa powder (3/4/6/7) =  
a io(variant) and. cocoa b u tte r  a13 = B 3 is formed.

Preparation of milk chocolate paste :
Step V : by  adding «2, «з, « 4  and  « 1 3  to  (3/4/6/7) an  in te rm ed ia te  (chocolate cake) is 

produced from  w hich in :
Step V I: a 11 (milk chocolate  paste) and  « 1 2  (byproduct) a re  obtained.

The operations listed  in  Table 3 do not refer to  a num ber of operations which 
do not effect the technological trail-graph, the connection relations of the  m a­
terials. Thus, e.g. th e  difference between direct and  indirect milk chocolate 
production cannot be seen. In  the direct process product /3/4/6/7/ obtained in 
Step I  is coarsely ground cocoa bean and becomes a  fine suspension only in 
Steps V  and V I  when it is finely ground together w ith the  other components. In  
th e  indirect process coarsely ground cocoa is reffined into a fine suspension as 
early  as Step I .  The tw o technologies differ by the efficiency of grinding, ground 
cocoa and cocoa paste  feed and storage, etc. I t  should, however, be noted th a t  
according to the original D utch  process m aterial /3 /4 /6 /7 / is coarse in Step I I .  
Thus, direct chocolate and  cocoa powder technology is based on coarsely ground 
cocoa (Dutch process) while indirect chocolate and cocoa powder technology is 
based on cocoa mass (German process). N aturally, there are a  num ber o f 
“ m ixed” technologies, although m ost modern technologies are based on cocoa 
mass.

Table 4
New m ilk  chocolate producing technological system s

L S C P  process

/З /4 /6 /7 /0 /3 /0 /8 /9 / o / l O / l l /  о / 1 2 /
S. - v .1— .S V“  '

1 1
/З /4 /6 /7 / o / a /  / 8 /9 /о /1 0 /1 1 /0 /0 /

~~l ' '  4 "
/3 /7 /о /« /4 /6 /  /8 /9 /10 /1  l / o / #

! Г -  t 1 j---------- 1
/3 /7 / о / з /  / 8 / 9/Ю /1 1 /0 /1 2 / ln;;;esrav  /3 /7 /8 /9 /1 0 /1 1 /1 2 /

W IE N E R  process

/3 /4 /6 /7 /0 / 8 / 9 / o / l O / l l / o / 3 / o / L /  wlth retlux>  /З /7 /8 /9 /lO /o  

0 / L / 4 / 6 / 0 / 1 2 /  — >- /3 /7 /8 /9 /1 0 /1 1 /1 2 /

C A D B U R Y /B A K E R - P E R K I N S  process

/З / 4 / 6 / 7/ 0 / 8 / 9 / 0 / Ю / И / 1 5 /  -  /3 /4 /8 /9 /10 /1  I / o /6 /7 /1 5 /0 /3 /4 /6 /7 /о

/ 3/ ----->■ / 3/ 4/ 6/ 7/ 8/ 9/ 10/ 11/ 0 / 4/ 6/ 0 / 12/ >- / 3/ 7/ 8/ 9/ 10/ 11/ 12/



1978 G eneral P roperties  o f  T echnolog ical S y s tem s  I I I . 139

Milk chocolate production proper takes place in Steps V  and VI. The techno­
logies discussed above are conventional technologies. Nevertheless, there are 
also several modern processes, summarized in Table 4. They are variants of 
Steps V and V I  (algebraical transformations). Since there are many functional 
groups there can be m any variants.

L indt  et íS'p r ü n g l i  Chocolate Process ( LSC P for short)
Based on fragm entary—quite obviously—literature  references, LSCP can 

be represented by m entioned method as follows.
Reactants are separated into hydrophylic and hydrophobic materials. The 

carriers of functional groups 8 , 9, 10 and  11 (sugar and powder milk) are h y ­
drophilic, the carrier of functional groups 3, 4, 6  and 7 is hydrophobic (cocoa 
paste). Hydrophylic components are m ixed with m aterial ß  which promotes the  
Maillard reaction. Hydrophobic cocoa paste is reacted  w ith material a. During 
this reaction the acidic components which have unfavourable taste are steam - 
distilled. From here on, milk chocolate paste  is produced by  conventional m eth ­
ods.

Wiener process
Functional groups 4/6 are stripped from  the system  by  air (L). Oxygen 

advantageously effects the  cocoa-taste. I t  can be seen th a t these processes 
carry out changes in th e  material-flow-systems of bo th  the  ANCESTOR and 
the PICTU RE. Compared to  conventional technology, new materials are 
antroduced and new byproducts are formed. A characteristic example follows 
here.

Cadbury/Baker-Perkins Process

Whole milk is substitu ted  for milk powder in this process. Therefore, a fu rther 
m aterial fraction, Ii15 has to  be introduced to  account for the  material separat­
ed during milk powder production. Milk as the material-flow-system can be 
described by the following set: iüu , B 15). According to  Table 4
cocoa mass, milk and sugar are homogenized, the volatile acids of cocoa mass 
are distilled out along w ith the water content of the  milk resulting in the  so- 
called milk crumb. Milk crum b then is homogenized w ith cocoa mass and cocoa 
butter. The volatile acids of cocoa mass added are stripped in a special reflux­
ing system during continuous grinding.

The so-called Budapest process (Hungarian Candy Trust, Budapest Choco­
late Factory) is a variant of the conventional milk chocolate technology resulting 
in the  so-called “crystal-chocolate” which has a special structure.

As can be seen, the trail-graphs of material-flow-system s can be designed by  
connection-algebraical means. New connections or breaking of existing con­
nections can be planned in advance. This process-graph still has to be completed, 
because it  only contains the  connection relations.

7.4 Completion o f the Process-Graph o f Cocoa Processing :
Operations to be Carried Out on the Material-Flow-Systems

The process-graph has to  be supplemented by  certain technological information. 
I t  has to  be mentioned a t  th is point th a t this inform ation is only of indicative 
value. The limit of the technological theory advanced concerning the design of
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the  entire technological system lies here. Nevertheless, there are design possi­
bilities concerning the  sub-units, i.e. operation units. Therefore, the  sequence 
of the design activ ity  is as follows: th e  sub-system design from  the  process- 
graph, pilo t-p lant sized sub-systems, an d  the design of the  entire, full-scale 
technological system . Thus, it is in  fac t a  kind of iterative job, its m ajor and 
decisive milestones being the pilot-plant-scale experiments. No theory can 
substitu te  or render practical experience irrelevant.

Based on M atrix 4, Table 5 contains th e  relations relating to  the  connection 
between the  elements of the ANCESTOR and PICTURE. The m ost character-

Table 5

Completition of the process graph by  change-elements of the cocoa 
processing technological system

« A N C E S T O R « P I C T U R E
Difference 

object class 
Да i)

Changes causing 
differences 

(Г.)

Number of the technological step 
according to  Table 3

1 7 D, f, c 3, 11 I.
1 8 D, f, c 3, 11 I.
1 9 h, e, D, f 3, 7, 11 I.
1 10 D, f, о 3, 11 I - и .
1 11 D, f, u 3, 11 I - I I I . ,  V -V I .
1 12 h, c 3, 7, 11 I - Ш . ,  V -V I .
l 13 h, d, f, c 3, 7, 11 1 - Ш .
1 14 h, D, f, c 3, 7, 11 I - I I .
2 11 D, f, о 3, 11 V—VI.
3 11 D, f, c 3, 11 V - V I
4 11 — — V -V I .
5 10 c, h 7, 11 I I - I I I .
6 10 e, h 7, 11 n - n i .

on the basis 
of M atrix 4 *

on the basis o f M atrix 1

istic and obvious property changes obtained  from the comparison o f the  m ate­
rials of the  ANCESTOR and P IC T U R E  are listed in the column “difference- 
-object-class” .

W hen the  elements of the “difference-object-class” are identified  then  false 
inform ation can enter the system and  im portan t information can be unconscious­
ly missed. Therefore, theoretical work is based on a rather insecure foundation 
from  this point on.

Based on the  “difference-object-class” the  change types which bring about 
these changes can be selected by M atrix  2. This selection can in troduce further 
errors, so i t  is advisable to  note th e  following points:

— auxiliary or complementary changes might be necessary a t  any type of 
change, changes of the s ta te  variable always have to  be anticipated,

— changes establishing or breaking connections are not considered again 
here, though they  may create num erous practical problems,



1978 G eneral P roperties  o f T echno log ical S ystem s I I I . 141

— certain changes m ight be called upon more th an  once, e.g. reflux and the 
duration of the changes cannot be estim ated theoretically either.

Generally, it  can be sta ted  th a t theoretical technology design m ust cooperate 
most closely with practice a t this point.

Based on Table 5, the  following conclusions can be made :

Step I  -1’3’ VvV  Step I I I ;  S tep  V  V3’ '”” Vn>- s tep  V I

Steps I  to  I I I  correspond to the production o f cocoa paste, cocoa b u tte r  and 
cocoa powder. These steps are indeed characterized by size changes, v3, phase 
state changes, v7 and chemical changes, vn .

Steps V and V I  correspond to the production of milk chocolate and the  same 
changes are characteristic here as well.

7.5 Determination o f the Degree Freedom of the Cocoa 
Processing Technological System Allowing fo r the Quantity 

and Quality of the Material-Flow-Systems

14 functional groups and 14 material-flow-systems have been required  to  
describe the technological system discussed. Form ally it follows th a t  no m ate ri­
al-flow-system (functional group) can be freely selected since there are 14 rela­
tionships (equations) for 14 functional groups.

In  fact there exist a  num ber of linear relations among the m aterial-flow- 
systems, and there also should be considered while the degrees of freedom  of 
the material-flow-systems are sought. The following statem ents can be m ade:

— ax (raw cocoa bean) is linearily independent from any other a, quan tity , so 
it  should be reserved independent, i.e.
a1 = b1 where b{ stands for the material-flow-systems during the  determ i­
nation of the degree of freedom

— any two of av  a^ and a4  autom atically determines the th ird  one since 
their ratio in milk chocolate is constant, i.e.
a 2 V  « 3  +  « 4  =  ^ 2

— the same applies to  a5 and a6, i.e.
«s +  a6 = b3

— similarily
«7 +  «8 =

— a9 = b5
— « io  =  > « h  =  ^7
— entirely analogously

« 1 1  +  « 1 2  =  ̂ 8

—  «13  =  ^9

There exist quantitative, bu t no qualitative relations among the functional 
groups, i.e. no functional group can be described as the linear com bination of 
others a t the critical hierarchy level.

The following condensations can be carried out from a quantitative poin t of 
view:

2

R l +  /?2 = / l

Hz = / 2

Rb=fb
R h +  R9 +  R 1 0 -I- R n  +  R12 —f t
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Ri3 + R u —f i

The cocoa processing technological system  should now be scrutinized, allow­
ing for the fact th a t  i t  can  be decomposed into th ree  subsystems :

Subsystem 1 (it corresponds to  Step I I I  in Table 3) 
Production o f Cocoa Pate (b+) 
input : Ьг o u tp u t : bi , bb and b+

L et us use only the  subscrip ts of functional groups / , , so

6 i =  ( l ,  2, 3, 4, 6 ) 6 4  =  (1) Ô5 =  (4, 5) an d  6+=(2, 3, 4)

The number of quan tities  bi is: SZF(6 ) =  4 b u t i t  is decreased by the  rela­
tionship b1 = bi + b5 + b+. In  fact SZF(b) = 3. The num ber of functional groups is : 
SZF(/) =  5, but since f 2 and  f 3 act jointly in th is subsystem (they cannot be 
changed separately) th e  num ber is smaller. In  fac t SZF(/) =  4 because / 2  has to  
be considered as a separa te  variable only in th e  entire technological system . 
Thus SZFj =  SZF(/) — SZF(6 ) =  1 . This means th a t  the quantity of as few as a 
single functional group unambiguously determ ines technological Subsystem 1.

Subsystem 2 (it corresponds to  Step I I  and I I I  in Table 3)
Production o f Cocoa Powder and  Cocoa B utter 
input : b+ o u tp u t : b6, b7 and bg

SZF(6 ) =  3 because i t  holds th a t
b+ = b6 + b7 + ba b+ = (2, 3, 4) b6 =(2, 3, 4, 7)
b7 = (4, 7) and 6 9=  (2).
Thus SZF(/) = 4 and SZ F 2  =  4 —3= 1.

This means th a t  th e  quan tity  of as few as a  single functional group unam ­
biguously determines technological Subsystem 2.

Subsystem 3 (it corresponds to  Step V and V I  in Table 3)
Production o f Milk Chocolate P aste  
input: b2, b+ and bg ou tpu t: b8

SZF(6 ) =  3 since b2 + b++ b9 = b8; b2= ( 6 ); b+= (2 ,3 ,4 ) ;  
b9= (2 ) and b8= (2, 3, 4, 6 ), i.e. SZF(/) =  4.
Thus SZF3  =  4 — 3 =  1 .

This means th a t  th e  quan tity  of as few as a  single functional group unam - 
bigously determines technological Subsystem 3.

The Degree of Freedom of the Entire Technological System

The continuity equations constructed for th e  subsystems have to  be sup ­
plemented by two fu rth e r  relationships to  obtain  the  mass balance equation and 
the  degrees of freedom  of the entire technological system

6 i+ = 6 î  + 6 î ,

i.e. none of b+ (cocoa paste  or ground cocoa) transferred among Subsystem 1, 2
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and 3 leaves the entire system, so it does not appear either in the  ANCESTOR or 
the PICTU RE.
The o ther relationship is :

,3 ,3 , , PICTURE
Oq =  t>9 + O9

Let us then set &gICTURE =  0, i.e. th e  system is closed w ith respect to  6 i; 
both cocoa mass and cocoa butter. T hen the following modification makes the 
system determined:

1. L et us set a t SZF1=  1 of Subsystem 1 any of the following qualities—since 
they  are quantitatively linearily dependent —
— cocoa bean (6 1),
— cocoa shell +  cocoa germ (Д),
— roasting gases (b&).

Any of these defines the  quantity o f cocoa paste (b+) though there is an in ­
dependent functional group among them . So, the  am ount o f cocoa powder (6 6) 
and chocolate (6 g) which can be produced from it can be determ ined as follows.

Let the  amount of cocoa mass required for the  chocolate be x, the cocoa 
bu tte r be cx and the am ount of cocoa powder produced during the  production of 
Cx am ount of cocoa b u tte r  be K x then  the am ount of all th e  cocoa paste to  be 
used becomes x + C x  + K x , a known value. Since G and К  are m aterial norm 
coefficients a linear equation is obtained for x.

The condition of the solution is that no cocoa butter is removed from the 
svstem, all that is formed in the pressing step is used for chocolate production, 
i.e. &£,CTURE =  0.

2 . The degree of freedom of Subsystem 2 is S Z F =  1 . I f  any of the following 
quantities is set then  Subsystem 2 becomes determ ined since these quanti­
ties are linearily dependent:
— cocoa powder (b6),
— alkali (/7),
— process vapours (b7).

The am ount of cocoa bean (Ьг) to  be used for cocoa powder production di­
rectly follows from the  m aterial norms. The am ount of cocoa b u tte r produced 
in the pressing step determines the am ount of chocolate (b8) which can be 
produced in Subsystem 3. The am ount of cocoa paste required for chocolate 
production is added to  the  amount o f cocoa bean determ ined earlier, so all 
three subsystems become determined.

3. The degree of freedom of Subsystem 3 is SZF =  1 . Only / 6  =  (sugar 4- powder 
milk +  lecithin) appears in the ANCESTOR as an independently dosable 
and changeable functional group.

I f  its am ount or the am ount of milk chocolate mass to  be produced, which is 
proportional to it is set, then the entire technological system  becomes deter­
mined. The amount of cocoa paste (b+) and  cocoa bu tte r ( / 2  =  bg) required for milk 
chocolate (6 8) is determined by mass norms. The am ount of cocoa paste deter­
mines th a t  of cocoa bean (iq) while the  am ount of cocoa b u tte r  determines th a t

2*
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of cocoa paste (and correspondingly, cocoa bean) required in the  pressing 
step . This also determines the  am ount of cocoa powder formed. Thus all three 
technological subsystems and  th e  entire  system become determ ined.

I t  can be concluded th a t  th e  cocoa processing technological system  has, 
w ith  respect to the free selection o f th e  quantities of m aterial flows or material- 
flow-system s, one degree o f freedom, i.e. S Z F =  1 .

I t  should be noted th a t  when cocoa bu tte r (&£1CTURE) or cocoa paste 
(^picture) is to  be produced or these m aterials are received from  an external 
system  (i.e. these m aterials show up  in  the  ANCESTOR as well) then  the m ate­
rial-flow-systems have to  be selected according to  the technological objective. 
The situation  is different if  cocoa powder or chocolate is to  be produced.

РЕЗЮМЕ

В третьей части данной серии статей рассматривается технологическая система переработки 
какао, определяются системы массовых потоков и функциональные группы переработки ка­
као; описываются далее технологические процессы производства какаовой массы, масла ка­
као и изготовляемого для торговых целей какаового порошка, приводятся также новейшие 
тенденции в области технологий производства шоколада. И наконец, в статье определяется 
степень свободы технологической системы по переработке какао.
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Conventional cocoa processing technology is review ed and two p rac ti­
cal examples a re  presented to  dem onstrate  th e  use o f  th e  technological 
representation  advanced for th e  design of opera tion  un its in  which 
alkali p rep a ra tio n  and the refining of the  cocoa m ass ta k e  place.

7.6 Detailed Description o f the Cocoa Processing Technological System

So far only the raw m aterials, end products and wastes have been assumed to  be 
known in the course o f this study on the  cocoa processing technological system . 
This assumption is no longer necessary since all teh  statem ents concerning 
the entire system have been made. The known technologies of cocoa processing 
are extremely refined. These technologies are described here by the use of th e  
functional groups presented and finally two special practical problems are solv­
ed by Blickle’s theory.

7.6.1 Production of Cocoa Paste

This description covers all the im portant relations necessary for the design o f 
the  operation units involved. Only the  subscripts (numbers) are used for th e  
functional groups, according to Part 3 (e.g. 3 stands for lif). The heterogeneous 
and homogeneous relations symbolized by and =»• according to Blickle’s 
theory are symbolized by  / and // here, for the direction is rarely of any im por­
tance now (these are more universal connection algebraical signs). M aterial 
flow systems are separated  by “ o ” .

This process is the detailed description of technological 

Step I  o f  Part 3.

Step I :  /1 /2 /3 /4 /5 /6 /7 / -  /1 /  / 2 / о /4 /6 /6 /о /3 /4 /6 /7 /
d l  a  7 CIS & 9  ' v *cocoa

paste
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Operation unit 1:

Roasting of cleaned cocoa beans takes place here.

Mappings : — tem peratu re  rise (Z6)
— heterogeneous chemical reaction (roasting) (Z3o)
— tem peratu re  decrease (lg1)

Í6 = (^AŐ2 ) Í0 -* <1
/ l /2 /3 /4 /5 /6 /7 / i  
/1 /2 /3 /4 /5 /6 /7 /J ’

where :
t0 : initial tem peratu re
tm : maximum tem peratu re  of roasting

where :

fa  =  ( v u  A  ô3) b ■■
/1 /3 /4 /5 /6 /7 /  

L /1 /2 /3 /4 /6 /7 / о /  4 /5 /6 /:Г vl-

b : the am ount o f roasting gases

16 1 = (i-'ő Л д2)‘‘ t 3 .  Г / 1 / 2 / 3 / 4/6/7/1 
' I. / 1 / 2 / 3 / 4/6/7/ J ’

where : í2  : the tem pera tu re  a t the end o f cooling. 
R esultant m apping:

fai = (fa О ho) ф  fa 1 (17)

Operation unit 2:

Pre-grinding and  hulling of roasted an d  cooled cocoa bean.

Mappings: — grinding (l2) 
-  hulling (l10)

f a -
, . . л  Г/1/2/3/4/6/7/1
(» Л&) ' l/l/2/3/4/6/7/J ’ 
tele i

Iю=(гзЛ з̂) : J

L /1 /2 /3 /4 /6 /7 /

where : d1 : characterizes particle size changes
/1 /2 /3 /4 /6 /7 /  о (air) i 

/ 4 /  о / 2 /  о (air) о /3 /4 /6 /7 / J ’

For the sake o f sim plicity ground cocoa is assumed to contain on hull (1) 
and  germ (2), otherw ise these should also show up in the simple /3 /4 /6 /7 / no ta­
tion. This waste fraction is conveniently included in /7/ as a convention. 
R esultant m apping:

1 /2 = fa® lia (18)

(Air used for the  separation is no t considered here as a functional group, 
though strictly  speaking, it should be.)

Operation unit 3:

Pre-grinding and  fine grinding of ground cocoa.
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M appings: — warming up (l6)
-  grinding {If)

le =  (v5 A &2)Ati : ^ 

зеwhere : Atx : tem perature rise

where: d1 : characterizes grinding.

Z§ =  as l\ b u t characterized by  At2 
l\ =  as l\ b u t characterized by d3.

R esultant mapping :
L 3 = ( l \ o i l ) ® ( Û Q l l )

7.6.2. Chemical Treatment o f Cocoa Paste, Production o f Cocoa Butter and 
Commercial Cocoa Powder

This process corresponds to technological Step I I  and I I I  in Table 3.
Step I I :  Only case 1 /a is treated  here. Case 1 /b is similar b u t simpler :

/3 /4 /6 /7 /о /1 3 /о /1 4 / -  /3 /6 /7 /1 3 /1 4 /0 /4 /6 /1 4 /

Operation unit 4:

Chemical treatm ent of cocoa paste (e.g. by aqueous caustic solution).

Mappings : — warming up {If)
— homogenization (Z22)
— exchange decomposition (Z30)
— chemical reactions (Z31)

05 06

— steam  distillation (l8)
— pressure venting (l17)

гб = («5Л&)Лз:[

where ZlZ3: tem perature rise.

I22 =  (vs Л Ő4 ) : I 

ho = (« 1 1  A áí) :

/3 /4 /6 /7 /0 /1 3 /1 4 /1  
. /3 /4 /6 /7 /1 3 /1 4 / J ’ 
Г/3 /4 /6 /7 /1 3 /1 4 /j 
l/3 /4 /6 /7 /1 3 /1 4 /J ’

reaction of (6 ) and (13).

h i  =  (» 1 1  А <5г) :

e.g. reactions of flavonoids.
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1/3/6/7 /13/14/ -*• /4 / /6 / /1 4 /J

г/3/6/7/13/14 -  /4 / /6 / /1 4 /
I /3 /6 /7 /1 3 /1 4 /0 /4 //6 //1 4 / ]ln  — (vg А <5з) :

R esultant mapping :
Ln = le(B (Z22 0 1зо О  h i)  0  (̂ 8 О  In) (20)

Step I I I :  Production o f cocoa butter

/3 /6 /7 /1 3 /1 4 / SteP m  >• /3 /6 /7 /1 3 /1 4 /о /З /
аз

Operation unit 5:

Cooling after alkali digestion, decreasing th e  b u tte r  content of cocoa by 
pressing.

Mappings: — cooling (Zjf1)
— pressure rising (Z8)
— separation  (l17)

^  = (,5 Aá2) ^ : [ /3/6/7/13/14/l
1 /3 /6 /7 /1 3 /1 4 /J

where AtÂ : decrease o f tem perature.

^ в Л 0 2) Ч / 3 / 6 / 7 / 1 3 / 1 4 / 1V L /3/6/7/13 /1 4 /J

where Ap : pressure rise

In  =  {vg Л ás)« : ^

where q : is the percentage of cocoa bu tte r in the  pressed саке. 

Resultant m apping :
Lb = h  1 ф  (£s О  Í17)

L /3/6/7/13/14/J

["/3/6/7/13/14/1 
L /3/6/7 /13/14/J

( 21 )

Operation unit 6:

Cooling of pressed cocoa cake, rough and fine grinding, therm ostation.

Mappings: — cooling (lg1)
— grinding (L)
— grinding (l2)
— cooling (l6 x)
— phase s ta te  change of cocoa b u tte r  (l9)
— fo rm ation  o f stable (ß)r crystalline cocoa bu tte r (Z4)

ie- \  = (V5 Aá2) - ‘:f/3/6/7/13/14/|
V '  L /3 /6 /7 /13 /14 /J
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where At5: characterizes cooling

Í 2 , i  =  ( v 3 Л  <5i)d3 ;

where d3 : characterizes grinding

(as above) 
(as above)

[(as above) 
(as above)

h ,2 = (v3 A  á i ) d 4;

where clA : characterizes grinding

7-1 7 * a A  r(as above)l
ц ,8  a b o v e ) ]

where At6: characterizes cooling

[
I

7 / » 5 \ r<as above)]
h  — (vn A  ő t ) .  l ( a s  a b o v e ) J

(as above)] 
(as above) J

where ß : stable crystalline cocoa b u tte r 
R esultant mapping:

=  Z e , i  ©  I2, 1  ®  Z e ,  2 ®  (h, 2 О  h  ©  U) ( 22)

7.6.3 Production of M ilk  Chocolate

This process is called Steps V  and V I  in Table 3. Steps V and V I:  P reparation  
of milk chocolate paste.

/ З / 4 / 6/ 7/ 0 / З / 0 / 8/ 9/ 0 / Ю / 11 / 0 / 12 /  S tep  V  / 3 / 4 / 6 / 7 / 8 / 9 /

/ 1 0 / 1 1 / 1 2 /  S te p V I > -  / 3 / 7 / 8 / 9 / 1 0 / 1 1 / 1 2 / 0 / 4 / 6 / .

Operation unit 7:

Preparation of milk chocolate cake. 
Mapping: — homogenization (Z25)

£25 =
Г /3 /4 /6 /7 /0 /3 /0 /8 /9 /0 /1 0 /1 1 /-1

1v8 A 4/ * /3 /4 /6 /7 /8 /9 /1 0 /1 1 /1 2 / J
R esultant mapping: 

Operation unit 8:
L 7 —1зь

Fine grinding of milk chocolate cake. 
Mappings: — grinding (Z2)

Z 2 = (va A <5i ) Æ» :
/ 3 / 4 / 6 / 7 / 8 / 9 / 1 0 / 1 1 /

/ 3 / 4 / 6 / 7 / 8 / 9 / 1 0 / 1 1 / ]

(23)

where d5 : characterizes grinding.
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R esu ltan t mapping:

Operation unit 9:

L$ = h (24)

R efining of milk chocolate paste  and production o f end product (Step V I).

M appings: — homogenization (l25)
— oxidation (l8l)
— Maillard reaction  (/§, )
— pressure ven ting  (l8)
— decomposition (Z17)
— hom ogenization (emulgeation) (/25)

hs  =  (vs A Ô4 ) :

I31 =  (vu  Л <5г) :

Г/З/4/6/7/8/9/ lO / l  1/ о /З / l  
1 /3 /4 /6 /7 /8 /9 /1 0 /1 1 / J
Г/3/4/6/7/8/9/10/11/-1 
1 /3 /4 /6 /7 /8 /9 /10 /1 1 / J

aroma-developing step

4  = ( ,n A á2):[/3/4/6/7/8/9/- 11/10/l
' 1 /3 /4 /6 /7 /8 /9 / => 11/10/J

[(as above)!
, I
(as above)!

where Ap2: pressure venting .

In  = (vs A Ô3 ) : [
L/W

Í25 = (l>8 Л Ő4 ) : J

R esu ltan t mapping:

/3 /4 /6 /7 /8 /9  => 11/10/ 
7 З /7/ 8 / 9  => 1 1 /1 0 /о /4  => 6/

/3 /7 /8 /9  => 11/10/ о /12/п 
/3 /7 /8 /9  =y 11 /10 /12 / J

]

Ls = I3 5 ® (hi © £3 1 Q hQ  hi) ® hä (25)

7.6.4 Mapping Series of Cocoa Processing

L e t и Li = iii ф Z«2 ® . . .  © = La
i - i

th e n  the mapping series o f
— cocoa paste production  (technological Step I )  is

1 =  U L i (26)
1 - 1

— cocoa butter and  commercial cocoa powder production 
(Steps I I  and I I I )  is

6

»Êii-iii= U L i 
1-4

(27)
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and

£1-111= ù  Li (28)
i = l

milk chocolate production (Steps V and VI) -
9

£ v - v i  = U Li (29)
i - 7

Í 3 \ ( 9 1£ I. v-vi = I U L i \ 0 1 U £ j
J - 7  )

(30)

7.7 Design o f M ilk  Chocolate Paste R efin ing  Operation Unit 
According to B lickle s  Theory [ 1 ,2 ]

Operation unit 9, a unit used to refine milk chocolate mass and called “conches” 
(from the Spanish concha) was discussed in Chapter 7.6.3. I t  is shown here th a t 
the description of processes as advanced here allows for the selection of all 
those apparatus types which can be thought of a t  all for this purpose. This also 
obviously indicates the direction apparatus development has to  go.

To select the  operation unit, the external structure (b) of m aterial flows 
processed has to  be known (cf. Chapters 2.33 and 4 in Parts 1 a n d 2, respectively). 
The types (vt) and characteristics (őj) of changes expected to  take  place in the 
operation un it also have to  be known.

Chocolate paste in Operation unit 9 is viscous, its external struc tu re  can be 
characterized as:

Ьз =  ßi Л [ßivßzvßs] Л y-i

The external technological structure remains practically unchanged during 
the  entire operation.

Apart from the  external structure all (w, A  fy) coefficients of all th e  mappings 
are necessary for the z mappings, so the resultant Z  mapping of the  operation 
unit to be designed becomes :

Z {9 )  =  ( v s  Д  Ő4 ) 2 (г>ц л Ô2 )2 ( v e  Л 0з)2(1>8 А  <5з)(йз-*■ Ьз) (31)

From here on all references are made to  [1], so the whole process of solution 
can be followed because due to the excessive volume of the relationships no 
details can be shown here. Since reference is no longer made to  functional 
groups letter R  stands for one of the elements of the apparatus-property-set 
defined by B lic k le  [1].

Symbols: in general 1_.3R 1 stands for 1 Ä1, 2R V 3R V etc. To enable the  process 
to  be grasped more easily the steps are numbered.

Step I .:  R t belonging to  external technological structure b3 is determ ined 
(p: 8 5 -8 6 )

3 Ä1 — sü t  

loRi — gRt
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Step I I .:  R3 belonging to  (v A Ô) values is determ ined (p: 87.)
(vg Л <54) -*■ 9Ä3 

(Vil A Ő2 ) -*12ЙЗ 

( v g  Л 0 з ) - * в В з  

( v g  л  Йз)-*8ЙЗ

Exponents of the  changes only mean th a t there  are several of the same type 
o f changes taking place, which obviously cause no change in the apparatus.

Step I I I . :  R 2  can be determ ined after R 3 (p: 91.)
эДз-*1, 2, 3, 6, 7R 2  

12.R3 -*■ 1- 9Ä2 

б72з-*1-9-2г 

8Йз -»2, 3, в, 7Ä 2

Step IV .:  R 2 can be determ ined from R 1 (p: 91.)

3 RÍ  -*• 1 - 4Л 2 

<jR i -*■ 1- 3-R2

Step V.: The section o f R 2 values determ ined in  Steps I I I  and IV  is deter­
m ined, i.e. the common p a r t  of 2 R 2  and 3R 2.

Step VI.: Рц is determ ined  from R3 (p: 91.).

9Ä3 ->■ 1-17; 0Д 4 

12Ä3 -*■ 1-e. 9-17; 0Й4 

6Ä3-»l-3, 5Ä 4 

8-̂ 3 “*'1—12.17-Й4

Step V II.:  Д, is determ ined  from l i t  (P : 91.)

3 -*• 1 ,2 ,3 ,4 , 7-1 2Д4  

3R 1 -*- 1 , 2 , 3 , s, 7- 9Л 4

Step V III .:  D eterm ination  of the section of i ? 4  values determined in Steps V I  
and  V II:  1 /i’4 and 3RA.

Step IX .:  D eterm ination R s from R 2 (p: 91.)

2-R2 -» 1- 10 , zÄ5 

3Д 2 -*-1-4,9,10, xRb

Step X .:  D eterm ination o f R b from R l (p: 91.)

l7?4 -*■ 1—1O-R5

зВ4-*-3,4, 7, sRb
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Step X I .  : Determ ination of the section of i ? 5  values calculated in Steps I X  
and X :

3 7? 5 and  4 It 4

This is the  solution of the  problem. I t  means th a t refining can be carried ou t 
in an operation unit which is characterized as follows :

Processes (material-flow-system characteristics) :

3R1 and <>Rt (cf. p . 8 6 )

Operation modes:
2 Й2 and 2R2 (cf. p . 87)

Chemical operations:

3R3, \ t R 3y бйз and ei?3 (cf. p. 87)

Energies:
1 R 4  and 3Й4 (cf. p . 8 7 -8 8 )

Apparatuses:
3Й5 and 4Д5 (cf. p . 8 8 -8 9 )

All the characteristics of the operation un it designed can be found a t th e  
respective places referred to, so there is no need to  publish these lengthy items 
here.

The characteristics thus calculated fully agree w ith principles followed in the  
course of practical refining unit development.

7.8 Design o f the Operation Unit Used for the Alkali Treatment 
o f Cocoa M ass ( No. 4 in  Chapter 7.6.2) According to 

B l i c k l e 's  Theory

The calculations shown in Chapter 7.7 are applied to  Operation unit 4. The 
practical forms of these tw o operation units apparently followed two separate 
lines of development. However, the essential sim ilarity of th e  operations to  be 
carried out in the two units becomes more and more manifest, even to  th a t  
degree th a t apparatuses are becoming more similar.

Z ( 4 ) =  (г>8 A <5,) (vu A Ô4 ) («11 Л<5г) («6 Л 6 3 )  («в Л <5з) ( Ь з - * Ь з )  (3 2 )

Omitting the  details o f the  calculations, the result becomes :

Processes: 

Operation modes:

3R1 and it 1. 1

2R2 and 3R2
Chemical operations:

3, в, 8, 9,5.1 2Ä3
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Energies:
li?4

Apparatuses:
1-4, 9, 10-Кв

I t  can be shown with the help of [ 1 ] th a t  this result is very similar to  th a t  of 
the  refining units.

8 . Sum m ary

A technological theory was advanced in  Part 1 and 2 of this series. I t  is based 
on B l i c k l e  and co-workers ’ results [ 1 ,  2 ] ,  only the presentation mode is differ­
ent. A uniform treatm ent was a ttem p ted  of materials of biological origin. 
This trea tm en t seems applicable to  show the  essentials o f both chemical and 
related (e.g. food processing, etc.) technologies.

The trea tm en t makes use of the  term s hierarchy level and functional group, 
and the connection algebra defined for th e  functional groups. This apparatus 
seemed indispensable to  trea t as exactly  as possible the  m ost im portant tech­
nological problems of cocoa processing. Part 3 discusses the  technological vari­
an ts of cocoa processing as results na tu ra lly  following from  connection algebra. 
The lim its of connection algebraical trea tm en t are also carefully presented. 
Conventional cocoa processing technology is treated  in detail in Part 4. Two 
examples dem onstrate the use of th is technological representation for the de­
sign of operation units.
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РЕЗЮМЕ

В четвёртой части серии статей даётся подробное изложение традиционной технологии пере­
работки какао, и воспользовавшись двумя примерами, взятыми из практики, освещается воз­
можность применения этого вида технологий для проектирования прецессионных единиц 
щелочной обработки консоля и какаовой массы.
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UNTERSUCHUNGEN DER ZUR DEHYDRIERUNG 
VON и-HEXAN VERWENDETEN KATALYSATOREN

C s. C s i k ó s  u n d  J .  B á t h o r y
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Monoolefine m it langen geraden K ohlenstoffketten  w erden neuer­
dings durch kataly tische D ehydrierung von n-Paraffinen  gewonnen. 
In  unseren Versuchen w urde m it H ilfe der Im pulstechnik  die D ehyd­
rierung von n-H exan als M odellreaktion und die W irkungsw eise von 
K ata lysa to ren  un tersuch t, welche 4 K om ponenten, das heiß t an 
y-AhOs Trägern P la tin  (als ak tives Metall), A rsen beziehungsweise 
W ism ut (als kataly tische Inh ibitoren) sowie L ith ium  (als P rom otor) 
enthielten. E s w urden die günstigste Zusam m ensetzung der K a ta ly ­
satoren  sowie die zweckm äßigsten T em peraturgebiete der R eak tion  
erm ittelt. E s  w urde festgestellt, daß diese P aram eter bei verschiedenen 
K atalysato ren  zusam m enfielen, die A usbeute an n-H exanen  sowie die 
S elektiv ität der Olefinbildung aber gleichzeitig bedeutende U ntersch ie­
de aufweisen.

Die Entwicklung der W eltproduktion an ft-Kohlen Wasserstoffen weist eine 
eindeutig zunehmende Tendenz auf, und  hat zwei richtige Bedarfsgebiete : die 
petrolchemische Industrie und  die drängende Lebensm ittelnot. it-Alkane 
verschiedener Kohlenstoffatomzahl werden zur Zeit m it Hilfe von zwei Ver­
fahren, durch die H arnstoff-Adduktbildung und das Molsieb verfahren herge­
stellt, und  wie soeben erwähnt teils über Ferm entations verfahren, teils che­
misch weiter verarbeitet. Die Entwicklung auf dem Gebiet der ft-Kohlen- 
wasserstofferzeugung der W elt ist in Abbildung 1 dargestellt, wo beide Verfahren 
auch getrennt veranschaulicht wurden. Die W elterzeugung der ft-Kohlen- 
wasserstoffe erreichte innerhalb eines Jahrzehntes die zwölffache Menge und 
beträg t zur Zeit 3,4 Millionen Jahrestonnen.

Das Endziel der petrolchemischen Verarbeitung besteht in der Gewinnung 
von Detergentien, W eichmachern, biologisch abbaufähigen W aschm itteln sowie 
von einigen nützlichen Interm ediären für Synthesen.

Die hierzu meist verwendeten те-Monoolefine werden aus ft-Alkanen w irtschaft­
lich durch Dehydrierung gewonnen. D arüber berichteten in den letzten Jahren  
zahlreiche Arbeiten. Sämtliche Verfahren arbeiten m it kurzen K ontaktzeiten 
bei nahezu atmosphärischem Druck, un ter Anwendung einer weitgehenden
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B ild  1.
E ntw ick lung  der n-K ohlenw asserstoff-Erzeugung

V erdünnung des Kohlenwasserstoffs m it W asserstoff und  Anwendung eines 
M ehrkom ponenten-K atalysators [ 1].

Zweck unserer A rbeit bestand in der U ntersuchung des Einflusses der K a ta ­
lysatorzusam m ensetzung au f die D ehydrierung von »-H exan als Modellsubs­
tanz  m it Hilfe der Im pulstechnik [2].

V ersuchsdurchführung

Die Vierkom ponenten-Katalysatoren wurden im Laboratorium  durch Impreg- 
nierung hergestellt. A uf einem technischen y-Al2 0 3-Träger enthielten sie als 
aktives Metall P latin , als Prom otor L ithium  und als Inh ib itor Arsen oder 
W ism ut. Die Konzentrationsgrenzen lagen bei 0,05—2,0 Gew. % Platin, 
0 — 1,0 Gew. % L ithium  und  bei einem Inhibitor /Platin-Atom verhältnis von 
0  — 1,0. Das Trägerm aterial bestand aus zwei verschiedenen (A und B) Sorten 
von y-Al2 0 3.

Die Testuntersuchung der K ata lysa to rak tiv itä t erfolgte m it Hilfe der Im ­
pulstechnik in einem M ikroreaktor von 0,4 cm 3  Inhalt und  einem dazu gekoppel­
ten  Gaschromatograph. Das in den Trägergasstrom  zugegebene »-Hexan (5 jid) 
wurde durch den W asserstoff in den M ikroreaktor gespült, die erhaltenen 
P roduk te  wurden als einzelne K om ponenten detektiert. Es wurden vier 
H auptkom ponenten erhalten, und zwar: nicht näher definierbare Krakkpro- 
dukte, unreagiertes »-Hexan, »-Hexengemische und Benzol. Die A ktivität des 
K atalysators wurde jeweils durch die Konversion, die Hexenausbeute und die 
Selektivität der R eaktion charakterisiert [3].
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Die Reproduzierbarkeit der Messungen war beruhigend, wenn die U n ter­
suchungen m it stets frischen K ontakten  wiederholt wurden, sonst waren die 
Ergebnisse vom Vorleben des K atalysators abhängig.

V ersuchsergebnisse

a) E influß des Platingehaltes

Der Einfluß des Platingehaltes wurde bei einem durch Vorversuche festgeleg­
ten Arsen/Platin beziehungsweise W ism ut/Platin-A tom verhältnis von 0,3 und 
einer Lithium konzentration von 0,5% an y-Al2 0 3  A und В bestim m t. Die 
Ergebnisse sind in Abbildung 2 dargestellt.

B ild  2.
Ä nderung der K onversion, A usbeute und  S elektiv ität in A bhängigkeit vom

P t-G ehalt

Demnach gelangten also zwei Träger und  zwei Inhibitoren zur U ntersuchung 
und die Ergebnisse sind in Abhängigkeit vom logarithmiseh aufgetragenen 
Platingehalt bei verschiedenen Tem peraturen angegeben. Mit zunehmendem 
Platingehalt nimm t die Konversion gleichmäßig zu oder besitz bei 0,2 — 1,0 Gew. % 
P t  ein flaches Maximum. Die Ausbeutekurven wiesen bei 0,5% P t  ausgeprägte 
Maximas auf, welche bei 450 und  500 °C oberhalb 20% «.-Hexen lagen. Der 
Ablauf der Selektivitätskurven war bei den beiden Inhibitoren verschieden. 
Mit W ismut wurden auch hier ausgeprägte Maximas erhalten, bei Arsen war

3
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der Verlauf monoton fallend. Unabhängig also vom Träger und vom Inhibitor 
bestim m en Ausbeute und  Selektivität zusammen ein eindeutig optimales 
V erhalten bei P latingehalten  um  0,5%.

b)  E influß des Inhibitors

Die Wirkung des Inhib itors bei einem P latingehalt von 0,5% und einem 
Lithium gehalt von ebenfalls 0,5% ist in Abbildung 3 fü r verschiedene Träger 
u n d  Temperaturen dargestellt. Es ist überraschend, daß unabhängig vom

B ild  3.
Ä nderung  d er K onversion, A usbeute und  S elek tiv ität 

in  A bhängigkeit vom  A s(B i)/P t A tom verhältn is

Trägerm aterial und  vom  Inhibitor K urven m it /  '  nlichem Verlauf erhalten 
werden. Die K onversionskurven verlaufen bei st. , andern Inhibitorgehalt fal­
lend, was auf die K atalysatorgiftw irkung des Arsens und  des W ismuts zu­
rückzuführen ist. Gleichzeitig weisen die Ausbeute- und  Selektivitätskurven 
Maximas auf, welche bei der optim al erscheinenden Tem peratur im Intervall 
zwischen 400 — 500 °C bei einem Atom verhältnis Inh ib itor zu P latin  von etwa 
0 , 3  auftreten. Aus den K urven  ist auch zu entnehmen, daß durch Änderung des 
Trägers, der T em peratur sowie des Inhibitors die Maximas der Konversions­
und  Selektivitätskurven geringfügig verschoben werden könne, wodurch die 
Möglichkeit besteht die gegenteilige Forderung nach Menge und  Reinheit des 
erzeugten n-Olefins einigermaßen zu befriedigen.
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c) Wirkung des Lithium-Promotors

Die W irkung des Lithium-Promotors bei einem Platingehalt von 0 , 5  Gew. % 
und einem Arsen-beziehungsweise W ism ut /Platin-Atom verhältnis von 0 , 3  wird 
in Abbildung 4 veranschaulicht. Es zeigt sich, daß der Verlauf der K urven

B ild  4.
Ä nderung der K onversion, A usbeute und  S elek tiv ität 

in A bhängigkeit vom  Li-Gehalt

in Abhängigkeit vom Träger und vom Inhibitor sehr verschieden sein kann. 
W ährend die Konversionskurven in Abhängigkeit vom Prom otorgehalt im all­
gemeinen konstante oder flache M inimumwerte zeigen und demnach die 
Ausbeuten über flache Maximumwerte verfügen, ergibt sich durch Zusam m en­
wirken der beiden Faktoren in den Selektivitätskurven ein ausgeprägtes M axi­
mum bei einem Lithium gehalt von 0,5%, und zwar unabhängig von der A rt des 
K atalysatorträgers und des Inhibitors.

Diskussion der Ergebnisse

Unsere experimentellen Ergebnisse können wie folgt zusammengefaßt werden. 
An zwei verschiedenen Trägern wurde festgestellt, daß K atalysatoren m it vier 
Kom ponenten bei folgender Zusammensetzung optimales Verhalten zeigen:

Platingehalt 0,5 Gew. %
Lithiumgehalt 0,25—0,5 Gew. %
Arsen oder W ism ut/Platin-A tom verhältnis 0 ,2 —0,4.



160 Cs. Csikós a n d  J .  B á th o ry Vol. 6.

Aus einer Analyse der Optimalwerte geht hervor, daß bei etw a gleicher 
Selektivität eine höhere Ausbeute bei Anwendung des W ismuts als Inhibitor zu 
erw arten sei, was a u f die schwächere G iftw irkung des W ismuts zurückgeführt 
werden kann. Die W erte  des Maximums erscheinen günstiger beim y-Al2 0 3  

vom  Typ В als Träger. Die spezifische Oberfläche der beiden Trägersubstanzen 
betrugen :

Träger A 1 1 1  m 2/g
Träger В 161 m 2/g

E s war überraschend, daß die Änderung der spezifischen Oberfläche — ob­
wohl mit einer Ä nderung der Ausbeute verbunden — die Funktionsweise des 
K atalysators, insbesondere die Lage der Optimalwerte kaum beeinflußte. 
Dies ist vermutlich a u f  gleiche kristallographische und chemische Eigenschaf­
te n  der beiden Al2 0 3-Träger zurückzuführen.

Unsere U ntersuchungen m it Hilfe der Im pulstechnik weisen au f ein optim a­
les Tem peraturintervall von 400—500 °C hin.

Unsere Arbeit also ergab eine Eingrenzung der optim alen Zusammensetzung 
des aus vier K om ponenten bestehenden K atalysators und eine gewisse Klärung 
der Unterschiede, welche durch Träger und  Inhib itor verursacht werden kön­
nen. Andererseits konn ten  so wichtige P aram eter, wie das Kohlenwasserstoff/ 
/W asserstoff-Verhältnis, die Raumgeschwindigkeit oder die K atalysatoralte­
rung  — als Folge d e r gewählten Technik — nicht* untersucht werden. Es sei 
also betont, daß die angeführten Messergebnisse nicht unm ittelbar au f konti­
nuierlich betriebene R eaktoren übertragbar sind, da die dann auftretenden 
W erte von Ausbeute u n d  Selektivität n ich t unbedingt m it den in unserer Test­
reaktion erhaltenen zusammenfallen werden. Zur K lärung dieser Zusamm enhän­
ge sind weitere A rbeiten  im Gange.
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SUM M ARY

N ow adays the dehydrogenation  of n-paraffins is applied for the  production  o f m ono­
olefins having long h y d rocarbon  chain s tru c tu res . In  th e  experim ents as model reaction 
th e  dehydrogenation o f  n -hexane was stud ied  w ith  th e  aid o f im pulse technique, m oreover 
th e  mechanism o f th e  fou r com ponent ca ta ly sts  were exam ined. These ca ta lysts  contain 
o n  the  gam ma a lum in ium  oxide support p la tin u m  as ac tive  m etal, arsenic an d /o r b ism uth 
as  cataly tic inh ib ito rs a n d  lith ium  as p rom otor. B ased on experim ental d a ta , there were 
determ ined the o p tim u m  com position of th e  ca ta ly sts , and the  suitable w orking tem pera­
tu re  ranges of th e  reac tio n s . I t  was found th a t  th e  values o f  these param eters are nearly 
th e  same in the  case o f  th e  exam ined ca ta ly sts  b u t m arkedly differs in  th e  yield of 
«-hexenes and th e  se lec tiv ity  o f the olefin form ation .
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РЕЗЮМЕ

В настоящее время распространилась практика получения моноолефинов с прямой, длинной 
углеводородной цепью путём дегидрогенизации н-парафинов. В ходе проведения экспери­
ментов, проходивших с применением импульсного метода, в качестве модельной реакции 
исследовалась дегидрогенизация и-гексана и изучался механизм действия катализаторов, со­
держащих четыре компонента: нанесённые на носитель из у-АЬОз платину (как активный ме­
талл), мышьяк и висмут (как каталитические ингибиторы), и литий (как промотор). Был уста­
новлен наиболее благоприятный состав катализаторов и наиболее соответствующий темпера­
турный интервал реакции. Было выявлено, что эти параметры в случае различных катализато­
ров совпадают, но выход и-гексана и селективность образования олефина при этом дают 
сильной отличающиеся результаты.
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Im  B eitrag  werden die A nfertigung einer energetischen und  exerge- 
tischen A nalyse einer R ohöldestillationsanlage dargestellt und die 
Ergebnisse diskutiert. D azu w erden das Energie- und  Exergieflußbild 
der A nlage aufgezeigt und  B eurteilungsquotienten , w ie G üte und 
W irkungsgrade, fü r Anlagenteile und  die G esam tanlage angegeben 
und m iteinander verglichen.

E s zeig t sich, daß die wesentlichen Verluste n ich t beim  destillativen 
T rennvorgang, sondern bei der Energiezufuhr in  den Röhrenöfen und 
im System  der regenerativen W ärm eübertragung auftre ten . Verbes­
serungsm öglichkeiten liegen in einer Vergrößerung der W ärm eübertra­
gungsfläche und  V erringerung der m ittleren T em peraturdifferenz im  
regenerativen W ärm eübertragersystem  und in  einer Verm inderung 
der notw endigen Energiezufuhr über die R öhrenöfen.

1. Die Bedeutung energetischer Analysen stoffwirtschaftlicher Verfahren

Mit der Entwicklung des wissenschaftlich-technischen Fortschritts n im m t die 
Bedeutung der Prozeßanalyse zur Rationalisierung und  Rekonstruktion be­
stehender Anlagen als auch zur optim alen Gestaltung von Projekten zu. In  der 
stoffwandelnden Industrie verdient dabei durch die enge Verknüpfung der 
stoffwandelnden m it energetischen Prozessen die energetische Analyse eine 
große Beachtung. Durch Preisveränderungen in den letzten Jahren bei den 
Energieträgern ha t deren kostenmäßiges Gewicht relativ  zugenommen, so daß 
energetische Betrachtungen zur Minimierung der Herstellungskosten noch 
bedeutungsvoller geworden sind.

In  [1 ] und [2 ] wird darauf hingewiesen, daß wesentliche Aussagen energetisch­
er Analysen n u r zu erwarten sind, wenn über die prinzipielle S u b s titu ie r­
barkeit der verschiedenen Energieformen hinaus die therm odynam ischen und  
technischen Eigenschaften der verschiedenen Energieformen berücksichtigt 
werden. Dies soll u.a. durch die Benutzung der Exergie, die sowohl 1. als auch 2. 
H auptsatz der Thermodynamik widerpsiegelt, erreicht werden.

Auf die Bedeutung energetischer Verbesserungen bei der Erdölaufarbeitung
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und  dabei auch der Rohöldestillation w ird in [3] hingewiesen, wobei festgestellt 
wird, daß ein überhöhter Energieaufwand durch die Auffassung begünstigt 
wird, daß benötigte Energie in Form  der verarbeiteten Rohstoffe stets zur 
Verfügung steh t und  immer auf die energetische Nutzung anfallender minder­
wertiger Produkte zurückgegriffen werden kann. Im m erhin wird bei einer 
W eltjahresförderung von etw a 2,5 Md t  etw a 1 % des Energieinhaltes des ge­
förderten Rohöls zu  seiner Rektifikation aufgewendet.

Zur energetischen Analyse der Rohöldestillation liegen bisher verschiedene 
Arbeiten vor. Es sei hier au f Richterova [4] und Bogner, Mühling u. a. [5] 
hingewiesen. Richterova zieht für ihre Bewertung eine Heizwertbilanz heran, 
wobei Effekte, die m it der Um wandlung thermischer Energien verbunden 
sind, nicht sichtbar werden. Da die Heizwertbilanz zu ihrer Summe durch die 
rein physikalischen Prozesse der R ektifikation  kaum verändert wird, und 2% 
des Rohöls zur Energiebereitstellung verb rann t werden (wobei die Heizwerte der 
Fraktionen relativ wenig voneinander abweichen), ergibt sich ein W irkungsgrad 
von 98%. Das unterscheidet sich sehr wesentlich von den Aussagen, die unter 
Berücksichtigung der thermischen Energien gewonnen werden. Bei Benutzung 
n u r des 1. H auptsatzes sind außer den W irkungsgraden von ca. 10% für die Des­
tilla tion  keine besonders aussagekräftigen Ergenbisse zu erhalten. Die hier 
benutzte exergetische Methode liegt auch den Arbeiten von Bogner und Müh­
ling zugrunde. Diese haben an verschiedenen Anlagen in der Tendenz ähnliche 
Ergebnisse gewonnen. A uf Grund dieser Arbeiten und eigener Berechnungen 
sollen nun zusammenfassend die wesentlichen Ergebnisse der Untersuchung 
einer Rohöldestillationsanlage vorgestellt werden.

2. Beschreibung der Rohöldestillationsanlage

In  B ild  1 ist das allgemeine technologische Schema der untersuchten Rohöl­
destillationsanlage aufgezeigt, wobei au f Einzelheiten, die fü r die Analyse keine 
Bedeutung hatten , verzichtet wurde, wie die Schaltung der zweistufigen E n t­
salzungsanlage, die Anordnung der Pum pen oder aller Behälter. U m  das Sche­
m a einfach und übersichtlich zu gestalten, wurden die W ärm eübertrager in die 
Ström e sowohl für die warme als auch kalte  Seite eingezeichnet, wobei die 
gleiche Bezeichnung darau f hinweist, daß es sich um ein und  dieselbe W ärme­
übertragergruppe handelt. Das bedeutet, daß die W ärm eübertrager zur rege­
nerativen Aufheizung der im Schema eingezeichneten Ströme zweimal auf­
geführt sind, einmal fü r den wärmeabgebenden und einmal fü r den wärmeauf- 
nehm enden Strom.

D er Rohölstrom 1, der bei Um gebungstem peratur vorliegt, w ird in zwei 
S trängen durch die R ohrbündel W ärmeübertrager Ü 1 bis Ü 6  geleitet, regenera­
t iv  aufgewärmt und  anschließend wieder vereinigt, wobei sich eine Mischtem­
p e ra tu r  von 135 ° C  ergibt, m it der der Rohölstrom  der zweistufigen Elektroent- 
salzungsanlage zugeführt wird. Die regenerative Erwärmung erfolgt durch die 
Ström e 26 (2 . zirkulierender Rücklauf von К  9), 27 (1. Seitenstrom  von К  9), 
29 (Goudron) und 15 (2 . zirkulierender R ück lauf von K2  ), 16 (3. zirkulierender 
R ück lauf von К  2 ). 2 0  (4. Seitenstrom von К  2, Fraktion 290—350 ° C ) .

N ach der Entsalzung h a t sich der Rohölstrom  um etwa 10 ° C  abgekühlt und 
w ird zweisträngig durch  die W ärm eübertragergruppen Ü 7 und  Ü  8  geführt, 
wobei er nach seiner Vermischung eine T em peratur von 213 ° C  aufweist, m it der
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B ild  1.
Technologisches G robschem a einer R ohöldestillationsanlage 

К  1 — V orkollone; К  2 — atm osphärische K ollone; К  3 bis К  6 — Sripkolonnen ; К  
6 — Stabilisierungskolonne; К  7 und  К  8 — Benzinkolonnen; К  9 Y akuum kolonne; 
Z  10 — Stripkolonne; Ü  1 bis Ü 14  — W ärm eübertragergruppen des regenerativen  
System s, davon Ü  9, Ű  10, Ű  14 — zur H eißw asserbereitstellung und  Ü  13 — zu r H eizöl­
vorw ärm ung; L  1 bis L  18 — L uftküh ler; W  1 bis W  7 — W asserkühler; E  — zw eistufige 
Entsalzungsanlage; 01/1 bis 03 — R öhrenöfen; 1 bis 45 — Stoffström e der A nlage, davon 

1 bis 5 — R ohöl und  der R est-F rak tio n en  und  Z irkulationen

er in die Vorkolonne К  1 ein tritt. In  der Vorkolonne wird im K opf Leichtben­
zin m it Flüssiggas abgetrennt, das m it dem K opfproduktstrom  1 2  der atm os­
phärischen Kolonne К  2 gemischt wird. Das getoppte Rohöl wird über den 
Ofen 01 /2 in die Kolonne К  2 geleitet. Die Heizung von К  1 geschieht über den 
Sum pf durch Ofen 0 1 / 1 , die Kondensation des Rücklaufes und  des K opfpro­
duktstrom es erfolgt über den Luftkühler L  1.

In  die atmosphärische Kolonne К  2 und die Seitenstromkolonnen К  3 bis 
К  5 wird Stripdam pf eingeblasen. Zur Verbesserung der Belastungsverhältnisse 
in К  2 verfügt diese über 3 zirkulierende Rückläufe. Ein großer Teil der W är­
m eabfuhr erfolgt über Luftkühler L  2 bis L  9. Zur Erreichung der notwendigen 
niedrigen Tem peraturen der Ströme 1 2 , 17, 18 sind die W asserkühler W  1  bis 
W  3 notwendig. Der 2 . und 3. zirkulierende Rücklauf und der 4. Seitenstrom  
werden m it Ü 5, Ü 3 und Ü 6  zur Rohölvorwärmung genutzt. Außerdem wird 
die W ärm eabfuhr des 3, zirkulierenden Rücklaufes und des 2 . und  4. Seiten­
stromes m it Ü 9, Ü 10 und Ü  13 zur Heiß Wasserbereitstellung und Heizölvor­
wärmung verwertet. Mit den heißesten Seitenströmen wird über Ü 1 1  und  Ü  1 2  

eine regenerative Erhitzung des Einlaufstrom es in die Stabilisierungskolonne 
К  6  und die Sumpfheizung der Benzinredestillationskolonne К  8  erreicht.

Nachdem die in W  1  nicht kondensierten Anteile der K opfbenzinström e von 
К  1 und К  2 aus В  1 in das Netz der Verbrennungsgase abgegeben worden 
sind, wird Strom 31 in Ü 1 1  regenerativ erh itzt und in К  6  bei 11,5 a t die S tabi­
lisierung durchgeführt. Die K ondensation des Kopfproduktes „Flüssiggas”
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und  des Rücklaufes erfolgt durch W asserkühler W  4, wobei der nichtkonden- 
sierbare Anteil über В  2 als Verbrenungsgas abgegeben wird. Die Sumpfheizung 
von К  6  und К  7 erfolgt über Ofen 02. In  der Benzinredestillation К  7 und К  8  

wird das stabilisierte Benzin in 3 Fraktionen aufgespalten. Die Sumpfheizung 
von К  8  erfolgt regenerativ  über Ü 1 2  verm ittels des 4. Seitenstromes von К  2. 
D ie Kondensation und  K ühlung erfoglt über die Luftkühler L  15 bis L  18, 
wobei eine R estkühlung der Benzinfraktionen d u r ch die Wasserkühler W  5 
bis W  7 vorgesehen ist.

D er Sum pfproduktstrom  der atm osphärischen Kolonne К  2  gelangt über Ofen 
03 in die Vakuum kolonne L  9. Das Vakuum  wird durch eine zweistufige 
D am pfstrahleranlage erzeugt. In  К  9  und die Seitenkolonne К 1 0  wird außerdem  
noch Stripdam pf eingeblasen. Sie Schlußkühlung erfolgt durch die Luftkühler 
L  1 0  bis L  14. Die W ärm eübertrager Ü 1, Ü 2, Ü  4, Ü  7 und U 8  dienen zur 
regenerativen Rohölvorwärm ung und Ü  14 zur Heißwasserbereitstellung.

D er Strom 2 2  wird über einen Oberflächenkondensator zur D am pfstrahlpum ­
pe geleitet. Die hier n ich t kondensierenden Gase, Crackprodukte, werden als 
Verbrennungsgase genutzt.

Die Anlage kann ohne Vakuumteil, К  9  und К  1 0 , und ohne Benzinredes- 
rillationsteil, К  7 und  К  8 , gefahren werden, wobei die Kolonnen aber für 
regenerative Zwecke die gleichen W ärm eübertrager umfahren.

3. Ergebnisse der Analyse

Die Berechnung der Enthalpie- und Exergiewerte erfolgte auf Grund von 
Projektangaben über Menge, Zusammensetzung, D ruck und Tem peratur und 
fü r Romaschkino E rdöl als Einsatzgemisch. Sie wurde m it dem Exergieberech- 
nungsprogramm E X  1  der VEB Leuna-W erke „W alter U lbrich t“ durchgeführt. 
Als Um gebungszustand wurden p u= l  a t und  tu— 1 0  °C als niedrigste Tem pe­
ra tu r  des Prozesses u n d  die Zusammensetzung des Rohöls als im ge hemm ten 
Gleichgewicht m it der Um gebung befindlich festgelegt.

In  Übereinstimmung m it den in [6 ] getroffenen Aussagen wird im Gegensatz 
zu [4] die chemische Energie des Rohöls nicht m it in die Bilanz einbezogen, da 
dieser Energieanteil wie ein prozeßfremder Energiestrom  in die Bilanzen ein- 
gehen und die Bewertungsgrößen in ihrer Aussage verfälschen würde. Eine 
Ausnahm e bildet natü rlich  die Verbrennung des Rohöls in den Röhrenöfen, bei 
der die chemische Energie in Form  des Heizwertes berücksichtigt werden 
muß.

In  Bild 2 ist das vereinfachte Energieflußbild und  in B ild  3 das vereinfachte 
Exergieflußbild dargestellt. Um  die Übersichtlichkeit und Aussagefähigkeit zu 
erhöhen, wurden die Bilanzen einzelner Anlagenteile zusammengefaßt. Der 
Energiefluß entspricht dam it nicht dem Stoff-fluß. Es sind nur die zwischen den 
Anlagen übertragenen Energiemengen eingezeichnet, wodurch die meisten 
Um laufström e wegfallen. So entspricht z.B. die von К  2 bis К  5 an die L u ft­
kühler L  1  bis L  9 abgegebene Energiemenge der Summe der Enthalpieabnahm e 
der in L  2 bis L  9 gekühlten Ströme auf der warmen Seite der Luftkühler. F ü r 
das Exergieflußbild w urde analog vorgegangen, so daß die bei der W ärm e­
übertragung auftretenden ExergieVerluste eindeutig den W ärm eübertragern 
und  nicht der Kolonne zugeordnet werden. Die Zufuhr an Elektroenerige,



LI bis L9

B ild  2.
Vereinfachtes Energieflußbild der R ohöldestillationsanlage

LI bis L9

B ild  3.
Vereinfachtes Exergieflußbild der R ohöldestillationsanlage
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die energetisch 2,5% u n d  exergetisch 2,7% ausm acht, ist im Flußbild nicht be­
rücksichtigt. Die A bfuhr von Fraktionen wurde nur dann gekennzeichnet, wenn 
sie einen nennenswerten E influß aud das Energieflußbild hat. Die W ärmever­
luste der Kolonnen und  W ärm eübertrager, die zwischen 3 bis 5% liegen, 
w urden gleichfalls n ich t berücksichtigt.

Aus dem Energieflußbild geht hervor, daß fast die gesamte Energie (90%) 
über den Brennstoff der Röhrenöfen zugeführt wird. Diese Energie wird im 
wesentlichen durch Luftkühlung (41%), bei niedrigen Tem peraturen durch 
W asserkühlung (6 %) und  als thermische Energie, insbesondere der die Anlage 
m it höheren, Tem peraturen verlassenden schweren P rodukte und der Rauch­
gase abgeführt. W ährend der Anteil der Stabilisierungskolonne und Benzinre- 
destillation an der Energiezufuhr relativ  gering ist, stellen diese Kolonnen fast 
die gesamten Energieström e zur W asserkühlung und haben auch an der Ener­
gieabfuhr über die Luftkühlung einen rela tiv  hohen Anteil. Die W ärmezufuhr 
zu r regenerativen Rohölvorwärm ung erfolgt nur von den Strömen der a t­
mosphärischen K olonne und  der Vakuumkolonne. Die Vakuumkolonne hat 
m it 70% den bedeutenderen Anteil. Das zeigt, daß nur die heißesten Stoffströ­
me der Anlage regenerativ  zur Aufheizung von Stoffström en bei relativ niedri­
gen Tem peraturen verw andt werden.

Im  Exergieflußbild unterscheiden sich die Relationen der Ströme wesentlich 
von  denen des Energieflußbildes. Außerdem werden die Verluste durch Irre­
versibilitäten ausgewiesen.

E s ist zu erkennen, daß der Unterschied zwischen der Summe der Exergie der 
abgeführten Ströme und  der Summe der zugeführten Exergieströme sehr groß 
ist. Letztere werden noch deutlicher als im  Energieflußbild durch das Heizöl 
repräsentiert. Dieser U nterschied ist durch die Exergie Verluste vor allem in­
folge der Irreversibilitäten gegeben, die in den Anlagenteilen, die der Ener­
giezufuhr dienen, den Öfen und der Rohölvorwärmung, entstehen. Die Exer- 
gieverluste in den Destillationskollonnen, welche den eigentlichen beabsichtig­
te n  Stofftrennprozeß realisieren, sind relativ  gering. Schließlich nim m t in der 
Exergiebilanz das Gewicht der W ärm eabgabe in den Luft- und  W asserkühlern 
ab.

Z ur detaillierten U ntersuchung der Zusammenhänge wurden Berechnungen 
fü r  verschiedene Bilanzkreise durhgeführt. F ü r  die Destillationskolonnen sind 
die Ergebnisse in Tabelle la  angeführt. Der linke Teil der Tabelle bezieht sich 
a u f  einen Bilanzkreis, der nur die Kolonnen enthält. Im  rechten Teil sind 
diejenigen W ärm eübertrager einbezogen, die zur Realisierung der jeweiligen 
Stofftrennaufgabe unbedingt erforderlich sind. Die Definition der Bilanzkreise 
u n d  der Bewertungsgrößen soll am Beispiel der atmosphärischen Kolonne К  2 
e rläu te rt werden.

F ü r  die Beurteilung der Destillationskolonne wurde der Bilanzkreis unm ittel­
b a r  um  К  2 einschließlich К  3 bis К  5 gezogen. E in  therm ischer W irkungsgrad 
w urde nicht angegeben, da  er bei W ärm everlusten von 3 bis 5% für alle Kollo- 
nen einen W ert zwischen 95 und 97% liefern würde. Bei der Definition des exer- 
getischen W irkungsgrades rjcx wurde von folgender Überlegung ausgegangen. 
Im  Unterschied zu [7], wo die grundlegenden Fragen der Bewertung einer Des­
tilla tion  angeschnitten werden und zu Mühling [5] wurden, wie bei Bogner, 
u. a. [5] als Nutzen der Destillation, die Exergien der austretenden Ströme ein­
gesetzt. Dam it soll ausgedückt werden, daß die therm ische Energie dieser 
Ström e z.B. über regenerative Schaltungen prinzipiell noch ausnutzbar ist.
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Tabelle la
Güte- und Wirkungsgrade der Destillationskolonnen

Kolonne

Bilanzgrenze nur um 
Kolonne gezogen in Bilanzgrenze zusätzlich 

einbezogene Apparate zur 
Energieumwandlung

ohne Berücksichti­
gung der Verluste 

bei Energieumwand­
lung

m it Verlus­
ten bei 
Energie­

umwandlung

V V t x m T V t h V Ч е х V Ч е х

К  1 0,89 0,86 0,033 01/1, £  1 0,83 0,85 0,74 0,52 0,46

К  2, 3, 4, 5 0,83 0,81 0,039 01/2, L2, LZ, L i,  Lb, 
ÜZ, Üb, #9

0,79 0,80 0,71 0,44 0,33

К  6 0,90 0,82 0,041 02, #11, W 4 0,56 0,81 0,60 0,38 0,20

К  7 0,90 0,80 0,067 02, L  15 0,26 0,80 0,33 0,33 0,12

К  8 0,88 0,76 0,076 #12, £17 0,20 0,76 0,28 0,51 0,22

К  9, 10 . 0,89 0,87 0,017 03, Ü l, #8 , £10, £11 0,89 0,87 0,82 0,47 0,42

К  2, 3, 4, 5 0,83 0,81 0,039 01/2, £2, £3, £4, £5, 
£6, £7, £8, £9,
# 3 , üb, m ,  # 9 , m o ,

ü n ,  Ü12, #13,
W2, WZ

0,71 0,80 0,65 0,41 0,28

F ür die Kolonne К  2  wurde so als Nutzen die Differenz der Ströme 1 1  und  13 
(da der Rücklauf unbedingt der Kolonne zuzuführen ist), die Ströme 17 bis 2 1  

nach A ustritt aus der Kolonne und  die ExergieVerringerung der zirkulierenden 
Rückläufe 14 bis 16 angesehen. F ü r den Aufwand wurde der zugeführte Strom  
9 nach 0  1 / 2  und  der Stripdam pf eingesetzt. Als Vergleich ist der exergetische 
W irkungsgrad bei Bezugnahme au f die minimale Trennarbeit als N utzen r]eXmT 
angegeben. Zur weiteren Illustration ist in der Tabelle lb  die minimale Trennar-

Tabeile lb
Minimale Trennarbeit

Kolonne
Minimale 

Trennarbeit 
in G J/h

Aufteilung 
der minimalen 

Trennarbeit 
in %

Relation des 
Exergieauf- 

wandes 
der Kolonnen 

in %

К  1 3,763 19,1 21,6
К  2, 3, 4, 5 10,328 5,24 42,9
К  6 0,665 3,4 2,6
К  7 1,310 6,6 3,1
К  8 0,745 3,8 1,8
К  9, 10 2,894 14,7 27,9
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beit der einzelnen K olonnen absolut und  rela tiv  angegeben. Infolge der un ter­
schiedlichen Exergieverluste korreliert dieser W ert natürlich nicht d irekt mit 
der entsprechenden Exergiezufuhr. Die Bildung des Gütegrades v ist problem­
los und  beinhaltet den Q uotient der Summe der ah führten Exergieströme zur 
Sum m e der zugeführten Exergieströme und  ist m it ein relatives Maß der 
Irreverisibilitäten. In  einem  zweiten Bilanzkreis um die atm osphärische Des­
tilla tion  werden, wie in  Tabelle 1 angegeben, die W ärm eübertrager, die in den 
Rückläufen angebracht sind, und der Ofen m it einbezogen. D am it wird deut­
lich, ob an diesen Stellen eine vorteilhafte K opplung m it dem Gesamtsystem 
vorliegt oder nicht. Als N utzen werden dabei n u r die in den Rückläufen über­
tragenen Energien u n d  die Summe der an die Produkte gebundenen Energien 
betrach tet. Aufwand u n d  Gütegrad sind entsprechend den oben angestellt en 
Betrachtungen in einfacher Weise zu definieren.

W ie schon ausgeführt, haben die K olonnen relativ gute W irkungs- und 
Gütegrade. Bei E inbeziehung der W ärm eübertragungseinrichtungen verringert 
sich die energetische G üte  deutlich, da die Verluste der Energiezufuhr hinzu­
kom men. К  1  a rbeite t exergetisch noch rela tiv  gut, da der große Sumpfpro­
duktstrom  in А  2 genu tz t wird. Für К  6  bis К  8  sind die Ergebnisse besonders 
ungünstig, da die anfallenden Produkte energetisch z.B. zur Regeneration 
n ich t genutzt werden.

In  Tabelle 2 sind die Ergebnisse für die Energiezufuhr, die im wesentlichen

Tabelle 2
Güte- und Wirkungsgrade der Röhrenöfen

Röhrenöfen aufzuheizende Medien

Enthalpie­
differenz 
d. auf­

zuheizenden 
Ströme 

in G-J/h

Temperatur­
bereich der 
Aufheizung 

in  °C

I'm  — T 0
T m Vht »’

01/1 Heizkreislauf К  1 103,7 240—350 0,50 0,73 0,35 0,54
Dampf 1,4 215-385

01/2 Erdöl, getoppt 302,6 240 -370 0,51 0,73 0,36 0,55
Dampf 4,4 215-385

02 Stabilbenzin 41,3 180-230 0,37 0,67 0,24 0,45
Fraktion 85—130 °C 41,2 144-160

03 Masut 95,0 3 4 0 -400 0,56 0,75 0,40 0,71
Dampf 2,8 215-420

Komplex 592,4 0,50 0,72 0,35 0,57

über die Röhrenöfen realisiert wird, dargestellt. Detaillierte Untersuchungen 
über die Ursachen u n d  die Aufgliederung der Verluste sind in [8 ] veröffent­
lich t. Als Nutzen w erden die Enthalpie- bzw. Exergiedifferenzen der aufzu­
heizenden Ströme und  als Aufwand die Energiezufuhr durch den Brennstoff 
angesehen. W ährend die thermischen Verluste durch das Rauchgas bei 25% 
liegen, betragen die V erluste durch Verbrennung, Abwertung der thermischen 
E nergie und die Exergieverluste durch das Rauchgas ca. 65%, wobei die Exer­
gieverluste durch Abw ertung der therm ischen Energie im Verhältnis zur gesam­
ten  zugeführten E xergie m it 43% ausgewiesen werden. Der hauptsächliche
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Verlust im Exergieflußbild kom mt demnach durch die A bw ertung der im 
Brennstoff gebundenen Energie auf das Tem peraturniveau der abgeführten 
thermischen Energie zustande. Hierbei sind die Bewertungszahlen für 0 2 m it 
der niedrigsten W ärm eabfuhrtem peratur an die Stabilisierung und  Benzin- 
redestillation besonders gering.

Als weitere wesentliche Quelle von Exergieverlusten sind im  Exergieflußbild 
die W ärm eübertrager zur Rohölvorwärmung erkennbar. Deshalb sind in Tabelle 
3 die W ärmeübertrager, die zu einer regenerativen Ausnutzung der therm ischen

Tabelle 3

Güte- und Wirkungsgrade der Wärmeübertrager 
des regenerativen Systems

Bezeichnung T’k, m ÍR A ЛTm in  К V V e x

Ü 1 3 0 9 9 4 0 ,4 0 0 ,2 7

Ü 2 3 5 3 8 0 0 ,5 7 0 ,4 9

V  3 4 0 0 7 7 0 ,7 7 0 ,6 8

Ü 4 2 9 8 1 2 5 0 ,3 3 0 ,1 5

V  5 3 5 0 7 0 0 ,7 0 0 ,5 5

Ü 6 3 9 2 11 0 ,9 9 0 ,8 7

Ü 7 4 4 0 9 1 0 ,7 9 0 ,7 0

Ü 8 4 3 8 8 0 0 ,7 8 0 ,6 9

Ü 9 3 6 5 3 9 0 ,9 8 0 ,9 5

Ü 10 4 0 5 2 4 0 ,9 8 0 ,9 5

Ü 11 3 5 0 7 0 0 ,6 6 0 ,5 1

V  12 3 7 5 1 1 2 0 ,8 9 0 ,7 3

Ü 13 3 6 4 2 3 0 ,9 3 0 ,8 0

Ü 1 4 3 8 3 3 8 0 ,9 7 0 ,9 2

Energie der Rohöldestillation dienen, betrachtet worden. E in  therm ischer 
W irkungsgrad ist hier uninteressant, da  die W ärm eübertrager annähernd 
adiabat arbeiten. Exergetisch stellt sich der Sachverhalt durch die Abwertung 
des Arbeitswertes der W ärme beim W ärm eübertragungsvorgang wesentlich 
anders dar. Die Entstehung der Exergieverluste und ihre Berechnung ist in [9] 
und die Bewertung in [10] dargestellt. Aus Tabelle 3 ist zu erkennen, daß der 
exergetische W irkungsgrad und der Gütegrad in einem breiten Bereich schwan­
ken. Das erklärt sich daraus, daß die m ittlere Tem peratur des aufzuheizenden 
Mediums T K m und die Triebkraft der W ärm eübertragung A T m s ta rk  schwan­
ken und in keinem Verhältnis zueinander stehen, obwohl a u f G rund therm o- 
ökonomischer Überlegungen nachgewiesen werden kann, daß zwischen diesen 
beiden Größen eine direkte Proportionalität bestehen sollte [12]. Besonders die 
W ärm eübertrager der Rohölvorwärmung, m it Ausnahme von V  6 , im niederen 
Tem peraturbereich und die regenerativen W ärm eübertrager zur Stabilisierung 
und  Benzinredestillation Ü 1 1  und Ü  1 2  weisen niedrige K ennzahlen auf. Das 
bedeutet, daß ein großer Teil der W ärmeenergie mit einem unötig hohenJTem- 
peraturniveau zur Verfügung gestellt wird. Die W ärm eübertrager zur Heiß- 
wasserbereitstellung und Heizölvorwärmung weisen dagegen sehr günstige
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W erte auf. Es ist dem nach zu erwarten, daß die regenerative W ärmeausnutzung 
durch eine Veränderung der Schaltung und  Vergrößerung der W ärm eübertra­
gerflächen wesentlich verbessert werden kann. Dies würde außerdem eine 
Einsparung der in den Öfen zugeführten Energie und  dam it eine weitere zu­
sätzliche Verringerung der Exergieverluste bedeuten.

Obwohl die Wasser- und  die Luftkühler reine Verlustprozesse realisieren, 
kann die Frage nach einer Bewertung des inneren Verhaltens aufgeworfen

Tabelle 4

Gütegrade der Wasserkühler und -kondensatoren

Bezeichnung A T m in К AH  in G J h“ 1 AEy, in G Jh-1 V

W X i l 4,23 0,29 0,99
W 2 12 2,89 0,13 0,99
W 3 9 4,52 0,59 0,85
W 4 26 35,21 1,97 0,96
W 5 22 5,90 1,55 0,96
W 6 16 1,51 0,17 0,96
W 7 10 0,25 0,04 0,99

werden. Für die W aserkühler bzw. -kondensatoren (Tabelle 4) können deshalb 
n u r  Gütegrade sinnvoll definiert werden. D a W asserkühlung im Projekt nur 
fü r solche Kühlprozesse eingesetzt wird, für die das Tem peraturniveau der

Tabelle 5
Energetische und exergetische Leistungskennziffer der Luftkühler 

und -kondensatoren

Bezeichnung А Т Ш in К A H W in G Jh -i A E  у, in G Jh-1 e ® ex

L  1 36 85,9 17,6 82,0 16,5
L  2 69 31,9 7,6 96,1 22,9
L  3 55 13,8 1,8 34,2 4,5
L  4 62 5,6 1,2 55,5 11,5
L  5 30 45,7 9,6 45,4 9,5
L  6 53 10,2 1,8 61,5 10,8
L  7 57 11,6 1,6 70,0 9,9
L  8 41 2,5 0,4 6,2 1,1
L  9 52 8,6 1,8 34,2 7,3
L  10 61 31,4 7,9 156,1 39,3
L  11 70 10,0 2,6 49,6 12,8
L  12 34 1,8 0,4 29,2 6,1
L  13 74 8,4 1,6 66,7 13,0
L  14 72 11,5 1,9 45,7 ' 7,7
L  15 27 53,5 7,8 106,1 15,5
L  17 18 41,3 6,9 72,8 12,2
L  16 69 5,9 1,6

+ L  18 69 2,6 0,5 51,5 12,6
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Luftkühlung zu niedrig ist, sind die Triebkräfte hierbei klein, so daß sich geringe 
Exergieverluste und dam it gute Gütegrade ergeben. Die abgeführte Energie 
geht allerdings der Anlage verloren.

F ür die Luftkühler (Tabelle 5) konnten auf Grund fehlender Angaben zum 
Luftzustand nur Leistungsziffern e als Verhältnis von abgeführter Energie zum 
Elektroenergieaufwand für den V entilator energetisch bzw. exergetisch gebildet 
werden. Diese schwanken besonders fü r das exergetische Verhältnis in einem 
sehr breiten Bereich, da sich bei geringem Tem peraturniveau der Arbeitswert 
der abzuführenden Wärme verringert, durch die Verringerung der Trieb­
kraft aber gleichzeitig der Aufwand zur Kühlung erhöht wird. Trotzdem läß t 
der breite Schwankungsbereich die Frage nach einer optim alen Auslegung offen.

In  Tabelle 6 sind Beurteilungsquotienten für ähnliche Anlagen der un ter -

Tdbelle 6

Wirkungsgrad und Gütegrad verschiedener untersuchter 
Anlagen

Anlagentyp flex in % V in  %

atmosphärische Rohöldestillation 2,3 17,4
Rohöldestillation, einstufig 4,1 1 1 , 1

dreistufige Rektifikation von C5- 
Fraktionen 8,3 13,1

integrierte Erdöl- und Rohbenzin­
destillation 11,4 15,0

untersuchte Anlage 2 , 0 18,0

suchten Anlage gegenübergestellt [11]. Die geringe energetische Güte der u n ­
tersuchten Anlage erklärt sich aus der Anzahl der Trennstufen und  durch die 
Tatsache, daß sämtliche Produkte au f Lagertem peratur gekühlt werden, w äh­
rend sie bei den anderen Anlagen m it dem aktuellen Zustand einer W eiterver­
arbeitung zugeführt werden. Trotz der Einschränkung, die an den Vergleich der 
hier aufgeführten Beurteilungsquotienten verschiedener Anlagen gem acht 
werden muß, soll darauf hingewiesen werden, daß der spezifische Energiever­
brauch um etwa 50% höher liegt als der in [4] angeführten vergliechbaren Anla­
ge-

4. Zusammenfassung

Eine richtige Aufdeckung der Verluste ist nur durch quan tita tive  und quali­
ta tive  Bewertung der Energie also z.B. durch exergetische U ntersuchungen 
möglich.

Bei Rohöldestillationsanlagen erweisen sich die Verluste beim destillativen 
Trennvorgang als relativ gering. Die wesentlichste Verlustquelle ist die E ner­
giezufuhr in den Röhrenöfen. Außerdem treten hohe Verluste im System der 
regenerativen W ärm eübertragung auf. Als Verbesserungsmöglichkeit b ietet 
sich vor allem eine günstigere Gestaltung des regenerativen Systems, eine 
größere Einbeziehung warmer Ström e in dieses System und  eine Vergrößerung 
der W ärmeübertragungsflächen verbunden mit einer Verringerung der m itt-

4
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leren Tem peraturdifferenzen an. D am it werden gleichzeitig die ExergieVerluste 
im  regenerativen System und  in den Röhrenöfen gesenkt und  eine Verringerung 
des Energiebedarfs der Anlage erreicht. Dies muß m it einer optim alen Auslegung 
der Destillationskolonnen zur Verringerung des Energiebedarfs über z.B. eine 
V erringerung des Rücklaufverhältnisses oder eine Verringerung der Trennstu­
fenzahl verbunden sein.

Die Ergebnisse der A rbeit wurden teilweise im A uftrag  und  in Zusammenar­
beit m it dem VEB MAG G rim m a erhalten. F ü r die dabei gew ährte U nterstü t­
zung m öchten die A utoren dem  VEB MAG Grimma D ank sagen.
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SUMM ARY

T he p ap e r presents the energetic an d  exergetic analysis o f a  crude oil d istilla tion  p lan t and 
eva lua tes th e  results. F o r th is  sake th e  energetic and  exergetic flow  sheets o f the facilities 
a re  constructed , and th e  qualify ing  num bers re la ted  to  th e  single p a r ts  and the whole 
fac ilities are given and com pared  to  each other. These num bers a re  th e  coefficient of 
efficiencies and the utilities.

I t  is shown th a t the  essen tial losses do n o t occur a t  th e  d istilla tive separation  processes 
b u t  a t  th e  energy inpu t and  a t  th e  regenerative h e a t exchangers. These losses can be lessen­
ed if  th e  h ea t transfer a re a  o f  th e  exchangers is increased an d  th e  m ean tem perature 
differences are decreased, m oreover if  th e  needed energy in p u t to  th e  tube still is lessened.

РЕЗЮМЕ

В статье проводится энергетический и эксэнергетический анализ нефтеперегонной установки 
и оценка полученных результатов. Для этого авторами была снята энергетическая и эксэнерге- 
тическая прецессионная схема установки, а для отдельных частей установки и для установки 
в целом задаются и сравниваются друг с другом такие квалификационные отношения, как 
добротность и к. п. д.

Можно заметить, что основные потери происходят не в процессе разделения перегонкой, 
а в трубчатых печах во время принятия ими энергии и в регенеративном теплообменнике. 
Этот недостаток может быть исправлен путём увеличения поверхности теплопередачи, по­
нижения средней разницы температур в регенеративной системе теплообмен ' и понижением 
количества необходимой принимаемой энергии в трубчатой печи.
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Рассмотрены процессы переноса тепла и вещества в 3-х фазном непод­
вижном слое катализатора при восходящем прямоточном движении фаз. 
Проведенное экспериментальное исследование на модельной реакции 
подтвердило справедливость предложенных зависимостей на математи­
ческой модели процесса.

Каталитические реакторы с прямоточным восходящим движением газа и жид­
кости через неподвижный зернистый слой находят широкое применение в про­
мышленности органического синтеза и нефтепереработке. Химическое взаимо­
действие в них осуществляется на поверхности зерен катализатора между газом, 
растворенным в жидкости и непосредственно компонентами жидкой фазы что 
может сопровождаться значительными тепловыми эффектами. Последнее обстоя­
тельство приводит при проектировании реакторов к необходимости учета про­
цессов переноса тепла и вещества как между фазами, так и в продольном на­
правлении слоя. Некоторые из этих вопросов будут рассмотрены в настоящей 
работе.

1. Гидродинамика течения газа и жидкости через зернистый слой

Как показали наши исследования, проведенные с Помощью емкостного дат­
чика, в ТНС в зависимости от расходов газа и жидкости, а также геометричес­
кой структуры слоя возможно наличие до 5-ти гидродинамических режимов: 
пузырькового; снарядного в каналах между зернами; поршневого в масштабе 
слоя; дисперсно кольцевого и капельного (рис. 1 ). Пузырьковый режим харак­
теризуется движением отдельных изолированных друг от друга пузырей газа, 
соизмеримых с размерами частиц или величиной капиллярной константы. Как 
правило он имеет место при небольших (меньше 0,4) газосодержаниях. С уве­
личением расходов газа расстояние между пузырями уменьшается, они частич­
но сливаются между собой образуя устойчивые длинные пузыри или снаряды.

4*
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Рис. 1.
Гидродинамические режимы в 3-л; фазном неподвижном слое.

1 — пузырьковый режим; 2 — снарядный; 3 — поршневой; 4 — дисперсно-коль цевой; 
А—А, В—В, С—С, D—D — границы режимов; 

а) насадка d— 8 мм; б) насадка </=18 мм

Дальнейшее увеличение расхода газа приводит к разрушению жидкостных пере­
мычек между снарядами и образованию поршней, диаметр которых соизмерим 
с размером реактора. Наконец, дальнейшее увеличение расходов приводит к 
распаду поршней и образованию жидкой пленки на поверхности частиц и ка­
пель в ядре несущего газового потока. Это дисперсно-кольцевой и капельный 
режимы.

Условия течения газа и жидкости в свободном объеме неподвижного зерни­
стого слоя (ТНС) в значительной степени определяют протекание процессов 
переноса тепла и вещества, а также величину межфазной поверхности и интен­
сивность обмена между газом и жидкостью. Сложность гидродинамической 
обстановки в свободном объеме слоя приводит к необходимости исследования 
профессов переноса в указанных режимах с получением зависимостей справед­
ливых в пределах существования данного гидродинамического режима.

2. Межфазная поверхность и коэффициенты массообмена газ-жидкость

В настоящее время известно всего несколько экспериментальных работ, посвя­
щенных определению межфазной поверхности при восходящем прямотоке 
[1—5]. Исследования проведены при широком варьировании скоростей газа 
и жидкости, форм насадок и размеров. После обработки приведенных в них 
данных в [6 ] оказалось, что наблюдается хорошая корреляция между скоростя­
ми газа и жидкости, определяемыми числами Re1 и k e 2 и межфазной поверх-
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ностью, если последнюю представить в виде безразмерного соотношения, опре­
деляемого критерием Этвеша. Так при 7?е2<200

при

где

Ео = 0,00266Æs’8i?e2,36ifeï’45

Де2 < 2 0 0

Еб = 0,234- 10-4Ei,eRei,21Äe?,4e

Eö—- Е  8 =
629

Уз
з 1

y v
Re i= ui d

i?e2 =
U2 d
J>2

( 1 )

( 2)

Приведенные зависимости справедливы в области Re2 не более 1000 и R e< 500.
На основании экспериментальных данных, приведенных в [1—4] можно опре­

делить коэффициенты массообмена между газом и жидкостью, но отнесенные 
к единице межфазной поверхности. Так, экспериментальные данные хорошо 
укладываются в единую корреляционную зависимость если в качестве опре­
деляющего размера в числе Шервуда взять капиллярную константу. Влияние 
геометрии слоя как и раньше может быть учтено через Es.
Так:

Äh = 230Æ?sBeï’18Re2’33 ( 3 )

где

Интересно отметить, что в отличие от данных по массообмену одиночных 
пузырей, где наблюдается зависимость S h ^ \ fRe2Sc  в рассмотренном случае по­
лучается более низкая степень при Re2, близкая скорее к твердым телам.

В настоящей работе мы не будем подробно останавливаться на анализе про­
цессов массообмена между жидкостью и твердым телом, поскольку это было 
сделано несколько ранее в [7] для пузырькового и снарядного режимов. При­
веденные в [8 ] экспериментальные данные, полученные с помощью электрохи­
мической методики, также описываются зависимостью [7]:

где

Äh =  3,02 Jo,7 +  0,12
Г и2(1-<р) I 
L и2<р I

0 , 621ч

Ре0 *38
I T

Äh = ß23 R 
D

( 4 )

3. Перенос тепла между газо-жидкостной смесью 
и неподвижной насадкой

Определение коэффициентов теплообмена между зернами неподвижного слоя 
и газо-жидкостным потоком осуществлялось с помощью известной стационар­
ной методики [9]. Датчик представлял собой полый шар диаметром, равным 
размеру частиц слоя (18 мм и 8  мм), внутри которого помещался нихромовый 
нагреватель. Последний подогревался за счет проходящего через него электри­
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ческого тока соответствующей мощности. Измерения температур проводились 
с помощью термопар, одна из которых фиксировала температуру газо-жид­
костного потока, а вторая „разнесенная“ температуру поверхности датчика. 
Для записи показаний использовался высокочувствительный цифровой вольт­
метр. Коэффициенты теплообмена, усредненные по всей поверхности датчика 
рассчитывались по зависимости

J 3P  о 
S A T (5)

Экспериментальные исследования были проведены при варьировании скоро­
стей газа 7?^=50—3500; скоростей жидкости Re2—5—300; газосодержаний 
0,04—0,85 и размеров частиц с/=18 и 8  мм. На рис. 2 приведены некоторые

Коэффициенты теплообмена в ТНС насадка шарики d= S  мм; 
1 — Ке2—70; 2 — Re2= 30; 3 — Re.,=l0

из полученных результатов для зернистого слоя, состоящего из шариков d — 
=  8  мм. Из этого рисунка видно, что зависимость коэффициента теплообмена 
от скоростей газа и жидкости имеет сложный немонотонный характер, что, 
очевидно, связано с различными гидродинамическими режимами течения газа 
и жидкости в свободном объеме слоя. Для получения аппроксимационной за­
висимости оказалось удобным использовать известное теоретическое соотно­
шение для коэффициентов обмена [1 0 ]

N u P e 0 ' 33 (6)

в котором с учетом двухфазности потока физические параметры газожидкост­
ной смеси имели вид;

[
cpiÇj ] г u i ( í - ip )

и%<р
И

/.= /.2F((p), где F(<p) — некоторая функция газосодержания, определяемая экспе­
риментально.
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На основании (6) оказалось возможным получить аппроксимационные за­
висимости только для конкретных гидродинамических режимов тече ния газа 
и жидкости. Полученные результаты приведены на рис. 3.

0 .8 0

V

?
Cp,f ~
Cp/1-f).

0 .3 3

Рис. 3.
Обработка экспериментальных данных по коэффициентам теплообмена: 

а) пузырьковый и снарядный режимы; б) поршневой и дисперсно-кольцевой режимы, 
шарики d=  8 мм; 1 — 8,8; 2 — 72,2; 3 — Re =32,4; шарики rf=18,8 мм; 4 —  Re„ =

48,6; 5 — Re2= 97; 6 — Ле2= 250

3.1. Продольная теплопроводность неподвижного слоя

Перенос тепла в продольном направлении слоя осуществляется как с по­
мощью газо-жидкостного потока, так и по зернам катализатора. В настоящей 
работе мы ограничимся определением вклада в общий перенос тепла только 
кондуктивной составляющей. Представим зернистый слой в виде системы ци­
линдров с некоторым эффективным размером R и длиной L. Тогда математи­
ческое описание переноса тепла при таких предположениях будет иметь вид:

Ъ-Т д2Т  1 дТ дТ
-------1------- 1- —■* — —------  (7)
di2 dg2 g dg dFo
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при
£ =  0 :

ЬТ
9?

— Bii(T — Ti)

при

дТ
д£

д Т

=  0

( 8)

е = 0 : —  = 0
дв

е = 1 :  — Bi2[T — Ti - / ( f ) ]
0 О

П О Т

Ло = 0 : Т  = Т0

ai R 2 
а 2  =  —  —  

« 2  Л2
BÍ! = онЛ

Яг В  Í2 =
агЛ
Яг 5 Л

Функция /( I )  определяет распределение тепла в потоке таза в продольном 
направлении слоя.

Для решения (7) с учетом (8 ) воспользуемся методом конечных интегральных 
преобразований [11]. Введем новую переменную U = T —Тх и преобразование 
по координате с ядром:

Л j^n-Zín!
-K n (J , (Un) — —L fin + Sin fin COS fin 2  fin

Тогда вместо (7) получим:

при

0 2Wn 1  0 Mn 2 _ Зйп
~  “ 1  Г -------- Á n U n  —  _ _
dg2 g dg dFo

a ~
e =  1: ~ =  -  B h [ ú n - I m

°e
_ 0 fcín _

e= : "б7 =

F = 0: ün =  (To — Ti)

(9)

( 10)

(И)

где

/(£) =

R 2(T0 -  Tl) sin /in
An= afin —  ; (To—Ti) =L fin + sin fin COS fin

L\R
R 2un Г , „ Г „ Л I---  ■-------------- :-----  /(£) COS fin -  fins —L jUn + COS fin В1П fin J L L J

,ttn — корень трансцендентного уравнения

L
R Bil ctg  fin = fin ( 12)
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Введением новой переменной JVn — ùn — Вп система (10— 11) приводится к одно­
родным граничным условиям, но неоднородным становится ( 1 0 ).

при

эг#п 1  e w B
dp2 g So

2 -  SJFn
- А ^ П+ЯП) = _

e =  0: dWn
de

(13)

SITne = l :  ——= — Bi2 Wn 
So

(14)

Решение (13— 14), полученное обычными приемами математической физики 
имеет вид:

где

Ù, 2E nB i2Jo(qme) 2 , ,2, -,1т„= 2  ---------- ;------ — exp [-(g ’m + AnJÍ'o]-
m _ 1  J  oiînOtîm + -В'г]

-  2
21bB bBÍ2J  o(f/mo)

- 1  (?m+ •BÍ2)(?in + An)t/o(g,m)
{1 — exp [ -  (qm +  An).Fo]}

2(T0- T i )  sin fin 
Mjn —------- :--------------------ts n;

fin + S in  fln COS fin

(16)

трансцендентного уравнения:

B i ï J o ^ Ç m )  ~  q m J l ( Ç m )  ( 1 6 )

Возвращаясь к исходным переменным, можно получить решение исходной 
системы (7—8 ). Так, имеем:

Т  =  Tl +  2  Вп cos
11=1

I RU n-Ííní — |дп-/<п£2  2SÍ2JBn cos Дп-Дп£ —  X

X 2
m=l

Jo(qmo) exp [ — (çL +  An) Во] 

(Ç m  +  B iz)J  o(Ç m )
— 2  2AnBn-BÍ2 X

n=l

Xcos
4 ) JL J  o(O'm̂)

(?m +  An) (3 m +  BiÍ)Jo(qm)
-X {1 — exp [ -  (q2m + AnJ-fo]} (17)

Анализ корней трансцендентных уравнений (12, 16) показывает, что они со­
поставимы, следовательно для реальных размеров зерен катализатора

(18)

Это означает, что время перехода из одного стационарного состояния в другое 
определяется радиальным переносом тепла по зерну.
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Анализ полученного решения, проведенный численно, при варьировании па­
раметров:

5  =  0,00014-1; BiiuBïz =  0,14-100 ; f  =  0,l-=-l

и линейной функции /(£ ) =  показал, что для значений L/R  близких к 200 „а“
практически не влияет на решение. Погрешность, возникающая при переходе 
от решения уравнений, учитывающих продольный перенос к решению без учета 
последнего практически не зависит от В'и, но изменяется при варьировании ßix 
(рис. 4), причем для L /R  = 200 величина максимальной погрешности не пре-

<Г%
8

6

U

2

О

Рис. 4.
Влияние числа Bïl на относительную погрешность решения 

<5= (Г |я 1- .~ -Г |в 11)Г|в11—

вышает 6%. Это означает, что при больших L /R  и не слишком крутых значе­
ниях /(I)  влиянием продольного переноса тепла по з ернам катализатора можно 
пренебречь.

4. Экспериментальное исследование процессов переноса 
на модельной реакции

Рассмотрим, в какой степени ранее приведенные зависимости для расчета коэф­
фициентов справедливы в случае протекания каталитической реакции. Остано­
вимся на реакции гидрирования н-гептена в гептан. Кинетические закономер­
ности этой реакции подробно исследованы в [12]. В  области малых концентра­
ций н-гептена (0,13 моль/литр) эта реакция протекает по первому порядку, 
а при больших значениях по нулевому. Экспериментальные исследования были 
проведены на Ni-скелетном катализаторе на экспериментальной установке, при­
веденной на рис. 5. Она состояла из двух сырьевых емкостей Е—1 и Е—2, 
поршневого насоса Н —1; фильтра Ф—1; ротаметров PC—5 и PC—3 сепарато­
ров С—1, С—2, С—-3, компрессора; холодильника X —1; манометров, серии ре­
гулирующих и запорных вентелей В— 1 — В—7 и колонны. Последняя была 
оборудована термостатированной рубашкой, пробоотборниками и сепарато­
ром. Экспериментальные исследования проводились следующим образом. 
В емкости Е—1 и Е —2 заливался раствор н-гептена 2-х различных концентра­
ций. Затем из одной из них с помощью насоса Н —1 через колонну устанавли­
вался постоянный расход раствора. В  эту же колонну восходящим прямотоком 
с помощью компрессора К—1 подавался водород. Непрореагировавшая часть 
Н 2 через систему сепараторов и холодильников подпитывалась свежим водо-
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М-1

Рис. 5.
Принципиальная схема экспериментальной установки для исследования тепло-массопереноса 

м етодом модельной реакции (обозначения в тексте)

родом из баллонов и подавалась опять в реактор. Из колонны с помощью про­
боотборников, расположенных внизу и вверху через определенные интервалы 
времени (~ 2 —5 мин.) производился отбор проб н-гептена, концентрация по­
следнего определялась хроматографически. На входе и выходе колонны были 
установлены термопары, которые фиксировали изменения температуры. После 
установления стационарного режима с помощью вентилей В—1 или В—2 про­
водилось переключение на новую концентрацию гептена и измерения повторя­
лись в течение всего переходного режима.

Экспериментальные исследования были проведены при варьировании ско­
рости газа в расчете на полное сечение в пределах 15,2—30,5 см/сек; скорости 
жидкости 0,2—0,37 см/сек, давления водорода 1,5—3 ата; концентрации гептена
2—15 объемных процентов. Размер зерен катализатора 2—-5 мм, пористость 
слоя 0,5; диаметр колонны 65 мм, а ее длина 1,2 м.

В виду высокой активности катализатор в ходе эксперимента разбавляется 
инертным веществом в соотношении близком к 1 :1 .

Математическое описание процесса гидрирования н-гептена в неподвижном 
слое катализатора может быть представлено в виде:

5. Обработка экспериментальных данных

( 2 1 )

( 20 )

19)

( 2 2 )
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где

Граничные условия:

C piU — U2-\----- U2;
Cpj

*(Т3) =  ехр

dci
1 = 0: D i( l  — ф) —-  =  u 2(ci -  сьх) 

cl (23)

(24)

(25)

(26)

индексы: 1 — водород; 2 — н-гептен.

Рис. 6.
Сопоставление расчитанных (сплошные линии) и экспериментальных значений температур 

и концентрации на выходе из слоя катализатора.
а) давление водорода 1,5 ата; расход газа 1000 л/час; расход жидкости 24 л/час. 1 — пусковой 
режим; 2 — переходной режим при изменении концентрации гептена на входе в слой с 14,42

до 30,1%
б) давление водорода 3 ата. расход газа 1000 л/час; расход жидкости 24 л/час. Переходной 
режим при изменении концентрации н-гептена с 2% до 19,7%. 1 — изменение концентрации

на входе в слой; 2 — изменение концентрации и температуры на выходе из слоя
в) давление водорода 1,5 ата. Расход газа 1000 л/час; расход жидкости 13 л/час. Переходные 
режимы при изменении концентрации н-гептена с 4,4 до 16,5%. 1 — изменение концентрации

на входе в слой; 2 — изменение температуры и концентрации на выходе из слоя
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Система уравнений (19—26) решалась численно на ЭВМ Минск—32 методом 
прогонки. При расчетах значения коэффициентов массообмена между газом 
и жидкостью величина межфазной поверхности рассчитывалась по (1—3). Вели­
чина коэффициента продольного перемешивания D1, D2 и теплопроводности 
Л2, а также газосодержание рассчитывались на основании данных [13].

Можно показать, что реакция гидрирования на зернах 3—5 мм протекает 
во внешнедиффузионной области. Это означает, что скорость химического 
превращения определяется интенсивностью внешнего массообмена. При рас­
четах на основании концентрационных и температурных измерений подбира­
лась такая величина наблюдаемой константы скорости реакции, которая наи­
лучшим образом описывает экспериментальные данные. Оказалось, что с уче­
том разбавления катализатора ее величина с точностью ±  15% попадает в ин­
тервал значений определяемых формулой (4). На рис. 6 в качестве примера 
показано сопоставление рассчитанных и экспериментальных значений концент­
раций и температур во времени на выходе из слоя катализатора. Как следует 
из этих рисунков результаты расчетов удовлетворительно согласуются с экспе­
риментальными данными, что указывает на достоверность приведенных в этой 
работе расчетных зависимостей для коэффициентов переноса.

УСЛОВНЫЕ ОБОЗНАЧЕНИЯ

а — межфазная поверхность; 
а  — коэффициент поверхностного натяжения;
Qi — плотность жидкости; 
g — ускорение свободного падения;
S  —■ поверхность зерна;
V  — объем зерна;
Vi, V2 — киниматические вязкость газа и жидкости;
u i, 1/2 — скорость газа и жидкости на свободное сечение слоя;
d  — размер зерна;
ß i2 — коэффициент массообмена газ-жидкость;
D — коэффициент диффузии;
<р — газосодержание; 
т  — толщина пленки;
0С23 — коэффициент теплообмена;
tpi > Срг — теплоемкость газа и жидкости;
/ — координата по длине слоя; 
г — координата по радиусу зерна;
о , , — коэффициенты температуропроводности в радиальном и продольном направлениях;
Ai, Д» — то же, но коэффициенты теплопроводности; 
t — время;
R — радиус зерна;
Т  — температура;
Di, Do — коэффициенты продольного перемешивания вещества;
/•2  — то же, но тепла;
Sl2~W,
W i, IVo — скорости реакции по компонентам;
С — концентрация;
С* — равновесная концентрация водорода; 
е — пористость;
£2з — удельная поверхность насадки;
Е — энергия активации;
Г3 — температура катализатора;
Т  — температура газо-жидкостного потока; 
сьх — концентрация на входе в слой;
Rn — сопротивление датчика;
J  — сила тока;
АТ  — перепад температур между потоком и поверхностью зерна.
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SUMMARY

T he h ea t and mass tran sfe r  w as investigated in  fixed ca ta ly st bed during upw ards, co- 
c u rre n t phase flow. To th e  experim ents a  m odel reac tion  was applied, th e  gained results 
p roved  the reliability  o f  th e  suggested relations an d  th e  m athem atical model o f the  p ro ­
cess.

I
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The presen t paper which is the  firs t o f th is  series discusses th e  form ation 
of ethylene dichloride in a  ro ta ry  film  reactor. The su itab le  conditions 
o f the homogeneous phase reaction were determ ined from  th e  viewpoint 
o f the  reaction  kinetics. Conditions for homogeneous k inetical inves­
tigations were determ ined. The m easured d a ta  are ev a lu a ted  on the 
basis o f earlier developed form al kinetical trea tm en t.

1. Introduction

In  the  rotary film procedure th a t can be regarded as an intensive one, the  
desired technological step is realized in a th in  liquid layer being formed mecha­
nically in the equipment. As a consequence of the forced movement of the 
liquid film, very favourable heat and mass transfer conditions can be ensured; 
this equipm ent can mainly be applied to  carry out physical a n d  chemical pro­
cedures accompained with heat and mass transfer.

The applicability о /ro ta ry  film equipm ent as a reactor has so far only been 
investigated in the case of liquid-liquid reactions. However, in order to extend 
the  scope of its application, the conditons formed in the  given equipment for 
gas-liquid reactions were studied. The results of this ac tiv ity  are discussed in 
this series of papers.

The simultaneous absorption and chemical reaction following th a t of two 
gases belong to  those processes th a t were so far studied only slightly. The for­
m ation of ethylene dichloride was selected as the model.

As it  is known from  literature, ethylene and chlorine do no t react with each 
o ther below 150 °C in a  gaseous phase, however, if they are absorbed in a com­
mon solvent an exotherm chemical reaction of a high ra te  soon takes place 
between the absorbed gases a t room tem perature. The m ain product of the 
reaction, of the ethylene dichloride itself was chosen as the  solvent.
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H aving selected the model reaction, the  following aims were set :
1. Investigations on the kinetics of the  ethylene dichloride formation in a 

homogeneous phase by the elim ination o f the mass transfer, in order to  deter­
m ine the kinetical information necessary for the construction of the m athem a­
tical model of ro ta ry  film equipm ent, as the  reactor.

2. Investigations on the reaction o f ethylene and chlorine in equipment en­
suring the known transfer surface, in  order to  determine th e  effect of the gas- 
liquid mass transfer. Experim ents carried out in this equipm ent make it possib­
le to  select the transfer model and to  separately study the  source members in 
the  m athem atical model.

3. Investigations on the applicability of ro tary  film equipm ent to realize the 
processes of a  given type and the  control of the m athem atical model for the 
ro ta ry  film reactor.

This paper discusses the results o f k inetical measurements.

2. Addition of Chlorine on Monoolefines

Most of the carbon-carbon double bonds can easily be halogenized by bromine, 
chlorine and inter halogen compounds. Addition usually takes place according 
to  electrophil mechanism. The electrophil character of halogen addition was 
experim entally verified by William [1].

According to  Robertson et al. [2, 3, 4] the rate equation of chlorination by 
addition is as follows :

-  =  k2 [olefine] [Cl2] ( 1 )

where the symbols in the brackets represent concentrations.
In  the above papers the authors verified th a t the transitional state deter- 

minig the reaction rate  contains b o th  th e  electrophil and  nucleophil part of 
halogen :

—i = C — + C12 —C—C—

<k
J .

—C—C- ► products ( 2)

Cl

Shilov [5] described the special effect of Cl breaking o ff in the 2nd step of 
the  reaction and he recommended the  following rate equation :

- 1 =  k3 [olefine] [Cl2] [Cl"] (3)
di

The effects of the  m aterials catalyzing the chlorine addition were investigated 
in detail. For example, in the  case o f FeCl3 by Henne et al. [6] the electrophil 
complex having a good reactiv ity  is form ed as follows :

Cl2 +  FeC l3^[C l+FeC lï] (4)

Investigations on the reaction o f ethylene and chlorine were described in
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numerious papers [7, 8, 9, 10]. The main goal of the  investigations was alm ost 
always to  clarify the mechanism of the reaction and  the kinetics were only 
slightly studied.

3. Method of Kinetical Measurements

References dealing with ethylene dichloride form ation describe it as a fast 
reaction. Caldin [11] indicated two basic methods for kinetical investigation 
of fast reaction :

1. I f  the conditions of reaction are suitably selected it can be so slow th a t  it  is 
possible to  follow it by „ trad itional” methods.

2. The reacting solutions are mixed as rapidly as possible, bu t during obser­
vation extremely rapid methods are not applied.

Having studied the above possible methods from  the  viewpoint of the kine­
tical investigation of ethylene dichloride formation, the  application of a quench­
ing m ethod belonging to the second set of possibilities seemed to be expedient. 
For the removal of the first reagent, viz. chlorine, th e  reduction by K I th a t  is 
known in analytical chemistry is applicable. B y experim ental observations, 
the reduction is instantaneous, ho wo ver, few details are known in literature 
regarding its rate constant. As a guideline, it is possible to  take into considera­
tion the fact th a t for the ra te  of iodide oxidation, ra te  constants of 107 —1010 
order of m agnitude are given for different reagents and  different solvents.

During kinetical investigations of addition in the  liquid phase, the effect of 
the gas-liquid mass transfer had to  be eliminated. F o r this reason, ethylene and 
chlorine were bubbled for a given period through ethylene dichloride solvent, 
and pouring together adequate volumes of the ethylene and chlorine “solutions” 
so gained the changes in ethylene and chlorine concentration versus tim e were 
measured. The experiments were carried out in a therm ostated  glass apparatus 
of approxim ately 100 ml volume and equipped w ith a  stirrer.

Prior to  the kinetical investigations, two problems m ust be studied:
— whether as a consequence of considerable reaction heat, the tem perature of 

the mixture does not rise in the  starting moment of the  reaction (pouring toget­
her the solutions) ;

— what is the extent of desorption caused by intensive mixing.

The tem perature of the reaction mixture was m easured by a therm om eter 
immersed in the solution. The measurements did no t show in any case a tem ­
perature rise higher than  0.5 °C following the s ta r t o f the  reaction; this resu lt­
ed from the relatively high heat capacity of the system  and large circulation 
rate  of the cooling liquid.

Occasional desorption of gases was investigated from  10 to  40 °C. The quan ti­
ty  of desorbed ethylene was verified to  have been lower than  5% compared to  
the solved ethylene a t the applied initial concentrations. For chlorine, this value 
was 4.6%.

During kinetical investigations, the initial ethylene-chlorine molar ratios 
were 1 and 0.33 respectively. Such selection of concectrations was partly  sup­
ported by the fact th a t contradictionary data  can be found in literature regard­
ing the excess of any reagent, partly  because 0.33 in itial molar ratio concentra­
tions of ethylene and chlorine change against the tim e in such a m anner th a t

5
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th e  complete ethylene-chlorine m olar ratio  range, occurring in apparatuses to  be 
s tud ied  later, is covered.

E thylene dichloride w ithout a  cata lyst and th a t containing 0.1% FeCl3 
were used as the solvent respectively.

The tem perature of the  reaction m ixture varied from 14 to  40 °C.
The reaction was quenched by a 10% K I  solution poured into th e  m ixture a t a 

su itab le  moment. The quan tity  of reacted  chlorine was determ ined by the 
titra tio n  of iodine of an equivalent am ount th a t was formed in the  solution, 
while th e  quantity  of reacted ethylene was calculated indirectly from  the ana­
lysis d a ta  of the m ixture gained afte r determ ination of the chlorine content.

The series of concentration vs. tim e values were gained as a result of the 
kinetical investigations. As an example, changes of ethylene and chlorine con­
centrations against the tim e for a given series of experiments are shown in Fig. 1.

t (s)
F ig . 1.

Changes of ethy lene (сд) and  Chlorine (cb) concentrations versus tim e

4. Calculations of Kinetical Characteristics

In  the  following the ra te  equation o f the  studied reaction gained from  the data 
o f th e  kinetical investigations is given. A general method to  find  the  rate  equa­
tions of chemical reactions is unknown. In  practice correlations describing 
th e  m easured data  w ith the  best fitting  are usually determined on the basis of 
certain  assumptions relating to  stoichiometries and the mechanism of the 
reaction by a trial and error m ethod.

S tarting from the consideration o f theoretical systems, a m ethod was deve­
loped to  give stoichiometric and ra te  equations of homogeneous reactions.

The elaborated m ethod described earlier [12 — 15] can be favourably used 
p a rtly  to construct a program me of kinetical measurements and  partly  to 
evaluate  experimental results.
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Applying the above method for the  studied system, the  occurrence of the 
following two reactions were verified, similarly to  the results of the kinetical 
measurements :

С2П4 -Ь Cl2 =  C2Ü4CI2 (5)
СгН4 +  2C12 = C2H3CI3 +  HC1 (6)

Describing the formal kinetical correlations for reactions (5) and (6):
dcB ,

n = — —  =  * ic a c b  ( 7 )
d  t

1 dee 2
Г2 — ----- —  ——  =  K2CACB

2  d t
( 8)

dc AcBased on Eq. (7) and (8) assuming th a t for sufficiently small At - j j t h e  

rate  constants can be calculated as follows:
I Icb  — ‘l  Ac к k\=—-------- -—Ca'Cb'Aí (9)

t '2  =
Ac a — Ac в

2 ГГca-cb-Aí
( 10)

where :
1сл is the rate constant of Eq. (5) while k2 is th a t o f E q  (6), cA concent­
ration of ethylene, cB th a t  of chlorine, t time.

Having calculated values of from  Eq. (9) and k2 from  Eq. (10) on the basis 
of measured concentration vs. tim e values, the gained ra te  constants can be 
regarded as constant ones with good approximation, and do not show a change

Table 1.
Kinetical characteristics o f reactions taking place between ethylene 

and chlorine in liquid phase

FeCl3 T 103 k l lO7 A'2 A H X a h 2

(%) (°0 ) (m3 mole_1s -1 ) (me mole 2s -1) (kcal mole-1 )

1 4 0 .4 8 0 .7 0

2 0 1 .1 1 1 .6 9

0 2 5 2 .1 9 3 .4 0 2 3 .4 1 2 4 .3 3

3 0 4 .2 4 6 .7 3

3 5 7 .9 3 1 3 .0 2

4 0 1 4 .5 8 2 4 .5 0

14 0 .7 1 0 .7 3

2 0 1 .6 2 1 .7 3

2 5 3 .1 8 3 .4 7

0.1 3 0 6 .0 0 6 .9 0 2 3 .1 4 2 4 .1 0

3 5 1 1 .3 4 1 3 .0 6

4 0 2 0 .6 9 2 4 .4 3
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of tendency character in the function of any param eter. This fact refers to  the 
applicability of the  formal kinetical trea tm en t for the description of the system.

The mean values of rate  constants and activation enthalpies calculated from 
Arrhenius’ equation are sum m arized in Table 1.

5. Conclusions

Based on Table 1, th e  following conslusions can be draw n:
1. The addition (formation of ethylene dichloride) can be regarded as a fast 

reaction in accordance with term inology of [11].
2. On the effect of the FeCl3 catalyst, the rate  constant of the addition is 

increased by up to  40 —50%, while th a t  of the substitution (ethylene trichloride 
formation) practically does not change. Taking into account the main goal of 
the  realization of the  reaction, i.e. the  form ation of as much ethylene dichloride 
as possible, further investigations will be carried out in solutions containing a 
FeCl3 catalyst.

3. Between the studied tem perature limits, the activation enthalpies of addi­
tion  and substitution are approxim ately equal. Both reactions are those of 
m oderate activation enthalpy.

SYMBOLS

c concen tra t ion  in  th e  bu lk  of  liguid phase, mole m - 3  ;
Ac concentration difference, mole m - 3  ;
A H  activation enthalpy, kcal mole - 1  ; 
k i r a te  constant of addition, m 3  mole - 1  s-1 ; 
h i r a te  constant of substitu tion , m e mole - 2  s -1 ;
M  ethylene-chlorine m olar  ratio  in liquid phase, mole/mole; 
r  reaction rate, mole m - 3  s- 1  ;
T  temperature, °C; 
t time, s ;
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РЕЗЮМЕ

В статье, являющейся первой частью серии статей, речь идёт о кинетическом исследовании 
реакции образования 1,2-дихлор-этана, которая была выбрана в целях изучения ротацион­
ного плёночного аппарата, как газо-жидкостного реактора.

Были установлены условия проведения кинетических исследований в гомогенной фазе. 
Полученные экспериментальные данные были оценены с помощью применения разработан­
ного ранее формального кинетического метода обработки.
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Ethylene dichloride formation as a model reaction absorption with 
chemical reaction was studied in a reactor of given, constant gas- 
liquid contact surface. The values of the operational parameters that 
ensure the production of as much ethylene dichloride as possible in the 
given reactor were determined. These data formed the basis for the 
planning of experiments aimed at studying a rotary film  reactor.

A unidimensional diffusion model was constructed to describe the 
studied system and qualitatively evaluate the mass transfer conditions. 
Based on the model, the existence o f both liquid and gas side mass 
transfer resistances was verified and those are comparable.

1. Introduction

In  accordance with the goal described in the previous paper [I], the determ ina­
tion of rate constants of the formation of ethylene dichloride in an apparatus of 
known, constant gas-liquid contact surface described in Ref. [2], was investi­
gated.

As a consequence of the bad solubility of reacting gases, and because o f the  
rapid addition reaction between absorbed ethylene and chlorine, the gross ra te  
of the process is probably determined by mass transfer. However, taking into 
account the change of the gas-liquid transfer surface as a function of operational 
param eters in ro tary  film equipment, th a t can be measured only with d iffi­
culty, it seemed more favourable to  study the operational param eters in equip­
m ent ensuring a known and constant gas-liquid transfer surface.

Experim ents carried out in this equipm ent partly  provided data  to  study the  
effect of the mass transfer, and hence the changes in quantity  and the com­
position of the product against the operational param eters, and the applicability 
of the physical-mathematical model of the system could also be investigated.
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2. The Experimental Assembly and Technique

The experiments were carried out in an assem bly ( Fig. 1 )  constructed accord­
ing to  Ref. [2]. During the  operation a constan t liquid level has to  be m ain­
tained  in the reactor 1 w ithin the limits of +  1 mm.

9
Fig. 1.

Experim ental assembly ensuring known gas-liquid contact surface 
1 — chlorinating reactor; 2 — driving motor; 3 — gas mixer; 4 — ethylene dichloride 
tank; 5 — peristaltic pum p ; 6 — cooler; 7 — therm ostat; 8 — level regulator ; 9 — collect­
ing bottles; 10 — gas scrubber ; M i ,  М 2 , М 3  — differential manometers; T \  — T 4 — ther­

m ometers

The actual gas-liquid contact surface in apparatus 1 was 7.70 X 10-3 m2, 
while the transfer surface related to the volume of the liquid phase was 24.31 m-1.

The feed rate  of the  solvent (ethylene dichloride) varied from 3.85 to  4.10*
• 1 0 -  m3 s“1, so the  mean residence tim e of the  solvent in the chlorinating reactor 
was 768—826 s.

The solvent was fed by peristaltic pum ps, while the gases were taken from 
cylinders. The mean residence time of the  gas phase in the reactor 1 varied from 
17 to 70 s depending on the gas feed ra te  and composition.

The m ixture leaving the  reactor was collected in bottle 9 as can be seen in 
Fig. 1. The experim ental assembly was constructed so th a t the liquid reached 
the bottle for a period corresponding to  1 % of the mean liquid residence tim e in 
the reactor.

The bottles contained the 10% K I solution (to determine the dissolved but 
unreacted chlorine) and Kaufmann’s solutions (to determine the  solved, but 
unreacted ethylene) so the reaction was quenched there.

The determ ination of ethylene on the  basis of Kaufmann’s iodine-bromine 
num ber is d isturbed by the chlorine dissolved in the liquid phase, because the 
la tte r reacts w ith K B r in Kaufmann’s solution. For this reason, the am ount of 
bromine, formed by  the  expected chlorine concentrations in the  reaction of
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Cl2 and KBr, was determined. A calibration curve was constructed from  these 
measured data and  the quantity  of dissolved ethylene was calculated, taking 
this calibration in to  account.

The composition of the fed gas m ixture was calculated from  the viewpoint of 
the  purity and mixing ratio of th e  gases. The fed and discharged liquid phase 
(after suitable preparation) were analyzed by gas-chromatograph.

For the experimental assembly shown on Fig. 1, the  transfer conditions 
within the reactor are determined by the following factors :

— tem perature of the system ;
— mixing conditions within the  liquid phase ;
— feed rate o f th e  gas m ixture ;
— composition of the gas m ixture.
The tem perature of the reaction mixture varied from  14 to  40 °C, while the 

r.p.m . of the stirrer was constant, viz. 160.2. Above th is rpm  value, the gas side 
resistance hardly decreases w ith increased rpm, and a t  the  above value a 
fla t gas-liquid contact surface was gained tha t was free of waves.

The ethylene feed rate related to  the gas-liquid contact surface was 2.667 — 
8.935 mole m~2 s_1, and the ethylene-chlorine molar ratio  in the gas phase 
changed between 0.9 and 1.4.

W ith the solubility measurements, chlorine is dissolved in ethylene dichloride 
13 times better compared to ethylene. For this reason the ethylene was regarded 
as a suitable basic component in th e  studied system.

On the basis of th e  analysis d a ta  conversion, the yield and selectivity values 
relating to the ethylene as a basic component were calculated as follows :

^  reacted ethylene (mole) 
fed ethy lene (mole)

formed ethy lene dichloride (mole)
K  = ------------------------------- ------- --------- (2)

reacted  ethylene (mole)

H  = X - K

where X  conversion, К  selectivity, H  yield. 3

3. The Experimental Results

The prim ary realization aim of the studied model reaction is th a t  as large a part 
of the  fed ethylene (and chlorine) as possible m ust be dissolved and reacted, 
and the reaction between the dissolved gases must take place so th a t the pro­
duct is mainly ethylene dichloride. The quantity of the form ed product is given 
by B A ■ X  (where B A is the ethylene feed rate relating to  the  gas-liquid con­
tac t surface) while th e  selectivity gives information about the  composition of 
the product. The m ain goal is to ensure the largest possible value of B'A-X -K  =  
= B'A'H  in the given equipment.

The yield values m easured at different operational param eters are summariz- 
zed in Tables 1 and 2.

I f  the amount of ethylene dichloride formed on the un it of the gas-liquid 
contact surface for u n it time is p lo tted  against the tem perature ( Fig. 2.) a 
slight increase of B A-H  can be seen between 14—30 °C and a slight decrease
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Table 1.

Measured yield values in the equipment of known transfer surface I.

102 b 'a T M ' H M ' H
(mole m~2 s-1) (°C) (mole/mole) (%) (mole/mole) (%)

3 0 2 7 .5 5 3 .1

2 .6 6 7 3 5 0 .9 0 2 1 .9 0 .9 9 2 9 .7

4 0 1 4 .1 2 6 .6

3 0 5 0 .0 5 1 .0

3 .6 5 0 3 5 0 .9 0 4 3 .1 0 .9 8 4 7 .7

4 0 2 1 .6 4 2 .2

1 4 3 9 .9 4 0 .8

2 0 4 2 .0 4 3 .0

2 5 4 4 .2 4 6 .4

4 .4 3 0 3 0 0 .9 0 4 9 .3 1 .0 1 5 1 .1

3 5 4 1 .2 5 0 .4

4 0 3 0 .7 4 1 .0

3 0 4 2 .2 4 9 .8

5 .8 6 8 3 5 0 .9 0 3 4 .9 0 .9 9 4 6 .8

4 0 2 5 .9 3 8 .5

3 0 3 5 .6 4 0 .9

7 .2 9 0 3 5 0 .9 0 2 9 .4 0 .9 9 3 8 .9

4 0 2 1 .3 3 3 .9

• 3 0 3 0 .3 3 5 .0

8 .9 3 5 3 5 0 .9 0 2 5 .0 1 .0 0 3 2 .9

4 0 1 8 .5 2 8 .5

above 30 °C with increased T. Some characteristic series of experiments are 
show n in Fig. 1, however, for all the studied B'A values a sim ilar tendency can 
be observed.

*Чл
£ 2.5-
aI
I  2.0-

^ ’•5- ш
O io -

о. 5'

10 20 30 40 T(°C)

Fig. 2.
Q uantity o f form ed ethylene dichloride as p lo tted  aga inst th e  tem perature
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Table 2.

Measured yield values in the equipment of known transfer surface II.

102 B \ T M ’ II M ' H
(mole m - 2 s -1 ) (°0) (mole/mole) (%) (mole/mole) (%)

3 0 3 7 .8 3 8 .6

2 .6 6 7 3 5 1 .1 9 3 3 .2 1 .3 8 3 4 .4

4 0 2 9 .8 2 9 .8

3 0 5 3  5 5 2 .3

3 .6 5 0 3 5 1 .2 1 5 0 .4 1 .4 1 4 8 .9

4 0 4 4 .5 4 5 .2

1 4 4 1 .9 4 1 .8

1 0 4 5 .2 4 3 .2

4 .4 8 0 2 5 1 .1 9 4 7 .8 1 .3 8 4 5 .4

3 0 5 1 .3 4 8 .0

3 5 4 8 .6 4 2 .9

4 0 4 4 .6 3 8 .0

3 0 4 1 .5 4 7 .2

5 .8 6 8 3 5 1 .2 0 4 7 .9 1 .4 0 4 4 .9

4 0 4 2 .5 4 0 .8

3 0 4 3 .6 4 6 .1

7 .2 9 0 3 5 1 .2 2 4 0 .8 1 .3 8 3 9 .5

4 0 3 5 .4 3 7 .6

3 0 3 6 .5 4 0 .3

8 .9 3 5 3 5 1 .2 0 3 4 .5 1 .4 1 3 4 .4

4 0 3 1 .5 3 3 .1

In  the investigated range, the B'A-H  value increases w ith the increased gas 
load of the reactor ( Fig. 3), however, to  a constantly decreasing extent.

Fig. 3.
Q uantity  o f form ed ethylene dichloride as p lo tted  against gas feed rate
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The am ount of ethylene dichloride formed is also increased w ith the increased 
ethylene-chlorine molar ratio (Figs. 4 and 5), so a slight ethylene excess seems 
to  be favourably ensured. However, during the development of the programme

0.9 1.0 1.1 1.2 , 1 3  14,
______ _____ , Iff Hanoié m2s1)
5.601 5.334 5092 4.883 4.718 4.576

Fig. 4.
Q uan tity  o f form ed ethylene dichloride as p lo tted  against the  ethyalene-chlorine m olar

ra tio  I.

Fig. 5.
Q uan tity  o f form ed ethylene dichloride as p lo tted  against the  ethylene-chlorine m olar

ra tio  IT.

of measurements to  be carried out in ro ta ry  film equipm ent consideration has 
to  be given to  the  fact th a t  the effect of the  change in M ' exactly in the 0.9 
== M ' == 1 range is the  most expressed.

Based on experim ental data , the  reaction can favourably be realized in the 
tem perature range from 14 to  30 °C. However, taking in to  consideration the 
strongly exothermic character of the  reaction and the heat transfer problems 
caused by this fact, the reaction advisably has to  be carried out a t about 30 °C. 
I t  should be noted th a t certain technologies producing ethylene dichloride 
below its boiling point also operate a t about 30 °C.

In  the given equipm ent as it  could be seen, the quan tity  of formed ethylene 
dichloride was increased w ith increased R ’K. However, if  based on Tables 1 and
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2, the changes of yield is investigated as a function of B'A, the yield values are 
the highest in the 3.650X 10_2^ 7 ? д < 5.868X 10~2 mole m_2s_1 range. Follo­
wing from the above mentioned, the suitable value of the ethylene feed rate  is 
5.10-2 mole m~2s_1.

4. The Applied Model

Relatively few papers have discussed the process studied here, viz. the  simul­
taneous absorption of two gases and their chemical reaction w ith each other 
following absorption [3 —9], is not to  be found in a model applicable to  describe 
the above investigated system.

In  order to  evaluate quantitatively the m easured data, the elaboration of a 
suitable model became necessary.

The following assumptions can be made during the construction of the  model :
— the system is isothermal and of a steady-state ;
— both the liquid and gas phase are homogenous in the bulk;
— along the contact surface of the phases, a boundary film is form ed both on 

the gas and the liquid side, and the flow and concentration conditions in 
these films vary in a different m anner th an  in the main masses of the 
phases ;

— a chemical reaction occurs only in the liquid phase;
— the concentration does not change either in the gas or in the  liquid phase 

in the direction being parallel to  the gas-liquid contact surface.

Based on the above physical model, the system is described by  a unidim en­
sional diffusion model. The balance equations of the ethylene and chlorine 
are given for the boundary films by phases.

The liquid side balance equation of ethylene th a t takes into account the 
results of the kinetical investigations [1]:

d2cA „ „2
— D  A ——— +  &]CaCb +  &2CaCb =  0 (4)ax2

The boundary conditions for Eq. (4)

6A(0) = c l  = H ’Ac’A(0)

6A(Z )= c A (5)

cjs(O) =  cb (Z) =  cb

In  connection with the above boundary conditions, it can be rem arked tha t 
the  chlorine concentration in the liquid side boundary film m ust be (and may 
be) regarded as a constant one, only in the sense th a t  during the solution of the 
m athem atical model calculation can be made with a pseudo-first order reaction.

Solution of Eq. (4) taking into account Eq. (5):

1 *
---- C A — Cam

ca =  — -----------exp (he) +
— — CUl 
CO 1

*
ca — one a 

1
—  CO 1 
CUl

exp ( — he) («)
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w here :
j &iCb +  &2Св

=  У D a

on =  exp (XZ)

T he gas side balance equation  of ethylene (for the  boundary layer) :

- D ’a d 2cÁ
<lx2

(7)

( 8)

(9)

The boundary conditions :
*

cÁ(0) =  — (10) 
Ha

c a ( Z ' )  =  c a

In  th e  description o f E q . (9) it was tacitly  taken  in to  consideration th a t  in the 
gas phase, ethylene dichloride vapour is also present, in addition to  ethylene 
an d  chlorine, and the ra tio  of the  ethylene and chlorine feed rates is no t equal to 
th e  ratio  of absorption rates.

The solution of E q . (9 —10) is as follows:
*

ca
— ---° A  *

, H a  c a  

C A -  x + , 
Z  H a

(11)

The connecting condition for gas and liquid phases :

Ra=Ha (12)

The absorption rates are the  following :
—  ( d ^ A )ÄA="i>AfcJa: = 0 (13)

, / ' d i l l

ÄA= - ßA (“d * r =0
(14)

L et Eq. (6) be replaced into Eq. (13):
1 *Ca Ca

S a =  - D a X — ^-------------- +  D a X

------on
on

*
c a  —  c ü iC a

~~ï
------ on
on

Now let Eq. (11) be replaced into Eq. (14):
*

C A /

(15)

Z '
( 1 6 )
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Following from Eq. (12), (15) and (16):

where :

D a

Z '

( 1 7 )

( 1 8 )

( 1 9 )

In  Eq. (17) the driving force of the mass transfer contains the  c* surface 
concentration. Now let the driving force be expressed by the  bulk concentra­
tions. I f  we express c* from Eq. (17) and replace it  to  Eq. (16) after suitable 
transform ations, the following equation is gained:

R a = -
1

H xchY  sh Y
- [{HAch Y / c 'a  — ca]

%'a +DaX
where :

Y  = XZ
and

sh Y
D a I

( 20 )

( 21 )

The complete component transfer coefficient for ethylene :
1

&A(comp.) — — :-------------------  ( 2 2 )
H Ac h Y  ^  1

к  A к  A

The complete component transfer coefficient for chlorine follows from the 
assumption made during the model construction:

l
к в ( с о т р . ) ~  ;---------  ( 2 3 )

H b  1

к в  к в

So the absorption rate for chlorine :

R b  — — ;------------ ( H bc b  — Cb )  ( 2 4 )
Нв 1
к в  к в

The gas side component transfer coefficient of ethylene is the following:
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In  order to calculate th e  component transfer coefficients, the value of Y  has 
to  be known. After su itab le replacements and transform ations, the following 
expression is gained :

From  Eq. (26) the value o f Y  can soon be calculated a t  the  given operational 
param eters, if the absorption rates, the concentration in the  bulk of phases and 
th e  m aterial constants are known. Then the transfer coefficients can be cal­
culated as follows :

&A=
V  Z ) a (& 1 C b  +  & 2C b )

sh Y
(27)

Г DвКв =  — 1

&в =

r f £ ic b  +  k-iCB

Da

НвНв

Hвсв — св- кв

(18)

(29)

The gas side mass transfer coefficient for ethylene can be calculated from Eq. 
(25) and (29).

5. Evaluation of the Experiments

During the evaluation o f the  experiments carried ou t in the equipment of 
constant, known transfer surface values of component transfer, the coefficients 
were calculated from  th e  m easured data  (Tables 3 and 4).

A comparison of adequate  liquid and gas side com ponent transfer coeffi­
cients show th a t they  are of equal order, altough the liquid side transfer coeffi­
cients are slightly larger. So for the given equipm ent, there is mass transfer 
resistance both on th e  liquid and gas side.

The kA and kB values summ arized in Table 3, do no t show definite changes 
either against gas com position (M') or tem perature. However, if the calculated 
kA (and kB) values are p lo tted  against the to ta l gas feed rate, taking into ac­
count common changes o f B'A and M ', an ascending series of points is gained 
(F ig . 6).

Starting from the  tendency  shown on Fig. 6, an empirical correlation was 
given between the com ponent transfer coefficient and the  gas feed rate. The 
adequate correlations are of the following form :

k  =  A 1B ^  +  A 2B ^  +  A z B '  +  A i  (30)

The coefficients o f E q . (30) are given in Table 5.
In  order to control th e  interpolation form ula given by  Eq. (30), the compo­

nent transfer coefficients were calculated by  Eq. (30), then  with these coeffi­
cients the absorption rates of ethylene and chlorine were determined (Table 6).
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Table 3. Calculated liquid side component transfer coefficients

M'== 0.9 M ' == 1.0 M'== 1.2 M' == 1.4
102 b'k T _

(mole m“2s_1) со) 103 ÍA 103 къ 10* *A 10® k B 103 ÍA 103 k B 103 iA 103 k B

(ms-1)

30 1.00 1.09 1.00 1.10 0.96 1.05 0.96 1.09
2.667 35 0.96 1.02 1.09 1.14 1.02 1.08 0.99 1.04

40 1.03 1.13 1.12 1.19 1.12 1.18 1.00 1.06

30 2.35 2.74 2.40 2.66 2.30 2.62 2.42 2.71
3.650 35 2.20 2.66 2.30 2.76 2.37 2.71 2.48 2.79

40 2.64 2.73 2.89 3.05 2.89 3.05 2.69 2.92

30 3.32 3.73 3.63 3.98 3.33 3.71 3.21 3.62
4.430 35 3.33 3.74 3.73 4.06 3.43 3.72 3.39 3.71

40 3.68 3.89 3.70 3.91 3.79 4.00 3.52 3.94

30 4.52 4.96 4.76 5.03 4.66 4.95 4.48 4.79
5.868 35 4.49 4.96 4.70 5.02 4.58 4.81 4.58 4.85

40 4.48 5.08 4.85 5.12 4.60 4.86 4.72 5.07

30 4.57 5.10 4.67 5.15 4.74 5.24 4.52 4.96
7.290 35 4.89 5.23 5.01 5.31 4.84 5.30 4.68 4.98

40 5.03 5.50 4.97 5.48 5.02 5.31 4.87 5.29

30 4.95 5.50 5.15 5.76 5.28 5.69 5.10 5.48
8.935 35 5.13 6.16 5.31 5.89 5.34 5.83 5.28 5.69

40 5.22 6.20 5.56 5.97 5.52 6.17 5.39 5.82

~  5
(Л
£

"b

3

2

1

5 10 15 20
10‘ В (mole rri2 s')

Fig. 6.
Liquid side com ponent transfer coefficient for ethylene as p lo tted  against the gas feed ra te
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Calculated gas side component transfer coefficients
Table 4.

102 b 'a T

03dII% и M о M '= I A

(mole m~2s-1) (°0) IO2 кв (ms"1)

30 1.18 1.19 1.18 1.13
2.667 35 1.03 1.10 1.11 1.08

40 1.05 1.00 1.06 1.12

30 1.66 1.78 1.67 1.56
3.650 35 1.45 1.67 1.65 1.56

40 1.62 1.71 1.58 1.64

30 2.10 2.19 1.99 1.91
4.430 35 1.79 2.15 1.97 1.77

40 1.78 2.19 1.96 1.76

30 2.33 2.76 2.64 2.52
5.868 35 2.47 2.66 2.58 2.52

40 2.42 2.67 2.60 2.56

30 2.39 2.84 2.86 2.92
7.290 35 2.34 2.71 2.81 2.86

40 2.28 2.86 2.66 2.85

30 2.46 2.96 3.00 2.94
8.935 35 2.41 2.80 2.91 3.01

40 2.37 2.94 2.82 2.95

Table 5.
Coefficients o f Eq. (30)

Transfer coefficient A i Az A s A t

k A 2.022 -1 .047 0.184 -0.0059
1.914 ^1.006 0.182 -0.0056

-0 .358 -0 .015 0.032 -0.0004

The differences o f the  calculated and m easured absorption rates were cal­
culated as follows :

(R)s — RA = —^ -----100
R

(31)

The calculated À values are to  be found in Table 7.
The A values for M ' =  0.9 and for lower gas feed rates are relatively high, 

however, even in th is cases they  are w ithin lim its of errors generally accepted in 
literature th a t deals w ith absorption.
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Table 6.
C alcu lated  abso rp tio n  r a te  va lues

102 b 'a
(mole m- 2 s -1)

T
(°C)

M' ==0.9 лг== 1.0 зг==1.2 М'== 1 .4

102 (йл) , Ю2(Дв)з 102(äa)s 10<(Лв), 1 0 * (Я л ) , 102(Ïîb) s Ю2(Да) 5 10г(дв) .
(mole m-2  s -1 )

3 0 1 .4 9 4 2 .7 1 1 1 .5 3 8 2 .4 6 2 1 .6 1 8 1 .9 8 7 1 .4 0 5 1 .6 8 5
2 .6 6 7 3 5 1 .2 6 8 2 .7 2 8 1 .4 6 8 2 .4 5 3 1 .5 0 9 1 .9 8 1 1 .2 8 8 1 .6 7 5

4 0 0 .9 1 5 2 .3 7 3 1 .3 7 3 2 .2 4 5 1 .4 0 8 1 .9 7 1 1 .1 8 0 1 .6 6 2

3 0 2 .7 6 0 3 .8 0 8 2 .7 7 1 3 . 4 8 4 2 .6 9 5 2 .8 4 2 2 .3 9 9 2 .7 3 5
3 .6 5 0 3 5 2 .6 6 7 3 .8 1 6 2 .6 7 2 3 .4 7 8 2 .5 9 9 2 .8 4 6 2 .3 2 7 2 .7 1 1

4 0 1 .4 8 3 2 .5 9 8 2 .5 6 1 3 .1 8 4 2 .4 8 4 2 .8 3 8 2 .4 1 2 2 . 4 3 0

3 0 3 .3 7 8 4 .6 0 6 3 .3 7 1 4 .1 8 2 3 .4 3 8 3 .5 3 7 2 .9 7 5 3 .3 9 0
4 .4 3 0 3 5 3 .2 7 2 4 .6 0 9 3 .2 6 0 4 .1 7 7 3 .3 2 6 3 .5 3 4 2 .7 4 9 3 . 1 8 5

4 0 2 .5 0 5 3 .6 5 5 3 .1 3 1 3 .8 3 1 3 .9 1 4 3 .5 2 7 2 .5 7 0 2 .7 1 2

3 0 4 .1 9 2 5 .7 1 3 4 .1 6 5 5 .1 4 8 4 .3 3 3 4 .4 1 5 3 .7 6 1 4 . 5 0 4
5 .8 6 8 3 5 4 .0 7 0 5 .7 2 5 4 .0 5 6 5 .1 5 8 4 .1 8 2 4 .4 1 1 3 .7 5 9 4 .5 4 8

4 0 3 .0 2 9 4 .6 8 0 3 .8 9 0 4 .7 3 4 4 .0 2 2 4 .3 9 7 3 .5 4 8 4 .3 4 5

3 0 4 .3 8 6 5 .9 7 7 4 .5 5 8 5 .6 4 9 4 .8 6 3 4 .9 8 4 4 .8 4 3 5 .6 3 9
7 .2 9 0  . 3 5 4 .2 5 8 5 .9 9 3 4 .4 3 5 5 .6 7 8 4 .7 0 8 4 .9 7 6 4 .4 3 2 5 . 2 2 4

4 0 2 .8 5 0 4 .5 9 3 4 .2 5 0 5 .2 0 4 4 .5 3 6 4 .9 6 9 4 .1 7 7 4 .9 9 3

3 0 4 .4 5 8 6 .0 1 3 4 .6 1 2 5 .8 2 3 5 .0 5 6 5 .1 7 2 4 .9 8 4 5 .1 7 6

8 .9 3 5 3 5 4 .3 2 2 6 .0 0 7 4 .5 3 8 5 .7 9 2 4 .9 0 5 5 .1 7 7 4 .6 1 2 5 .1 2 9

4 0 3 .3 7 5 5 .1 4 7 4 .3 2 9 5 .4 1 8 4 .7 2 8 5 .1 6 7 4 .4 9 1 5 .2 6 8

The data of Table 7 show the applicability of the  given model for the descrip­
tion of absorption accompained with chemical reaction in equipment of known 
transfer surface. In  addition, the acceptability o f qualitative conclusions taken  
during the determ ination of the suitable values for operational param eters can 
be found. Following from definitions of conversion and yield :

B A= B AX + B klcA ( 3 2 )

11b =  B a(2X — H)  +  jBkicb

From Eq. (32) and (33):

BAH =  2Ka — R b +  Bki(cB — 2ca)

( 3 3 |

( 3 4 )

Eq. (34) is naturally  also valid for the replacem ent of the calculated absor- 
tion rate  values. Regarding the similar changes of the  calculated and m easured 
absorption rates against the operational param aters, and the equality  of 
i ? k j ( c B — 2 ca ) both for the calculation of B'AH  and (B ’A11)S, the calculated and 
measured quantities of ethylene dichloride also vary  similarly.

o*
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Table 7.
Л values calculated from Eq. (31)

102 B a

(m o le  m - 2 s -1 )
T

(°0)

M  == 0.9 M ' = = 1.0 M ' = = 1.2 M ' = = 1.4

Л л Лв Л к 4в Л л ^B Л л Лв

(%)

3 0 2 8 . 5 l i . i 2 4 . 3 3 . 6 22.1 - 6 . 3 4 . 4 - 1 0 . 8

2 . 6 6 7 3 5 3 0 . 6 2 6 . 9 3 0 . 7 12.1 2 5 .8 - 0 . 9 3 . 7 - 6 . 3

4 0 2 2 . 7 3 2 . 8 2 9 . 3 2 2 . 7 2 6 . 4 3 . 8 2 . 3 - 3 . 5

3 0 2 5 . 1 8.6 1 8 . 0 - 2 . 7 1 5 .0 - 7 . 0 5 . 2 3 .7

3 . 6 5 0 3 5 3 8 . 9 2 4 . 4 20.8 3 . 2 12.1 - 5 . 8 4 . 8 2 . 9

4 0 3 0 . 4 1 8 .6 2 5 . 1 0 . 5 1 5 .9 - 1 . 9 1 3 . 4 - 5 . 9

3 0 1 7 . 4 3 . 8 1 3 . 2 - 5 . 7 1 8 .8 - 5 . 0 1 1 .3 4 .7

4 . 4 3 0 3 5 3 4 . 2 2 1 . 5 1 0 . 9 - 3 . 9 1 8 .4 - 2 . 4 1 2 . 4 5 .8

4 0 2 8 . 2 1 3 .3 20.2 - 5 . 3 1 7 .9 - 1 . 8 1 5 . 6 - 2 . 7

3 0 2 8 . 8 1 5 .6 8 . 9 - 7 . 5 1 1 .4 - 9 . 1 6 . 7 5 .2

5 . 8 6 8 3 5 4 8 . 3 3 6 . 3 1 0 . 5 - 3 . 9 1 3 .3 - 7 , 0 8.6 6 .3

4 0 3 8 . 2 3 1 . 9 1 8 . 9 - 4 . 2 1 6 .4 - 7 . 4 1 0 . 3 7 .5

3 0 2 9 . 9 1 8 .2 1 6 . 3 - 1 . 2 1 8 .5 - 5 . 0 1 2 . 4 6 .9

7 . 2 9 0 3 5 4 8 . 0 3 8 . 0 1 7 . 1 3 . 4 2 0 . 4 - 3 . 3 1 5 . 1 8.0
4 0 2 8 . 5 2 9 . 3 1 9 . 9 - 2 . 0 2 6 .3 1.8 1 0 . 7 3 .8

3 0 2 7 . 6 1 5 . 4 1 2 . 5 - 2 . 3 1 9 .1 - 5 . 9 8.6 - 2 . 7

8 . 9 3 5 3 5 4 4 . 3 3 3 . 5 1 5 . 6 - 2 . 1 2 0 . 4 - 3 . 1 1 3 .1 - 0 . 5

4 0 4 3 . 9 3 9 . 1 1 8 . 5 - 0 . 7 2 2 . 4 - 0 . 2 12.0 3 . 2
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SYMBOLS

coefficients; E q . (30);
gas feed ra te  re la tin g  to  the surface u n it, m ole m-2 s-1; 
concentra tion  in  th e  bulk of the  liqu id , m ole m -3; 
concen tra tion  in th e  bulk  of the  gas, m ole m -3; 
surface concen tra tion  in the  liquid phase, mole m -3 ;
concentra tion  in  th e  boundary  film  form ed along the gas-liquid co n tac t surface, 
mole m -3 ; 
diffusivity , m 2s-1 ;

/y ie ld , %
\H e o t y ’ con stan t, m ole m -3 a t-1 ;

H ' =  H R T  reduced  H e n r y ’ c o n s ta n t;
К  selectivity, %;
k \  r a te  c o n s ta n t o f  ad d itio n , m 3 m ole-1 s-1 ;
k z  r a te  c o n s ta n t o f  su b s titu tio n , m 6 m o le -2 s-1 ;
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к liquid side m ass transfer coefficient, m  s-1 ;
k' gas side m ass transfer coefficient, m  s-1;
M ' ethylene-chlorine m olar ra tio  in gas phase, mole/mole ;
Я  fgas constant, m 3 a t  K ~l m ole-1 ;

(absorption ra te , mole m -2 s-1 ;
T  tem perature, °C and К  ;
X  conversion, %;
X  co-ordinate, m  ;
Y  see Eq. (21);
A difference o f calculated and  m easured values, %;
Л see Eq. (7);
to see Eq. (8) ;

Indices

A  ethylene
В chlorine
ki o u tp u t value
s calculated value

Other signs

value relating to  the gas phase 
m ean value
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РЕЗЮМЕ

В известной на основе литературных данных установке с постоянной поверхностью сопри­
косновения газа и жидкости, была исследована абсорбция, сопровождаемая химической 
реакцией, образованием 1,2-дихлор-этана, являющейся в данном случае модельной реакцией. 
Были установлены те значения параметров процесса, при которых в данной установке может 
быть получено наибольшее количество 1,2-дихлор-этана. Эти данные представляют собой 
основу для разработки программы проведения серии экспериментов, целью которых является 
исследование ротационного плёночного аппарата, взятого в качестве реактора.

Для описания исследуемой системы и для количественной оценки условий процесса пере­
дачи компонентов, была разработана одномерная диффузионная модель. На основе этой 
модели было установлено, что в данной установке как со стороны газа, так и со стороны 
жидкости имеются сопротивления, препятствующие массопередаче, и величины этих сопро­
тивлений сравнимы.
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The applicability  o f ro ta ry  film  equipm ent as  a  reacto r to  ca rry  ou t 
chem ical reaction accom panied by gas-liquid m ass transfer was inves­
tiga ted . Values o f operational param eters to  produce as m uch ethylene 
dichloride as possible in the given equipm ent were determ ined. On the  
basis o f  experim ental da ta , ro ta ry  film equipm ent was com pared w ith 
o ther laboratory  equipm ent and  th e  advantages of ro ta ry  film  equip­
m en t to  carry  ou t the given m odel reaction were proved.

The application of th e  earlier developed m athem atical m odel was 
investigated to  describe processes tak ing  place in ro tary  film  equipm ent. 
Sem iem pirical correlations were given using the  values calculated  by 
th e  m odel. By these correlations, th e  yield characterizing th e  operation 
o f ro ta ry  film  equipm ent as a reacto r can be calculated in  th e  know ­
ledge o f gas feed rate , peripheral speed o f the  blade and  reaction  
tem peratu re .

1. Introduction

Rotary film equipm ent ensuring relatively short mean liquid residence tim e can 
usually be applied to  carry out reactions having a high enough reaction ra te  in 
order to reach the desired conversion for residence time of second m agnitude. 
However, the  residence tim e can be regulated within certain limits, changing 
the lenght and form of the reactor and type  of rotor, and in order to  increase the 
extent of conversion, partial recirculation can also be applied.

An im portant condition to  apply film equipm ent as a reactor is to  construct 
separated reaction zones on the heated surface of evaporator. This construction 
makes it possible to  heat or cool the different zones of the reactor in a different 
manner, if reactions with considerable heat effects are realized. A t the same 
time, during the  construction of film reactors, the requirements th a t  originate 
from the changed purpose have to  be taken into consideration.

W ith regard to  the reactions th a t can be realized in ro tary  film equipm ent 
reference is m ade to  [1].
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Surveying the num erous references to  be found in literature, it can be seen 
th a t  the  investigation o f th e  reactions realized in a film reactor [2—5] is in a 
relatively  initial state. F o r th is reason, the  aim was to  invastigate the conditons 
form ed in rotary film equipm ent in the  case of a  model reaction of industrial 
and  theoretical im portance, viz. ethylene dichloride formation.

2. Experim ental Assembly and Technique

The experiments were carried out in laboratory scale ro tary  film equipment of
0.05 m 2 active surface. The reactor itself was a cylinder of 50.7 mm inner dia­
m eter and 0.413 m length, and equipped on both sides w ith stubs for therm o­
m eters and feeding. The cylinder was covered w ith a cooling jacket.

Based on earlier experim ental data, the gas and liquid phases flowed con­
curren tly  through the  reactor. The ro tor consisted of 5 segments with 4 narrow­
ing plates of 50.4 mm and  was equipped with wiping blades.

The experimental assem bly was described in Ref. [2].
F o r the  given experim ental assembly, in the case of the  given model reaction, 

th e  transfer and hydrodynam ical conditions within the reactor are influenced by 
th e  following param eters :

1. tem perature of reaction;
2. peripheral speed o f the  blades;
3. quantity  of the solvent fed in tim e un it;
4. quality and concentration of the catalyst in the  solvent ;
5. ethylene feed ra te ;
6. ethylene-chlorine m olar ratio.

The tem perature o f th e  reaction was m aintained a t a  constant value, viz. 
30 °C on the basis of experim ents carried out in equipm ent of known transfer 
surface [6], because the  aim  was prim arily to  study  the  effects of those param e­
ters characterizing the  operation of ro ta ry  film equipm ent.

The peripheral speed o f the  blades varied from  0.99 to  5.83 m s-1. For the 
given rotary  film equipm ent this peripheral speed corresponds to  r.p.m . values 
of 370 and 2,200 respectively. The lower value is the  smallest one necessary to 
form an uniform liquid film, while the  upper one is the highest possible r.p.m . 
th a t  can be applied because of construction reasons.

The feed rate of the  solvent was approxim ately constant. The peripheral 
liquid load varied from  6.49-10~3 to  6.59-10~3 kg m _1s_1.

As a  catalyst, 0.1% FeCl3 previously dissolved in ethylene dichloride was used 
in  accordance w ith th e  results of kinetical investigations. The quantity  of 
ethylene fed in un it tim e varied from  3.766-10-2 to  11.434-10“2 mole m~2 s-1 
relating to the active surface of film equipm ent, p a rtly  on the basis of the re­
sults described in [6], and  partly  th a t of prelim inary experiments.

The ethylene-chlorine m olar ratio in the  gas m ixture varied between 0.9 —1.1.
During the realization o f the given model the  reaction volume of liquid 

being present in the  equipm ent a t a  given m om ent—per definition of the hold 
u p —can be regarded as the  active volume of the ro tary  film equipment. For 
th is reason, prior to  th e  actual experimental activity , the  hold up values were 
determ ined and from  these, the values of mean residence tim e at different pe­
ripheral liquid loads were calculated (Table 1 ) .
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Table 1.

Measured bolp up and mean residence tim e values for 
ethylene dichloride in rotary film equipment of 0.05 m2 

active surface

10» в
(m3 m-2s-1)

103 г
(kg m-1s-1)

V
(ms-1)

10« V
(ill3)

t
(8)

1.08 7.3 8.9
1.83 7.6 9.3
2.67 7.8 9.5

1.634 6.444 3.67 8.3 10.2
4.75 8.7 10.6
5.83 8.9 10.9

1.08 7.7 8.1
1.83 8.0 8.5
2.67 8.4 8.9

1.890 7.454 3.67 8.9 9.4
4.75 9.3 9.8
5.83 9.6 10.2

1.08 7.8 7.4
1.83 8.2 7.8

2.100 8.282 2.67 8.6 8.2
3.67 9.1 9.7
4.75 9.6 9.1
5.83 10.0 9.5

The experiments were carried out as follows : after setting suitable values of 
param eters we waited 20 m inutes until the steady-state operation was reached 
and then measurements were made for 5 minutes. Three parallel experiments 
were carried out a t every set of param eters.

3. Experimental Results

Using the data  of the experiments in rotary film equipm ent, the conversion, 
yield and selectivity values were calculated for ethylene as the basic component 
in a m anner given in [0]. In  Table 2, the values m easured a t some ethylene feed 
rates and peripheral speeds of the blades in the case of equimolar gas m ixture 
feeding are summarized.

I f  the effect of the different operational param eters are investigated, the 
following conclusions can be drawn : increased peripheral speed for all investi­
gated molar ratios and for all feed rates increases the quan tity  of formed ethy­
lene dichloride; obviously this is connected with increased intensity of gas- 
liquid mass transfer ( Fig. 1. and 2).

The am ount of formed ethylene dichloride also increases with the increased 
gas feed rate  in all initial gas compositions ( Fig. 3).
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Table 2.

Data of experiments carried ovit in rotary film equipment 
M '= 1.0 mole/mole

102 JBa V X К H
(mole in-2  s _1) (m s -1 ) (%) (%) (%)

1 .5 9 4 3 .4 9 3 .1 4 0 .4

4 .5 3 4
3 .1 4 4 8 .1 9 3 .2 4 4 .8

4 .S 3 5 2 .4 9 3 .1 4 8 .8

5 .9 1 5 3 .7 9 3 .3 5 0 .1

1 .5 8 4 2 .9 9 3 .1 3 9 .9

6 .4 0 0
3 .1 4 4 8 .2 9 3 .0 4 4 .8

4 .8 1 5 2 .8 9 3 .1 4 9 .2

5 .8 2 5 4 .3 9 3 .2 5 0 .6

1 .5 8 3 6 .3 9 2 .9 3 3 .7

9 .0 3 4
3 .1 8 4 0 .6 9 2 .9 3 7 .7

4 .8 5 4 2 .6 9 3 .1 3 8 .7

5 .8 4 4 3 .2 9 3 .1 4 0 .2

1 .5 6 3 1 .8 9 2 .1 2 9 .3

1 1 .4 3 4
3 .1 8 3 2 .7 9 2 .7 3 0 .3

4 .7 5 3 4 .3 9 2 .8 3 1 .8

5 .8 2 3 5 .0 9 2 .9 3 2 .5

iiÿa:
1 11.117

1— I— I— .--------- ,— I— ,—
1 2  3 4 5 6

V (m s1)
Fig. 1.

Q u a n tity  of form ed ethy lene dichloride as 
p lo tted  against the  peripheral speed of 

blades I.

Fig. 2.
Q uan tity  o f form ed ethylene dichloride as 

p lo tted  against th e  peripheral speed of 
blades I I .

However, the quan tity  of ethylene dichloride slightly changes with increased 
ethylene-chlorine m olar ratio  (F ig. 4).

Following from the above mentioned, the gas mixture fed to  reactor must be 
equim olar or so. This sta tem ent is in contradiction, e.g. w ith th a t  described by
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102 В (mole rf? ff!)
1 13.511 128СЮ 12.218
2 16.961 16068 15-338
3 19-072 18.068 17.247

Fig. 3.
Q uan tity  o f form ed ethylene dichloride as 

p lo tted  against the  ethylene feed ra te

Fig. 4.
Q uantity  o f form ed ethylene 
dichloride as p lo tted  against 
ethylene-chlorine m olar ratio

Galitzenstein  [8], who aimed to  make a complete absorption of ethylene and 
thus the  conversion by ensuring chlorine excess in the gas m ixture. However, 
in a ro tary  film reactor having more favourable transfer conditions, compared 
to  equipm ent ensuring less intensive contact, even absorption of ethylene is 
more intensive and so it  is less affected by the chlorine excess.

Following from B'A-H  vs. v curves the most favourable value for the  perip­
heral speed of blades is 5.83 m s“1 corresponding to  37 r.p.m.

During the selection of the appropriate value of the gas load, there is insuffi­
cient to  study the changes of B'A-H  against B ’. In  Fig. 5, the value of the  yield 
decreases with the increased gas feed rate. Comparing Fig. 3 and 5 the suitable

Fig. 5.
The yield as p lo tted  against ethylene feed ra te

value of B' in the given equipment is approxim ately 14-10~2 mole m~2 s-1, 
because a t this value the amount of ethylene dichloride still increases w ith the 
increased B' and even the value of the  yield is also acceptable.
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W ith  the above values of the operational param eters, the conversion of 
ethylene is 50% while the  yield is 45%. The produced m ixture of the products 
contains 92.5% ethylene dichloride and 7.5% ethylene trichloride. These data  
refer to  the favourable applicability of the  ro tary  film equipm ent to  realize the 
given model reaction, despite the  short residence tim e of the  phases. This fact 
becomes even more evident on the  basis of Table 3, where the data  published in

Table 3.

Comparison of different laboratory reactors in the case of a given model reaction

Type of 
equipment

Volume
(m»)

Ethylene feed T
(°C)

X
(%)

Refe­
rence Note

(mole s -1) (mole in-3 s _1)

Cont. stirred 
tank

3.50.10-4* 0.136.10-3
0.542-10-3

0.389
1.549

32 73.5
45.4 [9] in presence 

of light

Cont. stirred 
tank

1.10-10-4* 0.878.10-3
1.438.10-3

7.981
13.072

55 39.0
33.7

[10] in presence 
of light

Bubble
column

1.88.10-4* 0.416-10-3
1.210.10-3

2.212
6.436

55 41.9
35.4 [П]

in presence 
of light

R o tary  film 6.34.10-4** 2.633.10-3 4.153 52.7 in darkness,
equipment 9.5.10-6* 4.517.10-3 7.125 30 43.2 0.1% FeCla

5.717-10-3 9.017 38.2

* volume of liquid phase 
** actual volume of equipment

different papers for laboratory  equipm ent and some conversion values measur­
ed  by  us a t the highest investigated peripheral speed of the blades are summa­
rized. The fed gas m ixture was always equimolar.

For continuous stirred  tan k  reactor and bubble column, the volume of the 
liquid phase was regarded as the basis of com parison—for both types of 
equipm ent it is approxim ately equal to  70—80% of the to ta l volume of the 
equ ipm ent—while for ro ta ry  film equipment, the actual volume calculated 
from  the geometrical sizes o f the  equipm ent was taken  as the basis of compari­
son. As it can he seen th is volume is equal only to  1.5% for the to ta l equipment 
volume.

The higher ethylene feed rate  values relating to  the un it of volume and the 
higher conversions in  ro ta ry  film  equipm ent a t similar feed rates unambigously 
prove the advantages of the  la tte r equipm ent.

4. Evaluation of Experimental Results

F or the series of experim ents carried out in ro tary  film equipment, quantities of 
dissolved, but unreacted gases in a liquid phase leaving the reactor were deter­
m ined in some cases. The concentration of dissolved unreacted ethylene varied 
from  4 to 8 mole m~3, while th a t  of chlorine from  10 to  15 mole m -3. In  the
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knowledge of above values, we could calculate the values of RA • a and _йв-а in 
the ro tary  film equipment. However, in order to study the applicability of the 
model described in [6] for ro tary  film equipment, we would also know directly 
the R a and E B values.

As it is known, in ro tary  film equipm ent the gas-liquid contact surface chang­
es depending on the values of the operational param eters and in m ost cases 
can be determined only with difficulty. For ro tary  film equipm ent having ro ­
tors with wiping blades, K o v á c s  [1 2 ] determined the surface w ith a sulphite 
oxidation method, and by the data  for peripheral liquid loads and peripheral 
speed of blades applied in our experiments, the actual gas-liquid contact sur­
face is 1.08 — 1.12 times greater compared to  the active geometrical surface of 
the equipment. The relatively low factor can be a ttribu ted  to  the surface de­
creasing effect of the bow wave formed by a ro tor with wiping blades.

In  accordance w ith the above value and taking into account the hold up 
values summarized in Table 1 for the studied ro tary  film equipm ent the value 
of a varies from 5.5 X 10-3 to 7.3 X 10~3 m 2 m~3. The absorption rates determ ined 
by  these a values are shown in Table 4.

Table 4.
Absorption rates measured in rotary film equipment

102 ß'A
(mole m_2s _1)

V
(m s - i )

M ' =-0.9 J / ' ==1.0 ЛГ = 1.1

10 ' Ï a 102 Лв 102 jsA 102 f íB 102 Лд 102 Лв

(mole m -2 s-1)

3 .7 6 6 2 .1 5 8 2 .3 0 1

4 .5 3 4 2 .4 3 4 2 .5 9 8

5 .2 6 6 2 .6 9 1 2 .8 9 1 2 .7 7 5 2 .9 5 9 2 .5 1 7 2 .6 6 5

6 .4 0 0 5 .8 5 3 .5 2 0 3 .7 8 4 3 .4 7 5 3 .7 1 2 3 .1 8 7 3 .3 8 6
6 .0 3 4 3 .6 6 3 3 .9 4 5 3 .6 1 5 3 .8 6 4 3 .5 0 3 3 .7 3 6

9 .0 3 4 4 .0 7 4 4 .3 9 1 3 .9 0 2 4 .1 7 3 4 .0 4 7 4 .3 1 8

1 0 .3 3 4 3 .9 4 7 4 .2 2 7

1 1 .4 3 4 4 .0 0 2 4 .2 8 8

2 .1 7 2 .4 5 8 2 .6 4 3 3 .0 6 9 3 .2 8 6 3 .0 4 5 3 . 2 5 4

3 .1 7 3 .1 8 9 3 .3 9 0 3 .2 4 6 3 .4 7 1 3 .1 4 1 3 .3 5 0

8 .0 3 4 4 .0 0 3 .4 2 2 3 .6 5 5 3 .3 9 0 3 .6 1 5 3 .2 6 2 3 .4 7 9

4 .8 3 3 .5 3 5 3 .8 0 0 3 .4 5 4 3 .6 8 8 3 .4 3 1 3 .6 5 5

Following from  the  consideration relating to the operation of ro tary  film 
equipment as a reactor, the film model of [6] cannot be applied to  describe the 
transfer process in ro tary  film equipm ent in an analogous m anner as in equip­
m ent of known mass transfer surface, because in the former equipm ent the 
concentration not only changes in an x  direction, being perpendicular to  the  
gas-liquid contact surface, bu t also along the  longitudinal axis of the equipm ent 
(y co-ordinate).

The mean values of the ethylene and chlorine concentrations, necessary to  
calculate the mass transfer coefficients, were determined using the results o f the 
kinetical investigations [7] and definitions of conversions and yields [6]. Express­
ing the quantities of ethylene dichloride and ethylene trichloride formed in a
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un it of time, in the basis o f above mentioned, the  following equations are gain­
ed:

B AF H  —V kic \ca (1)

B ’A F ( X - H )  =  V k 2c A c B  ( 2 )

The component transfer coefficients were determ ined according to model [6] 
using cA and cB values calculated on the basis of Eq. (1) and (2) (Tables 5 and 6).

Table 5.

Liquid side component transfer coefficients calculated for rotary film equipment

M '= =0.9 M '= =1.0 M ' = 1.1
102 B a _ _

(mole in-2 s-1) (m  s _1) 103 *A IO2 *B 103 ÍA 103 д.в 103 A-a 103 къ

(m s -1 )

3 .7 6 6 2 .0 5 2 .2 5

4 .5 3 4 2 .8 6 3 .1 3

5 .2 6 6 4 .2 8 4 .6 9 4 .3 0 4 .7 1 4 .4 7 4 .9 0

6 .4 0 0 1 0 .8 8 1 2 .4 5 1 2 .4 1 1 3 .5 9 1 1 .3 0 1 2 .3 7

8 .0 3 4 5 .8 5 1 4 .0 0 1 5 .3 4 1 5 .6 8 1 7 .1 7 1 4 .1 0 1 5 .4 4

9 .0 3 4 1 6 .5 8 1 8 .1 6 1 7 .2 5 1 8 .8 9 1 6 .0 2 1 7 .5 2

1 0 .3 3 4 1 9 .7 6 2 1 .6 4

1 1 .4 3 4 2 0 .1 3 2 2 .0 3

2 .1 7 8 .1 7 8 .9 4 8 .4 3 9 .2 3 8 .7 3 9 .5 6

8 .0 3 4
3 .1 7 8 .8 9 9 .7 4 9 .6 9 1 0 .6 2 9 .5 8 1 0 .4 9

4 .0 0 1 1 .8 9 1 3 .0 3 1 2 .7 6 1 3 .9 7 1 2 .5 8 1 3 .7 7

4 .8 3 1 3 .0 7 1 4 .3 2 1 4 .6 4 1 6 .0 3 1 3 .3 0 1 4 .5 7

T a b l e  6 .

Gas side component transfer coefficients calculated fc»* rotary film
equipment

IO2 B a
(mole m-2 s-1)

V
(m s -1 )

0.9 1.0 1.1

103 £b (m s-i)

3 . 7 6 6 1 1 .4 9

4 . 5 3 4 1 2 .2 9

5 .2 6 6 1 5 .4 1 1 4 .5 1 1 3 .3 7

6 .4 0 0 5 .8 5 2 0 .9 5 2 1 .6 0 1 8 .1 7

8 .0 3 4 2 2 .9 6 2 3 .0 5 2 1 .4 8

9 .0 3 4 2 7 .1 4 2 7 .6 9 2 6 .0 9
1 0 .3 3 4 3 1 .5 6

1 1 .4 3 4 3 3 .6 7

2 .1 7 1 2 .6 3 1 3 .7 9 1 3 .4 5

8 .0 3 4
3 .1 7 1 5 .1 2 1 5 .6 0 1 6 .0 4
4 .0 0 1 7 .5 6 1 8 .0 4 1 7 .0 9

4 .8 3 1 9 .7 3 2 0 .4 9 2 0 .0 4
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From  these Tables becomes evident th a t :
a)  both the liquid and gas side component transfer coefficients can be regard­

ed as indipendent of the gas phase composition.
b) The component transfer coefficients increase with the  gas load and peri­

pheral speed of blades.
c) The liquid side component transfer coefficient of the  chlorine generally is 

higher by 10% compared to the value calculated for ethylene.
d)  I f  the gas and liquid side coefficients are compered it can be seen th a t in 

ro ta ry  film equipment the gas side component transfer coefficients are 1.5 —5.6 
higher compared to  the liquid side ones. This means the  existence of both 
liquid and gas side resistances against the mass transfer, however, the liquid 
side resistance is more considerable.

The comparison of component transfer coefficients determ ined in equipm ent 
of known transfer surface [6] and for ro tary  film equipm ent a t approxim ately 
sim ilar gas loads (Tables 5 and 6)  shows th a t in ro tary  film  equipm ent the 
adequate liquid side coefficients are 1.2—3 times higher, while the adequate gas 
side coefficients are 5 — 10 times higher. This means th a t in ro tary  film equipm ent 
the intensity of the  mass transfer partly  increases as a consequence of decreased 
liquid side resistance, and prim arily as a consequence of decreased gas side 
resistance.

The following empirical correlation can be given for the  component transfer 
coefficients summarized in Tables 5 and 6, for the gas load and peripheral speed 
of blades :

k = (AlB's + A2B'2+A4)v°-^ (3)

Coefficients of Eq. (3) are summarized in Table 7.

Table 7.
Coefficients of Eq. (3).

Transfer
coefficient A t Дг Дз Ai

-1 .9 4 7 0.639 -0 .0 0 4 -0 .0 0 2
к в -2 .0 0 9 0.637 0.005 -0 .0 0 3
r B 1.357 0.580 0.136 -0 .0 0 4

The changes of component transfer coefficients calculated from Eq. (3) 
against the peripheral speed of the blades and the gas load are shown on Fig. 
6 —9. Both the liquid and gas side component transfer coefficients are increased 
with the  increased peripheral speed of the blades a t a given constant gas load 
( Fig. 6 and 7) so the rotary film equipm ent really m ust be operated a t the high­
est peripheral speed th a t can be ensured by the given construction.

An increase in the gas feed rate, as a consequence of the increased turbulency 
of gas phase, also increases the values of the component transfer coefficients 
( Fig. 8 and 9).

I t becomes evident from the above m entioned th a t for the  studied ro tary  film 
equipm ent in the case a given model reaction, the peripheral speed of the blades
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Fig. 6 .
L iqu id  side m ass transfer coefficient for 

e thy lene as plo tted  aga inst peripheral 
speed of blades

Fig. 7.
Gas side com ponent transfer coefficient 

as p lo tted  against peripheral speed of 
blades

Fig. 8 .
L iqu id  side com ponent tran sfe r  coeffi­

c ien t for ethylene as p lo tted  against the  
gas load

K̂ B (mole rri2s')
Fig. 9.

Gas side com ponent transfer coefficient 
as p lo tted  against gas load

and  the  gas feed rate  are the  two operational param eters th a t  prim arily have an 
effect on the mass transfer conditions. For this reason it would be expedient for 
even the driving force of mass transfer to  be expressed as a  function of these 
param eters. In  this m anner, the transfer process would be described by semi- 
empirical correlations, however, this fact is not in contradiction with the pu r­
pose of our activity. We did not consider it our task to  elaborate a completely 
exact model — in our opinion it would be very difficult as a consequence of the
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complexity of the given system and the m athematical problems originated from 
the com plexity—b u t we aimed to  give correlations so th a t the  transfer pa ra ­
meters can be calculated w ith sufficient accuracy.

The mean gas concentrations in a liquid phase th a t are calculated by Eq. (1) 
and (2) can be given by the following empirical correlations:

GA=voa5(A iB 'i + A 3 )H'ÍLc’A  (4)

and:

cB = v0 0 b(E iB ' + E î )H bc'b (6 )

Coefficients of Eq. (4) and (5) are to  be found in Table 8.

Table 8.

Coefficients of Eq. (4) and (5)

Ax -10.398
A 2 4.386
A 3 0.365

Ei 0 . 2 2 2

E 2 0.803

The driving force of the mass transfer follows from Eq. (4) and (5) :

Ac к = Я1са[1 -  u°05(diB'2 = A ï e ’ + d 3)] (6)

Acb — H bCb[1 — v0 M ( E iB '+ E î)\ (7)

On the basis of Eq. (3) and (6) —(7) the absorption ra te  can soon be calculated 
in the knowledge of the reaction tem perature gas feed rate, and peripherical 
speed of the blades, and using the absorption r a te —assuming the quan tity  of 
dissolved bu t uncreated gases a t the outlet point of reactor to  be negligibile — 
the  yield from the

В аЯ  =  2Дд — В в  (8)

correlation gained by the modification of Eq. (34) in [6]. Differences between the 
calculated and measured yield values were calculated as follows :

H s - H
A = — -----100 (9)

The results summarized in Table 9 show th a t the yield values can be given by 
the applied semiempirical correlations with very good accuracy. The appli­
cability of these correlations seems to  be possible even for planning, however, it 
must be verified by informative measurements carried out in film equipm ent of 
a larger size.

7
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T ab le  9.

Calculated absorption rate  and yield values in rotary film equipment

102 Ял V 10« (fiA) , 102 11. A
(mole m“ 2s -1) (m  s x)

(mole m-*2s -1 ) (.%) <%)

2 .1 7 1 .3 9 0 1 .4 1 7 3 6 .2 - 2 2 . 6

3 .7 6 6
4 .0 0 1 .7 9 5 1 .8 6 5 4 5 .8 - 9 . 3

4 .8 3 1 .8 8 4 1 .9 8 7 4 7 .3 - 8 . 9

5 .8 3 1 .9 8 6 2 .0 8 7 5 0 .1 - 6 . 4

2 .1 7 1 .8 4 2 2 .0 5 5 3 5 .9 - 1 5 . 9

4 .0 0 2 .3 8 1 2 .6 2 2 4 7 .2 - 6 . 4
4 .5 3 4

4 .8 3 2 .4 2 6 2 .6 4 4 4 8 .7 - 0 . 2

5 .8 3 2 .5 3 4 2 .8 1 2 4 9 .8 - 0 . 6

2 .1 7 2 .3 9 6 2 .4 5 1 4 4 .5 5 .2

4 .0 0 2 .8 2 5 3 .0 7 1 4 8 .9 3 .8

5 .2 6 6 4 .8 3 2 .9 0 7 3 .2 2 3 4 9 .2 2 .3

5 .8 3 2 .9 9 3 3 .5 6 6 4 9 .7 1 .0

2 .1 7 2 .7 9 1 2 .9 4 2 4 1 .2 - 0 . 7

4 .0 0 3 .2 9 8 3 .4 9 2 4 8 .5 3 .0
6 .4 0 0

4 .8 3 3 .4 1 3 3 .7 1 6 4 8 .6 - 1 . 2

5 .8 3 3 .5 2 7 3 .9 6 3 4 8 .3 - 4 . 5

2 .1 7 2 .9 1 6 3 .1 6 5 3 3 .2 - 5 . 7

4 .0 0 3 .4 8 4 3 .9 3 5 3 7 .8 - 4 . 1
8 .0 3 4

4 .8 3 3 .6 2 7 4 .0 4 8 3 9 .9 - 0 . 5

5 .8 3 3 .7 1 5 4 .0 6 9 4 1 .8 - 0 . 2

2 .1 7 3 .1 7 8 3 .2 8 4 3 4 .0 - 3 . 4

4 .0 0 3 .5 2 0 3 .7 6 1 3 6 .3 - 7 . 6
9 .0 3 4

4 .8 3 3 .6 4 1 3 .8 4 9 3 8 .0 - 4 . 3

5 .8 3 3 .8 3 7 4 .1 1 5 3 9 .4 - 2 . 0 s

2 .1 7 3 .3 7 2 3 .4 2 7 3 2 .1 - 4 . 2

4 .0 0 3 .6 2 3 3 .8 3 6 3 3 .0 - 4 . 9

1 0 .3 3 4 4 .8 3 3 .7 1 0 3 .9 8 9 3 3 .2 - 4 . 3

5 .8 3 4 .0 3 9 4 .6 2 7 3 3 .4 — 5 .9

2 .1 7 3 .4 8 4 3 .7 0 9 2 8 .5 - 4 . 0

4 .0 0 3 .6 9 0 4 .0 6 4 2 9 .0 — 6 .5
1 1 .4 3 4

4 .8 3 3 .7 8 3 4 .1 7 0 2 9 .7 - 6 . 6

5 .8 3 4 .1 6 5 4 .8 7 7 3 0 .2 - 7 . 1
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SYMBOLS

A i — A 4 coefficients;
a specific transfer surface, m 2 m -3;
В  liquid feed ra te , m 3 m - 2  s_1  ;
B ' gas feed ra te  relating  to  surface un it, mole m - 2  s_1;
c concentration in the  bulk of liquid, mole m ~ 3 ;
c' concentration  in the bulk  of gas, mole m -3;
Ac driving force of transfer, mole m - 3  ;
E 1 —E 2 coefficients;
F  surface, m 2;
H  yield,
H ' reduced  H e n r y ’s c o n s ta n t;
К  selectivity, %;
kt ra te  constan t of addition, m 3 mole - 1  s_1;
кг ra te  constan t o f substitu tion , m 6 mole- 2  s-1;
к  liquid side com ponent transfer coefficient, m s-1 ;
k' gas side com ponent transfer coefficient, m s-1;
M ' ethylene-chorine m olar ratio  in gas phase, m ole/m ole;
R  absorption ra te , mole m - 2  s-1;
T  tem perature, °C or fC;
t m ean residence tim e, s;
V peripheral speed of blades, m  s-1;
V hold up, m 3;
X  conversion, %;
X ,  у  co-ordinates, m ;

Greek letters

Г  peripheral liquid load, kg m _ 1  s_1;
A difference of calculated and m easured values, % ;

Indices

A  ethylene .
В chlorine
S calculated value

Other signs

value relating  to  the gas phase 
— mean value
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РЕЗЮМЕ

Авторами была изучена применимость ротационного плёночного аппарата, как реактора, 
в целях проведения химической реакции, сопровождаемой массопередачей в системе газ- 
жидкость. Были определены те значения параметров процесса, при которых в данной уста­
новке может быть получено максимально возможное количество дихлор-этана, в расчёте 
на единицу времени и единицу поверхности. На основе полученных экспериментальных дан­
ных было проделано сравнение ротационного плёночного аппарата с другими установками 
лабораторного размера, в результате чего оказалось, что плёночный аппарат обладает боль­
шими преимуществами с точки зрения проведения данной моделируемой реакции.

Исследовалась также применяемость разработанной ранее математической модели для 
описания процессов, происходящих в ротационной плёночной установке. С помощью при­
менения значений, рассчитанных на основе модели, авторами были определены полуэмпири- 
ческие зависимости, с помощью которых при известной скорости газоввода скорости лопатки 
по периметру и температуре реакции, можно рассчитать величину выхода, как величину, 
характеризующую работу плёночного ротационного аппарата, рассматриваемого в качестве 
реактора.
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STUDIES ON PARTICLE COATING. I. 
FILM-COATING OF UREA PARTICLES IN FLUIDIZED BED
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o f th e  H ungarian  Academ y of Sciences, Veszprém, H ungary)
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The flu idization-atom ization film -coating process, its  applications 
and results o f film -coating experim ents are presented. The effects 
o f various technological param eters upon th e  physical properties 
of the  coated  particles and the  quality  o f the film  form ed on the 
particles were studied. Spherical u rea and a water-insoluble film 
form ing p lastic resin were used as te s t m aterials. E xperim ents were 
carried o u t in  a  batch-operated labora to ry  scale fluidization apparatus 
equipped w ith  a  conical flow-m odifying insert.

Introduction

“Film-coating” is an operation in which solid particulate material (so-called 
core) is coated with appropriate agent(s) without altering the phase s ta te  
of the bulk of the solid particle (core). Coating can be commenced for a num ber 
of purposes by a vast range of technical chemistry processes.

For the purpose of the operation, particle coating can be film-coating 
and grain-size increasing coating (shaping). Theoretically, any process in 
which there is an intense movement of the particles with respect to each o ther 
and the wall of the apparatus can be used to  carry out the operation.

In  film-coating the so-called film-forming agents (cellulose derivatives, high 
molecular weight polyethylene glycols, acryl and m etacryl resins and th e ir 
copolymers, etc.) are applied as solutions (or melts) onto the particles by  an 
appropriate m anner (drying, freezing, and chemical reaction, etc.) to  form  
a solid film coating the particle.

The most obvious advantage of the film composition using the above 
mentioned resins is the application possibility of fast and easy-to-autom ate 
coating processes. I t  is a further advantage th a t by the selection of app ro ­
priate polymers the  properties of the film can be easily controlled. Film s 
covering a relatively wide range of dissolution rates can be obtained by sim ply 
changing the ratio  of two ingredients [1]. Harada and Fujita [2] while s tu d y ­
ing film-coating m aterials concluded th a t the  resistance of the coating m aterial
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against dissolution accounts for some 90% o f the  to tal resistance and so it 
becomes the dissolution ra te  controlling factor. The dissolution rate  is an 
im portant factor effecting the physical properties of the coated particles during 
use. Though the  above figure determined from  laboratory experiments m od­
elling the dissolution o f coated fertilizers m ay  appear somewhat exaggerated 
it  well dem onstrates the  importance of selecting the appropriate film forming 
agent. This basic fact should not be overlooked when film-formation is studied 
from  an operational po in t of view and the  optim um  conditions of film-coating 
are determined.

So far film-coating has primarily been used  in the pharm aceutical industry. 
Perhaps this is why, even today, the lite ra tu re  dealing with film-coating is 
pharm aceutically oriented. Apart from  th e  pharm aceutical industry, film ­
coating could be of in terest in the agricultural and food processing industry 
to  prepare fertilizers, pesticides, animal food grain and feed mixtures.

The aim of special coatings on medicines is to  protect the solid préparâtes 
(crystals, tablets, and  granules) from ex ternal damage, decrease the irritating 
effects upon oral adm inistration and ensure direct absorption by  the organism. 
A new form of adm inistering medicines is th a t  of microcapsules. Instead  
of raw  or coated tab le ts  of standard size th e  appropriate am ount of the gran­
ulated  medicine coated with one or several films is placed into a gelatine 
capsule. In  certain cases microcapsules are definitely advantageous as regards 
stability  and dosage [3].

In  order to  increase the  effective action tim e of fertilizers, they  are given 
a  th in  plastic coating [4] which, a t the sam e tim e, disposes of their unw anted 
hygroscopic properties. The advantages o f th e  retarded action fertilizers are 
as follows [2]:

— the availability ra te  of the fertilizer can be modified as required by  the 
given p lan t so th e  utilization ra te  o f the  fertilizer is considerably en­
hanced,

— component losses by drainage are decreased,
— the cost of fertilizing is decreased,
— the danger o f excessive fertilizer application and its accumulation is 

decreased,
— the harm ful effects caused by fertilizers washed into lakes and streams 

are decreased.
Controlled rates of release and decreased dermal toxicity are envisioned 

when pesticides applied onto inert supports are granulated and coated by th in  
films.

There is another possibility to be utilized both in the  pharm aceutical, 
pesticide or anim al feed industries, nam ely finely distributed m inute amounts 
of an active ingredient can be applied on to  the  surface of particulate (gran­
ulated) filler or support materials [5].

The aim of th in  protective coatings on grains is to kill the bacteria of diseases 
carried over on the  grains and thus control their spread, in fact, to  replace 
conventional steeping.

The characteristic steps of the processes used to carry out film-coating 
as an operation are as follows:

— intensive m otioning of the particles,
— the application of the coating m ateria l (and its conditions).
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According to  the forces called upon to  keep th e  particles in m otion there 
are processes using:

— mechanical energies and,
— the kinetic energies of flowing gases.

In  the la tte r case, gas has a double role since it  keeps the particles in m otion 
and increases the  rate  of film formation.

W ith regard to  coating the tumbling-layer (rolling-drum or rolling-plate) 
and the fluidization processes are im portant from  poin t of view the m echani­
cally and the  flowing gas agitated processes, respectively. There are a few 
references in literature mentioning the use of o ther processes for coating, 
b u t their significance is negligible.

According to  literature, the main advantages o f th e  fluidization-atomization 
process are as follows: simplicity, versatility, speed and homogeneous end 
product [2, 6]. The coating formed in a fluidized bed is more uniform th an  
th a t  formed in a tum bling layer [5]. I t  has been proved experimentally th a t  
the  quality of the coating formed is best when it is produced in a f  luidized bed 
(the degree of porosity is the lowest) [7].

W urster was the first to  describe the use of the  fluidization-atomization 
operation to  coat particles [8, 9]. Following his publications, there was a un i­
versal interest in the operation as shown by the num ber of patents and papers 
relating to coating by fluidization-atomization, th e  modification of his ap ­
paratus, the design of laboratory and pilot p lan t scale apparatuses for the  
same purpose and the production of film coated particles therein [1, 2, 6, 7, 
10-15].

Essentially, in fluidization-atomization film-coating, the particles to  be 
coated are fluidized by hot air and the film-coating m aterial in liquid form 
(solution or melt) is atomized into the bed, whereupon the coating liquid is 
uniformly distributed onto the surface of the in tensly  mixed particles, and 
due to the evaporation of the solvent (the freezing o f the  m elt or the completion 
o f the chemical reaction) a solid film, a pellicular layer is formed on the  p a r­
ticles.

There is a general consensus th a t the success of any film-coating operation 
ap art from the surface characteristics and the mechanical properties o f the  
particles (rigidity) is ensured by a specific m otion of the particles induced 
in a bed. This motion is envisaged as the ordered, uniform, vertical recirculation 
o f the particles in a fluidized bed. This vertical forced convection is controlled 
by  the design of the section in which the coating takes place and the optional 
application of a flow modifying insert. I t  can also be brought about by the  
division of the air distributing support plate into tw o concentric annuli and  
applying a higher air flow rate  to  the outer annulus forcing the particles into 
a  circulating motion [2, 0].

The conical insert of the  GLATT film-coating apparatus serves the  sam e 
purpose [7]. The high velocity air rising a t the perim eter of the distributing 
plate lifts the particles until, due to  the loss of m om entum  caused by  the  
increasing flow section, the particles slide back along the  conical in sert—which 
also transm its air sufficiently frequently and re-enter the  circulation a t some 
point.
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The m ost im portant physical features of th e  coated particles are as follows :

— particle-size distribution,
— rolling features,
— wear resistance,
— release rate  of the  active ingredients.

These features, and the most im portant one particularly from  the point 
of view of application, the  rate  a t which active ingredients are relaesed, depend 
upon the  quality of th e  film formed on the  particles. The basic factors in­
fluencing the quality of the  film are as follows:

— physical characteristics dependent upon the  type of the  m aterial of the 
coherent film,

— the  porosity of the film,
— the  thickness of the  film,
— the  uniform ity of the  film.

A num ber of m ethods have been published in literature concerning the rate  
o f the  quality of the films formed [7 — 16].

In  one case, the sample of the phenolphthalein-containing coated particles 
is placed into a sodium carbonate solution. Colour changes due to  the  indicator 
incorporated into the particles are followed. The solution is sam pled a t appro­
p ria te  intervals and extinction readings are taken  at 550 nm.

Film -coating of N P K  fertilizer particles was studied by Japanese researchers
[2]. In  order the assess the quality of the  product and the efficiency of the 
fertilizer, a special m ethod was developed. The dissolution ra te  ratio, rd was 
m easured as a function of time, defined as th e  ratio of the m aterial dissolved 
from  coated to  th a t  of non-coated fertilizers in distilled water.

These researchers studied, among others, the mechanism of dissolution
of the  fertilizer components. The rate 
equation and the solid m aterial ba­
lance based on their model shown in 
Fig. 1 and postulations not detailed 
here are as follows [2] :

dck(i)
^  =  F [c b( i ) - c k(i)J (1)

d<

FbCb(O) =  FbCb(z) +  FkCk(i)*= Vc~ (2)

U nder the conditions t =  0 and ck(t) =  
0 the  solution becomes:

1 — =  e x p | - A — — I (3)

This equation will be dealt with 
la ter on in detail.

Fig. 1
M odel o f the  dissolution m echanism
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In  the paragraphs below, the results of a project aimed a t  the determ ination 
of the  effects of the technological param eters (process, operation and appara­
tus) upon the quality  of the product and the film-coating itself will be shown. 
I t  is no t the absolute value, bu t th e  trend of these changes which is of interest. 
The assessment of the  influence o f the various param eters and the selection 
of the  prim ary operational controlling variables were th e  main goals sought 
here.

Experimental

The schematics of the  batch-operated laboratory-scale fluidization-atom ization 
system  (diameter: 10.5 cm) is shown in Fig. 2. As an  interesting feature, 
there is a solid cone covering some 32% of the air distributing and supporting 
plate placed in it. I ts  height is 5 cm which is approxim ately equal to  the m ini­
mum fluidization height. The atom izer is located centrally above the layer.

Fig. 2
Schematics o f th e  experim ental ap p ara tu s

1 — coating  cham ber; 2 — conical in se rt; 3 — air d istribu to r; 4 — pneum atic  atom izer; 
Ó — therm om eter; 6  — flowm eter; 7 — a ir  preheater; 8  — au to  transfo rm er; 9 — m ixed 

liquid tan k ; 1 0  — pum p; 1 1  — cyclone
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The m ain  point governing its location is to  keep as big a cross section wetted 
as possible without sprinkling the  coating m aterial onto the  walls.

Spherical urea fraction of narrow  particle size distribution and an acrylic 
resin dissolved in isopropyl alcohol were used as model m aterials. A colour 
p a in t and  fine talc powder were also added to  the coating liquid.

An appropriate characteristic and a m ethod to  m easure it  were required 
to  sensitively monitor the  changes of the  quality of th e  film  as a function 
o f various technological param eters. In  the  so-called dissolution-test, the time 
required  to  dissolve a given am ount of test m aterial under standardized 
conditions was determined. The am ount dissolved from the  coated particles 
was rela ted  to the am ount o f the  overall m aterial and expressed as a percen­
tage (S  %). I t  was due to  th is test th a t  a water soluble basic m aterial and 
w ater insoluble coating were selected.

F o r further rating of the  product, the efficiency of the  coating application 
and  th e  degree of agglom eration were also determined.

The efficiency of the coating-application was determ ined as follows. A given 
am oun t of water soluble particles coated with a water-insoluble film was 
charged into distilled w ater and  the  basic m aterial was dissolved. The coating 
left over was washed, dried  and  weighed. The efficiency o f the coating ap­
plication was expressed as a  percentage relating to  the  to ta l am ount of coating 
m ateria l atomized into the  system.

The degree of agglomeration is expressed as the weight percentage of a given 
partic le  size fraction determ ined by sieve analysis. These fractions were as 
follows: over 1.6 mm for a  starting  m aterial of 0.8 — 1.25 m m ; over 2.0 mm 
for a  starting  material of 1 .25—1.60 mm and over 3.15 m m  for a starting 
m ateria l of 1.6—2.0 mm.

Results and Discussion

The effects upon the film form ation and quality of the solid ingredients con­
te n t  (concentration) of the  coating liquid, the ratio of the  amounts of talc 
and  film  forming agent, th e  feed rate  of the  coating liquid and  its atomization 
characteristics, as well as th e  tem perature of the fluidizing air entering the 
system  were studied. Film -upbuilding was monitored via the  three rating 
characteristics m entioned above. The effects upon product quality of the 
design of the apparatus, th e  presence or absence of inserts (conical, and sieve, 
etc.), bringing about ordered particle movement were also studied.

The average dissolution ra te  and the efficiency of the  coating-application 
as a  function of the talc conten t of the film  forming liquid are shown in Fig. 3 
and  4. Experim ents proved th a t  it is advantageous to  add  finely powdered 
talc  to  the  liquid for it  resu lted  in an im proved coating quality . The optimum 
am oun t was 30% w/w. No additional am ount above th a t  lim it had apparent 
q ua lity  improving effects, while the efficiency of the  application did in fact 
significantly decrease.

A t a  constant talc-solid m aterial content ratio (ct =  30 % w/w) the effects 
o f changing the solid m aterial concentration (g/1) upon the  quality of the 
coating were studied. As i t  is shown in Fig. 5 th is concentration had an op­
tim um  point with respect to  the  dissolution rate  indicating the  quality of the 
coating. I f  the same am ount o f coating m aterial was applied either from  more
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Fig. 3
Average dissolution ra te  as a  function o f ta lc  concentra tion

Fig. 4
Efficiency of coating  application as a  function of ta lc  concentration

dilute or concentrated solutions, inferior results were obtained. As a resultant 
of the two effects, a film of minimum dissolution ra te  is obtained at a certain 
liquid concentration. The degree of dispersity of th e  liquid improved with 
decreasing concentration since the size of the droplets decreased and the 
distribution of the coating material in the surface became more uniform. 
Accordingly, the dissolution rate, as the indicator o f th e  quality of the  film 
coating decreased. U nder a certain concentration, however, dilution became
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F ig . О

A verage dissolution ra te  as a  function  o f th e  concentration of th e  coating  liquid

detrim ental to  the quality  of the film  formed. W ith decreasing droplet size, 
th e  dissolution ra te  showed no fu rther decrease, in fact, it  increased. This 
is believed to  be caused by the fact th a t  th e  coating m aterial in a droplet 
was no longer sufficient to  ensure continuous film build-up.

The efficiency of the  coating-application was somewhere betw een 60—65% 
and  the  am ount of agglomeration was always less than 1%. This proved th a t 
th e  talc-solid m aterial ratio  established was optimum over a wide concentration 
range.

The other key variable of economic film-coating operations is the  amount 
o f coating m aterial necessary to  ensure a given degree of protective action —i.e. 
good quality film formation. The dry-w eight of the atomized coating material 
was related to  the overall surface area of the  initial particle charge and this 
q u an tity  was used for three different starting  materials to  monitor film 
build-up. Results, i.e. average dissolution ra te  vs relative am ount of coating 
m aterial and efficiency of coating application vs relative am ount of coating 
are shown in Fig. 6 and 7.

F o r all three starting  m aterials, the  dissolution rates steeply decreased 
w ith  increasing am ounts of coating m aterial on the un it surface area and 
th e  dissolution rates corresponding to  coatings of 1 mg/cm2 indicated  the very 
best film qualities attainable in the  given experiment. Above th is value, the 
dissolution rate  was once again increased and it levelled off a t  a certain value. 
This means th a t below a certain value, the  am ount of the  coating matei’ial 
applied onto the particle is no t sufficient to  render complete protection, 
while overdoses do not improve the  quality  of the coating either. The reason 
for the  second finding is believed to  be the  agglomerization th a t  becomes 
effective above 1 m g/cm 2 coating loadings. This is more pronounced at the 
sm allest and medium particle size fractions. The m easured value for the
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intermediate fraction (1.25 — 1.60 mm) proved to  be 0 .5—0.7 % w/w. However, 
the extent of agglomerization is greater than  that. Bridges between the  p a r­
ticles are weak, correspondingly they  are easily broken a t the air velocities 
applied. Coating is damaged a t these points of breakage as witnessed by photo­
micrographs. Most of the bridges formed remain in tact in the case of the 
smallest size fraction (0.8 — 1.25 mm) and measured agglomerization becomes 
as high as 30% w/w compared to  the  1% w/w value (max.) found in the  
other cases. The efficiency of the coating material application visibly in­
creases. However, with decreasing initial particle size, the efficiency o f the  
coating application decreases. This phenomenon can be explained, on the one
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hand, by the ever growing im pact surface area created by the decreasing 
particle size available for the atomized droplets: 15,900, 11,000 and 8,750 cm2 
for the fraction 0 .8 —1.25; 1.25 — 1.60 mm and 1.6—2.0 mm, respectively. 
On the other hand, mechanical (abrasive) effects acting upon the particles 
and  droplet-carry-out effects are also smaller.

The two m ain steps of film form ation in fluidization-atomization film ­
coating are w etting an d  drying. Here drying takes place not only after, bu t 
also with the w etting, so it im parts a significant influencing affect. The feed 
ra te  and the degree o f dispersity of the  coating liquid m ight have a strong 
effect upon the complex process of drying and  wetting under the given ex­
perim ental conditions.

The feed ra te  is an  im portant param eter of economic operation since it 
determines the du ration  of the experiment. There are a num ber of questions 
to  be answered in th is  respect: what is the  range where it  can be changed 
to  satisfy economic needs without sacrificing product quality? W hat is the 
effect of the droplet size of the atomized liquid upon the  structure of the film 
and  the physical characteristics of the  coated particles? Can the feed rate  
be increased a t decreased droplet size? Does the  decrease of the droplet size 
not influence the  ra te  of the coating m aterial losses due to  the carry-out? 
Answers to these an d  similar questions are sought in the  following para­
graphs tha t discuss th e  experimental results obtained.

F irst of all let us exam ine —under conditions otherwise constant —the effects 
o f the changing coating liquid feed rates a t  different fluidizing air flow rates. 
The average dissolution ra te  vs liquid feed ra te  relationship is shown as 
Curve 1 in Fig. 8 a t  an  atom ization air flow ra te  of 0.35 m 3/h. I t  can be seen 
th a t  the feed ra te  can only be changed in a  ra ther narrow range without 
impairing the quality  of the coating. The dissolution ra te  also displays an

Fig. 8

A verage d issolution  ra te  as a  function  o f  coating  liquid feed ra te
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Fig. 9
Efficiency of coating application as a  function o f coating  liquid feed ra te

optimum as a function of this param eter. At low feed rates the efficiency 
of the application decreases (cf. Fig. 9). Probably wetting of the particles 
is not complete. Droplets atomized into the system  “overdry” before con­
tacting the particles, film build-up is no t sufficiently uniform and there is a 
significant abrasive action in the bed. A t higher feed rates, the form ation 
of bridges as discussed above can be assumed to  take  place which, as tim e 
passes, break up in the bed. I t  is believed th a t these are the  main causes o f 
film defects.

I t  should be emphasized th a t the moisture content of the charge in the  bed 
is extremely low. The relative isopropanol content of the  air leaving the system  
changed in the range studied only between 0.2 — 1%. A t an optimum feed 
ra te  its value was 0.5%. Thus local over wetting on the  surface of the particle, 
and not th a t of the  entire charge has to  be combated, since tem porary local 
overwetting is entirely sufficient to  cause bridging. W ith decreased droplet 
size, the frequency of the occurrence of the above phenomenon can be d e ­
creased.

This is substantiated  by Curve 2 in Fig. 8 describing the  average dissolution 
rate  vs feed rate  relationship a t a higher atomizing air flow rate (0.47 m 3/h). 
The curve is similar, bu t the dissolution rates a t any feed rate are lower 
(cf. Fig. 9) and the efficiencies of the  coating applications are higher th a n  
those a t the 0.35 m 3/h atomization flow rate. This is due to  the better fine- 
structure and more appropriate drying rate caused by the  finer droplet size 
of the coating liquid.

Changes of the dissolution rate as a function of the  atomizing air flow ra te  
(pressure) are shown in Fig. 10 from the optim um  feed rate  upward. The 
dissolution rate  approaches a lower limiting value as a function of this p a ra ­
m eter for any feed rate. For increasing liquid feed rates, in turn, this alm ost 
constant dissolution ra te  increases.

The average size of the atomized coating liquid droplets as a function of 
atomizing air flow rate  has also been determined (cf. Fig. 11) a t a given 
liquid feed rate  (4.3 ml/min). The magnesia m ethod of May was selected
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F ig . 11
Average size o f atomized droplets as a function of atomizing air flow  rate

to  determine th e  droplet size distribution. W ith increasing atomizing air flow 
rate  the droplet size is continuously decreasing, yet smaller th an  a given 
lim it droplet size cannot be achieved a t  a  given liquid feed rate, liquid con­
centration and atom izer orifice.

F ig . 10
Average dissolution rate as a function o f atom izing air flow rate at different coating

liquid feed rates
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The dissolution r a te —the indicator of coating quality—linearly decreases 
with decreasing average droplet size a t a given liquid concentration and feed 
rate (cf. Fig. 12).

Vp IrrP/h I
Fig. 12

A verage dissolution ra te  as a  function o f the  average droplet size of th e  atom ized coating
liquid

Not only the average size, bu t also the size distribution of the droplets is 
advantageously influenced by increasing atomizing air flow rates. The more 
homogeneous the droplet size distribution of the coating liquid, the more 
efficient the utilization and the more uniform the product distribution be­
comes, which most probably also plays a significant role in the increased 
product quality.

Q25 030 035 0.40 0.45 0.50 055 060
Vp [mVhl

Fig. 13
The ex ten t of agglom erization as a  function  of atom izing a ir flow  ra te



238 M rs. E . H o rv á th , К . P a ta k i  and  Z. O rm ós Vol. 6.

As shown in Fig. 13, i t  can be concluded th a t  the  excessive agglomeration 
w itnessed in small initial particle size batches can be controlled by the appro­
p ria te  selection of the  average droplet size and size distribution of the coating 
liquid, and from 50% w/w it can be decreased to  as little  as 1% w/w. W ith 
an  increased atomizing air flow r a te —i.e. with decreasing droplet size — 
the  dissolution rate also decreases (cf. Fig. 14). Thus, regardless of the erratic

Fig. 14
Average dissolution  ra te  as a function  of atom izing a ir  flow  ra te

behaviour of the efficiency of the coating application, the quality of the 
coating is undoubtly im proved which can be a ttrib u ted  only to  a decrease 
in the  number of film  déficiences caused by a reduction in the num ber of 
particle bridges which can break off.

The aim of the nex t experim ental series was to  s tudy  the  effects of the  con­
ditions of drying upon th e  structure of the  film. Drying conditions can most 
easily be influenced by  changing the  tem perature of the  air entering the  unit. 
The input air tem perature  was changed in the 20 — 70 °C range. Results are 
shown in Fig. 15.

I f  the  particles are fluidized by  25 °C air instead of 50 °C then a significant 
change is brought abou t in the  film quality. The increased dissolution rate 
cannot be correlated w ith  changes in the  efficiency of the  coating application 
for the  efficiencies are approxim ately equal in both  cases. The sole reason 
for deteriorated film quality  is th a t  th e  drying ra te  set by  the 25 °C air flow 
ra te  is too low. The film  formed on the  particles rem ains wet for too long 
a  period, it is dam aged during collisions and becomes deformed.

Once the tem perature of the  fluidizing air is increased above 50—60 °C 
th e  film quality again becomes impaired. According to  calculations carried 
o u t in connection w ith  these experiments, the isopropanol content of the  air 
can change in the 0 .1 —3.0% range depending on the  tem perature of the  air 
entering the system. The experim entally established optimum tem perature 
is 5 0 —60 °C corresponding to  a relative isopropanol content of 0 .4—0.5%.
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Fig. 16
Average dissolution ra te  as a  function o f in p u t fluidizing a ir tem peratu re

Based on this criterion an optimum feed rate  can be assigned to  a given 
input air tem perature and vice versa.

Comparative film coating experiments were earned out in apparatuses 
of different designs. The results are summ arized in Table 1. As regards product 
quality there is no significant difference between simple fluidization appara­
tuses and those with conical, sieve-drum inserts or mechanical agitators. 
The authors are convinced th a t with particles agitated a t an appropriately 
intense rate, the prim ary factors influencing the characteristics of the coated

Table 1
Starting material: urea fraction, 1.25—1.60 mm

9b =  1.0 mg/1 w '= 4.3 ml/min Ym = 5.4 cm T k  =  50—53 °c
c' = 80 g/1 Fp = 0.47 m3/h Y/Ym = 1.7—2.5 I-И' я 

bl °c
ct = 30% w/w I'), = 13.5 cm

Method of keeping 
the particles in motion

Oi
g

Particle size distribution, A  % w/w
m3/h % % less than 

1.25 1.25-1.60 1 .6 -2 .0 above
2.0

Simple fluidized bed 390 35—51 9.5 58.8 2.7 37.3 59.8 0.2
Fluidized bed with 

sieve drum insert 370 35—46 7.45 59.8 3.2 44.9 51.7 0.2
Fluidized bed with 

conical insert 350 30—46 6.0 66.4 1.5 33.5 64.5 0.5
Mechanically agitated 

fluidized bed 370 30—43 5.8 64.5 4.2 32.9 61.2 1.7
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particles and the coating itself a re —apart from the types of materials in ­
v o lved—the conditions selected to  apply the  coating. Selection of the appro­
p ria te  design of the  apparatus has to  be made very carefully, after having 
analyzed many economic and other features of the given individual case.

Thus, the quality of the  film and the structure  of the film coating prim arily 
depend on the conditions of the coating, i.e. on the physical properties of the 
coating solution, feed ra te  and atom ization characteristics and tem perature 
values. Experience has shown th a t the m ajority  of film defects can be traced 
back to efficiency w ith respect to agglomerization collisions in the bed at some 
appropriate time. The liquid, then solid bridges can in tu rn  with passing 
tim e break up leaving film defects behind.

Obviously, the basic m aterial can be dissolved via membrane diffusion 
even from perfectly covered particles. However, in our assessment, under 
th e  experimental conditions applied this does not on the  average exceed
3 —5%. Above this lim it, in tu rn  any added dissolution figures are due to  film 
imperfections. To substan tia te  this claim the  following experiments were 
carried out.

Dissolution of particles as a  function of tim e was studied a t a given liquid 
concentration, feed ra te  and atom ization air flow rates of 0.35 and 0.47 m 3/h. 
Results shown in Fig. 16 have been processed according to  the model of 
Marad a and Eujita [2] developed to  discuss the  mechanism of fertilizer 
dissolution from coated particles.

Results obtained w ith the coated particles considered having a good quality 
coating substantiate  th is model (cf. Fig. 16, Curve 1). On the other hand.

F ig . 16
K inetical studies on th e  dissolution ra te
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when coatings are prepared under unfavourable conditions —in this case due 
to  a coating liquid not dispersed finely enough—the mechanism of the  dis­
solution differs (cf. Curve 2). Obviously, this is also due to  film defects.

Thus dissolution form reasonably in tact film-coated particles can be con­
sidered a first order process, the  rate  of which is determ ined by the m aterial 
qualities of the basic material and  coating, and the conditions of dissolution 
tests. On the o ther hand, a different kinetics is seen in the  case of particles 
w ith a defective coating.

A
Cb(t )
Ck( t )
C«.

C.s 
Ct 
c'
des
G1 
дь
к
s
Ть
T ’k
t
7m
Y/Yn
Y p 
Vb
v k
V
V"
К
w'

SYMBOLS

— the ex ten t o f  agglom erization, % w/w
— concentration of the dissolved com ponent inside the  film  coating, g /cm 3
— concentration  of the dissolved com ponent outside th e  film  coating, g /cm 3
— eventual concentration o f  th e  dissolved com ponent outside th e  film  coating, 

g/cm 3
— saturation  concentration o f th e  dissolved com ponent, g /cm 3
— talc concentration  in the  coating , % w/w
— dry m ateria l content of coating  liquid, g/1
— average d rop le t size of coating  liquid, m
— initial w eight of particle charge to  be coated, g
— relative am o u n t of coating m ateria l on u n it particle surface area, m g/cm 2
— overall reaction  rate  co n stan t o f dissolution, 1/h
— average dissolution, %
— input fluidizing air tem perature , °C
— output fluidizing air tem peratu re , °C
— time, min, h r
— minimum fluidization bed height, cm
— bed expansion
— distance o f atom izing orifice from  d istribu to r p late, cm
— volume of th e  solution a t  th e  inner p a rt, cm 3
— volume of th e  solution a t  th e  ou ter p a rt, cm 3
— Tk + F „ ,  cm 3
— flow rate  o f fluidizing air, m 3/h
— flow rate  o f atom izing air, m 3/h
— feed rate o f coating  liquid, m l/m in
— efficiency o f coating application, %
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РЕЗЮМЕ

Авторы приводят метод плёночного покрывания путём распылительного псевдоожижения, 
возможности его применения, и далее — знакомят с результатами плёночного покрывания. 
В ходе этих опытов изучалось влияние, оказываемое различными технологическими характе­
ристиками плёночного покрывания на физические свойства гранул и на качество плёночного 
покрытия, образующегося на поверхности гранул. В качестве модельных материалов при­
менялись шарообразные гранулы мочевины и образующая плёнку, нерастворимая в воде 
искусственная смола. Опыты проводились в лабораторной псевдоожижающей установке пе­
риодического действия, снабжённой конусной вставкой для изменения направления потока.
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Commercial reform ate com positions were com pared w ith  equilibrium  
com positions. The equilibrium  arom atic  con ten t and the  equilibrium  
arom atic to  paraffin  m olar ra tio  were good estim ates o f the corre­
sponding values for a  com mercial reform ate. The effects of hydro ­
cracking reactions on commercial reform ate com position were exam ­
ined. In  order to  m ake the equilibrium  com position a  b e tte r  estim a­
tion of th e  com position of th e  com mercial reform ate, a  correction 
accounting for the hydrocracking reactions was introduced.

Introduction

Ce—C9 hydrocarbons and hydrogen are the main components of cataly tic  
reforming mixtures. Chemical reactions bringing about no change in the carbon 
num ber of the molecule, e.g. paraffin dehydrocyclisation, naphthene dehydro­
genation, and any isomerization [1], are more or less lim ited by the chemical 
equilibrium. Since therm odynam ically reforming conditions are very favour­
able for cracking reactions these are a priori excluded from  the calculations. 
This allows for a basic assumption, namely th a t in chemical equilibrium  
the “class composition” (C6 mole%, C7 mole%, C8 mole%, C9 mole%) is constant, 
e.g. it is the same as th a t of the class composition of the  feed.

Due to  the large num ber of components and the possible chemical reactions, 
simultaneous chemical equilibria of catalytic reforming have to  be calculated 
via the minimisation of the Gibbs’ free energy [2, 3, 4]. Equilibrium calculations 
for a m ixture of 103 C6—C9 hydrocarbons and hydrogen were made w ith 
the Sequential Unconstrained Minimisation Technique (SUMT) of F ia c c o - 
M c Cr o m ik  [5]. Calculations were carried out a t constant pressure and tem ­
perature. The chemical therm odynam ics of catalytic reforming itself was 
the subject of several papers [6, 7, 8, 9].

The differences between the states prevailing in chemical equilibrium and 
in a commercial cat reformer might result from the following factors:
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1. In  the  real process hydrocracking of paraffins, and to a minor extent 
of naphthenes, occurs so the class composition of the reformate is changed 
compared to  th a t  of the feed.

2. The real process is neither isothermic (there is some tem perature gradient 
o f several centigrades along the reactor) nor isobaric (pressure is slightly 
different in the  successive different reactors, bu t almost constant in one 
reactor).

Commercial experiments

Feed and reform ate samples were taken  from  a commercial reformer with 
periodically regenerated catalyst (0.35% w/w P t/A l20 3). 'The samples cor­
responded to four runs as different as possible in a commercial plant. The last 
run  was made four weeks after the first one, so during such a short period 
the  activ ity  of the catalyst could be regarded as constant for our purposes. 
The catalyst was regenerated twice, the  last tim e being about half a year 
before the experiments. The hydrogen to  hydrocarbon molar ratio  in the feed

Table 1.
Properties and composition of the commercial feedstock 

A, P, and N  stand for aromatics, paraffins and naphthenes

RUN No. 1 2 3 4

D ensity (g/cm3) 0.726 0.734 0.731 0.743
Boiling point range

— lower end 75 78 76 74
(°C) — upper end 167 166 175 163
Average molar weight 104.5 105.4 105.3 105.1

C O M PO S IT IO N , M O L E  %

A 0.3 0.1 0.1 0.3
Ce V 18.3 16.5 17.7 18.9

N 6.4 6.4 5.8 6.2

A 2.0 2.4 1.9 1.8
C7 P 17.0 17.7 17.5 16.6

N 10.6 9.8 10.7 9.9

A 3.6 ■ 3.6 3.5 3.3
C8 P 19.3 18.4 17.3 17.8

N 6.1 5.8 5.9 5.3

A 2.4 2.5 2.6 2.7
C9 P 12.2 14.6 15.1 15.1

N 1.8 2.1 1.9 2.1

A 8.3 8.7 8.1 8.1
TOTAL P 66.8 67.2 67.6 68.4

N 24.9 24.1 24.3 23.5
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was about 7 to  8. The average pressure was constant (32 at) for all the cases 
described. Average tem perature levels for the four runs did not differ too 
much, and were:

787 786 784 779 К  respectively.

Catalyst loads and feed flow rates were as follows, respectively :

1.2 1.3 1.3 1.3 kg /kg -h
42,100 44,000 44,200 44,600 kg /h .

The conditions described were typical for the given plant.
Samples were analyzed by capillary gas chromatography.
Properties and compositions of the  feed and reform ate flows for the four 

runs of the commercial reformer are presented in Tables 1 and 2 (mole %, 
C6—C9 hydrocarbons to ta l 100 mole %). Though there are only small tem pera­
tu re  differences a regular decrease of the aromatic content of the  reformate 
could be seen. The difference between the two extrem e cases is 6 mole %. 

Hydrocracking reactions resulted in a change of the  reform ate class com-

Tahle 2.
Properties and composition of the commercial reformates 

A, P, and N stand for aromatics, paraffins and naphthenes

RUN No. 1 2 3 4

Density (g/cm3) 0 .7 6 0 0 .7 6 6 0 .7 4 7 0 .7 5 6
Boiling point range

— lower end 4 8 5 8 44 5 0
(°C) — upper end 1 8 6 1 8 8 1 8 6 1 8 4
RON* 9 2 9 0 9 0 8 6

C O M PO S IT IO N , M OLE %

A 6.2 5.9 5.5 5.3
Ce P 21.9 21.1 22.9 24.1

N 1.5 1.9 1.7 2.3

A 18.0 17.7 16.1 14.9
C7 P 11.4 13.8 13.4 14.7

N 1.3 1.7 1.5 1.9

A 19.5 18.7 18.0 17.4
C8 P 5.4 5.6 6.5 4.4

N 1.1 0.4 0.6 0.6

A 11.0 10.7 11.6 11.1
C9 P 2.4 2.5 2.1 3.1

N 0.3 — — 0.1

A 54.7 53.0 51.2 48.7
TOTAL P 41.1 43.0 44.9 46.3

N 4.2 4.0 3.8 4.9

* R esearch  octane num ber
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position  (C6 mole %, C7 mole %, C8 mole %, C9 mole %) compared with th a t 
o f th e  feed (Table 3). The C6 and C7 hydrocarbon content increased while 
th e  C8 and C9 hydrocarbon content decreased.

Table 3.
Class composition of the commercial feeds and reformates

RUN
No-

CLASS
1 2 3 4

c 6 23.7 25.0 23.0 25.4
F E E D , c 7 30.1 29.6 29.9 28.3
Mole % c 8 27.7 29.1 27.8 26.4

c 9 18.6 16.3 19.3 19.9

C6 29.0 29.6 28.9 31.7
REFORMATE, C7 31.1 30.8 33.1 31.5
Mole % c 8 25.3 26.0 24.8 22.5

c 9 14.6 13.6 13.2 14.3

The comparison of equilibrium and commercial results

Equilibrium  calculations d id not include cracking reactions. This is why 
calculations were carried out twice for each ru n —once for the feed class 
composition and the  second tim e for the  reform ate class composition.

The aromatic content and the  corresponding arom atic to  paraffin molar 
ratios in the reform ates and in the  equilibrium m ixtures are presented in 
Table 4. Calculated and  experim ental results agree very  well. Calculated

Table 4.
Aromatics content A and aromatic to paraffin А /P  molar ratio 
in the commercial reformates and in the equilibrium mixture: 

I — feed class composition 
II  — reformate class composition. P  = 32 at.

RUN No. 1 2 3 4

T (°K) 787 786 784 779

CATALYST LOAD 1.2 1.3 1.3 1.3

COMMERCIAL A, m ole % 54.7 53.0 51.2 48.7
REFORMATE A /P 1.3 1.2 1.1 1.0

EQUILIBRIUM A, m ole % 58.8 60.2 58.7 55.5
MIXTURE I A /P 1.5 . 1.6 1.5 1.3

EQUILIBRIUM A, m ole % 54.3 53.6 52.5 48.3
MIXTURE II A /P 1.2 1.2 1.1 1.0
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reform ate class composition resulted in aromatic content rather close to  the  
corresponding experimental values. Differences between the  corresponding 
arom atic content (A mole %) and arom atic to  paraffin ratios (А/P) d id not 
exceed the 1.5 mole % and 0.1 values, respectively.

I f  the experimental and equilibrium arom atic content of each hydrocarbon 
class are compared (Table 5) then an interesting difference can be seen between

Table 5.
C6—C» aromatic content in the commercial reformates 
and in the chemical equilibrium composition mole % 

P  = 32 at.

R U N  N o 1 2 3 4

Г* COMMERCIAL 6 .2 5 .9 5 .5 5 .3
EQUILIBRIUM 1 .7 1 .6 1 .5 1 .3

c 7 COMMERCIAL 1 8 .0 17 .7 16 .1 1 4 .9
EQUILIBRIUM 1 5 .7 1 6 .6 1 4 .9 1 3 .5

c 8
COMMERCIAL 1 9 .5 18 .7 1 8 .0 1 7 .4
EQUILIBRIUM 2 3 .8 2 2 .7 2 2 .9 1 9 .9

C9 COMMERCIAL 1 1 .0 10 .7 1 1 .6 11 .1
EQUILIBRIUM 1 3 .2 12 .8 1 3 .2 1 3 .7

the Ce, Cj and C8, C9 hydrocarbon groups. The differences between experim ental 
and equilibrium arom atic content are shown below:

— in class Ce it was higher by about 4 mole %
— in class C7 it was higher by about 1 — 2  mole %
— in class Ce it was lower by about 2.5 — 5 mole %
— in class C 9  it was lower by about 2 mole %.

The comparison of the experimental and equilibrium results is a good basis 
to  explain the significance and the  effects of the hydrocracking reaction. 
These reactions resulted in the following changes of reform ate class composi­
tions compared to  the  feed class composition:

— Ce content increased by about 5 mole % ( + )
— C7 content increased by about 2  mole % ( + )
— Ce content decreased by about 2  mole % ( — )
— C9 content decreased by about 5 mole % ( — )

The numbers given above are average, and a t the same tim e, typical content 
changes of the respective carbon num ber classes.

Paraffins and naphthenes of all carbon num ber classes were cracked under 
reforming conditions, bu t the extent of the cracking depended on the actual 
carbon number. A higher carbon num ber m eant a relatively higher cracking 
conversion under identical conditions. The relative increase of the C6— C7 
content in the C8— C9 mixture might be explained by the generation of C6—C7 
hydrocarbons resulting from the cracked heavier components. On the o ther
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hand, the predispositions to  hydrocracking did not depend only on the carbon 
num ber. They also depended on the relative naphthene and especially the 
paraffin  content of any  class of a given carbon number. On th a t basis, the 
C6 and  C7 classes were favourable. I f  the global paraffin content of a reformate 
equalled 40—50 mole %, then  the C6—C7 paraffin content was the same 
30 — 40 mole % and th e  C8—C0 paraffin content was only 10 mole % and 
Ce —C9 hydrocarbons to talling  100 mole %, cf. Table 2. So irrespective of the 
increase of the C6—C7 content the hydrocracking of C6—C7 hydrocarbons 
was also considerable.

Hydrocracking reactions decreased the  relative paraffin  (and to  a minor 
ex ten t, the naphthene) content differently for each carbon num ber fraction. 
This hampered the  endeavour to  achieve chemical equilibrium. Consequently, 
if th e  concentration o f the  components subject to  hydrocracking (paraffins 
and  naphthenes) in an y  carbon num ber class (mostly C6 and C7) was high, 
th en  the relative ex ten t of hydrocracking was high compared to  th a t  of the 
arom atization. I t  resu lted  in  a relative increase, beyond equilibrium levels, 
of th e  aromatic conten t of these classes (Table 5).

Isoparaffin to n-paraffin  molar ratios (i — P/% — P) in commercial reformates 
were almost always constant, amounting to  same 2 .5—2.7, while the value 
in  equilibrium m ixtures was 3.4 (Table 6). The i — P /n  — P  ratios determined

Table 6.
Average molar ratios г — P /n  — P

FEED REFORMATE EQUILIBRIUM

c 6 1.0 1.9 2.8
c 7 l . i 2.8 4.5
c 8 1.8 4.5 4.5
c 9 3.0 7.5 9.5

TOTAL 1.4— 1.7 2 .5 —2.7 3.4

gaschrom atographically are subject to  some error because of the division 
o f two small num bers. However, commercial i  — V jn  — P  ratios were lower 
th a n  equilibrium ratio . In  the  case of the  C8 class, the  equilibrium and com­
mercial i  — V jn  — V  values did agree.

Individual C8 arom atics were present in the reform ate in equilibrium pro­
portions. I f  the C8 arom atic content (moles) was taken  as 100, then  the relative 
and  average molar proportions of m-xylene/o-xylene/p-xylene/ethylbenzene 
for the commercial reform ate and the  corresponding equilibrium mixture, 
were as follows:

42 /  23 /  20 /  15 (commercial)
45 /  23 /  21 /  11 (equilibrium).

Despite some differences between global C8 arom atic content in commercial 
and  equilibrium m ixtures (Table 5), the  hierarchies of the  relative individual 
Cg aromatic proportions were very similar. The coincidence of the equilibrium 
and  commercial d a ta  were even more evident when the corresponding
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---- 1-------- — ratios were compared. They were im portant from the commercial

point of view. For the  four successive commercial runs these ratios were: 
1.01; 0.95; 0.89 and  0.91. F o r the calculations they  were taken equal 
to  0.95.

I t  would be ra ther difficult to  compare the individual compositions of com­
mercial and equilibrium mixtures by  the present analytical techniques applied. 
The composition of a C7 mixture in a commercial reform ate and in equilibrium 
are shown here as an  example of comparison. The d a ta  presented in Table 7 
were obtained in run  “ 1” .

Table 7.

The individual hydrocarbon composition of the C7 fraction in a  commercial reformate 
and in the equilibrium mixture w/w in relation to the Ce—Cg fractions

COMPOUND
COMMERCIAL
REFORMATE

EQUILIBRIUM
MIXTURE

1. toluene 16.0 14.60
2. n-heptane 2.9 2.60
3. 2-methylhexane 2.8 3.01
4. 3-methylhexane 3.6 3.31
5. 3-ethylpentane 0.4 0.49
6. 2,2-dimethylpentane 0.5 0.65
7. 2,3-dimethylpentane — 2.84
8. 2,4-dimethylpentane 0.4 0.54
9. 3,3-dimethylpentane 0.5 0.73

10. 2,2,3-trimethylbutane 0.2 0.18
11. methylcyclohexane 0.2 0.18
12. ethylcyclopentane 0.1 0.14
13. 1,1-dimethylcyclopentane — 0.08
14. 1,2-dimethylcyclopentane, cis 0.0 0.05
15. 1,2-dimethylcyclopentane, trans 0.1 0.16
16. 1,3-dimethylcyclopentane, cis 0.1 0.14
17. 1,3-dimethylcyclopentane, trans 0.1 0.10

Conclusions

1. Calculated equilibrium arom atic content and arom atic to  paraffin 
molar ratio are good estimates o f the corresponding values for commercial 
reformates.

2. Hydrocracking reactions are responsible for the differences between 
commercial cat reformate and  chemical equilibrium compositions. 
Hydrocracking changes the class composition (C6 mole %, C7 mole %, 
C8 mole %, C9 mole %) of reformates in relation to  the feed. There is 
a relative increase in the C6 and C7 and a decrease in the  C8 and C9 content.

3. In  order to improve the m atch between equilibrium  and commercial 
reformate compositions, a correction has to  be introduced into the cal­
culations. This is a correction o f the class composition of the feed. In  the 
absence of experimental results the original input d a ta  can be changed
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as follows: C6 ( +  5 mole %), C7 ( +  2 mole %), C8 ( — 2 mole %), C9 ( —5 
mole %). Chemical equilibrium  compositions calculated w ith corrected 
feed data  fit the commercial results very well.
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РЕЗЮМЕ

Состав продукта, полученного в установке реформинга бензина, сравнивался с составом, 
рассчитанным на основе данных химического равновесия. Было установлено, что содержание 
ароматических соединений в продукте, а также молярное соотношение ароматических и па- 
рафинных соединений в нём хорошо совпадали с расчётными значениями. Исследовалось так­
же влияние реакций гидрокрекинга на состав продукта реформинга (реформат). При выпол­
нении расчётов целесообразно воспользоваться корректирующим фактором, при помощи 
которого принимается во внимание влияние реакций гидрокрекинга.
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The paper contains a s tu d y  on some effects o f a  de te rg en t additive, 
and engine te s t severity on  m o to r oil te s t results. B ench tests, model- 
wear tests  and  field tests were carried o u t for th is  purpose by using 
Ba-alkylbenzol sulphonate +  B a-thiophosphonate de terg en t additive.

Increasing th e  concentration  of th e  detergen t add itive  caused 
significant im provem ent in  th e  m erit ra ting  and in  th e  w ear reduction 
of the te st engine parts.

1. Introduction

Developments in the  construction of the internal combustion engines places 
ever increasing requirem ents on m otor oils. Motor oils are therefore commonly 
blended with anti-oxidants, detergents, and anti-wear, etc., additivies. This 
paper deals with a  study  on some effects of a detergent additive, and engine 
test severity on m otor oil test results. The “Ba-alkylbenzol sulphonate +  Ba- 
-thiophosphonate” detergent additive, which is also produced in H ungary, 
was selected for th is study. Bench tests, model-wear tests and field tests 
were carried out for this purpose.

2. Methods and materials

2.1 Bench Tests

These were carried out on a P e tte r  AV-1 laboratory type, single cylinder,
4-stroke, pre-combustion chamber, kerosene cooled Diesel engine [1, 2]. 
Some tests were carried out for 120 hours according to  th e  standard  IP  175/69 
oil test method [2, 3]. Other tests were more severe and  for longer operating 
periods than  the standard  method. The main operating conditions of the bench 
tests are shown in Table 1.



252 К . A. A. H ak im , A. Z a la i, A. L ech n er and  A. T ó th Vol. 6.

Table 1.
Main operating conditions of the bench tests

Bench test number 1 2 3 4

Test duration, hours 1 2 0 1 2 0 1 2 0 1 6 0 2 0 0 1 2 0 1 6 0 2 0 0

Characteristic of test severity nor­
mal

nor­
mal more severe normal

duration nor­
mal

nor­
mal more longer more longer

Detergent additive content, % 2 .7 7 .0 7 .0 7 .0 7 .0 7 .0 7 .0 7 .0

Oil designation В A A A

Load, HP 5 .3 5 .3 5 .2 5 .2 5 .2 5 .3 5 .3 6 .2
In let air temperature, °C 2 1 2 4 2 9 2 9 2 9 2 9 2 7 3 0
E xhaust gas temperature, °C 3 7 7 3 8 8 4 3 0 4 3 0 4 3 0 3 8 3 3 7 3 3 7 9
Smoke content, Bosch 1 .1 1 .9 2 .2 2 .1 2 .1 1 .8 1 .4 1 .5
Lube oil consumption, g/hr 9 .6 7 .7 8 .7 8 .9 9 .4 6 .9 1 0 .1 1 1 .3
Fuel consumption, g/hr 1 0 8 6 1 0 8 7 1 0 9 2 1 0 9 2 1 0 9 2 1 0 8 1 1 0 7 6 1 0 7 6

2.2 Model-Wear Test

The standard  Reichert m ethod was used for determining the anti-wear 
properties of the  oils used. The m ethod is shown diagram atieally in Fig. 1, 
the  details of which are given in reference 4 and 5.

294(196)N

Fig. 1

2.3 Field Tests

Two lorries were used in a field tes t procedure. The lorries were used under 
severe conditions for carrying road  building materials. The main technical 
da ta  of both lorries are shown in Table 2.
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Table 2.
Data of engines

Engine Vehicle I Vehicle I I

Cycle 4-stroke Diesel 4-stroke Diesel
Number of cylinders 6 8
Position of cylinders V/90° V/90°
Bore, mm 130 130
Stroke, mm 140 140
Swept volume, litre 11.16 14.86
Compression ratio 16.6 16.5
Maximum power, bhp 180 240

at speed, r.p.m. 2100 2100

Maximum torque, kp.m 67 90
at speed, r.p.m. 1500 1500

Lubrication mode pressure
Coolant water
Oil capacity 24 32
Injection type direct injection

2.4 Characteristics of Motor Oils

In  the bench tests, Supplem ent-1 and HD oils were used. The base oil was 
SAE-30, refined oil made from  Soviet crude oil. The oxidation inhibitor was 
Zn-dithiophosphat and the concentration was kep t unchanged in all tests.

Table 3.
Characteristic ranges of the lubricating oils used by the different tests

Designation No. A в 0

Oil quality* Suppl.-l HD Base oil

SAE grade 30 30 30

Specific weight, g/ml 0.900 0.896 0.892
Flash point, °C 245 240 231
Pour point, °C - 3 0 - 2 8 -1 7
Viscosity at 50 °C, cSt 64.88 58.13 56.87

67.78
at 100 °C, cSt 11.12—11.69 10.16—10.27 10.12

Viscosity index 89—92 85—87 84
Conradson carbon, % 1.15—1.41 0.60—0.67 0.1
Ash content, % 0.91 — 1.18 0.44—0.52 0.003
SO4 ash content, % 0.99—1.26 0.48—0.56 —

Acid No. 0.67—0.89 0.66—0.87 0.03
Colour, ASTM 6.0—7.0 4.0—5.5 3.5

Bench tests X X not
Field tests X not not
Model-wear tests X X X

* S u p p l.-1 =  Supplem ent-1 
H D  =  H eavy d u ty
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The detergent additive  was “Ba-alkylbenzol sulphonate +  Ba-thiophospho- 
n a te” in a ratio o f 4:3. I t  was used in tw o concentration levels, i.e. 7% in oil 
“A” , Supplement-1 oil, and 2.7% in oil “B ” H D  oil.

In  the model-wear tests, SAE-30 base oil, designated as oil “C” , H D  oil 
and Supplement-1 oil were used.

In  the field tests, only Supplement-1 oil was used, but in different SAE 
viscosity categories depending on the season, during which the lorries were 
used.

The general characteristics of the oils used in all tests are shown in Table 3.

3. Results and discussion

3.1 Bench Tests

According to  th e  I P  175/69 oil test m ethod, two tests were carried out 
using oil “A” tes t 2, and  oil “B ” test 1.

Oil “A” was th en  examined in two longer tests than the standard , i.e. 
for 120, 160 and  200 hrs. One of these tests, test 3 was more severe than 
the other test 4.

The results ob tained  from these bench tes ts  are shown in Table 4.

Table 4.
Merit rating and wear figures of engine components for the bench tests

Bench test number 1 2 3* 4

Test duration, hr 120 120 120 160 200 120 160 200

Detergent additive 
concentration, % 2.7 7.0 7.0 7.0 7.0 7.0 7.0 7.0

Oil designation В A A A A A A A

MERIT RATING** 
Ring sticking 10 10 10 9.5* 9.4+ 10 10 10
Piston skirt inside 10 10 10 10 10 10 10 10
Piston crown deposits, 

inside 8.4 9.0 8.0 7.1 6.2 8.7 8.0 7.1
Piston skirt outside 10 10 10 10 10 10 10 10
Oil scraper ring deposits 10 10 10 11 10 10 10 10
1—4 groove deposits, 

average 3.3 8.3 5.6 2.9 0.9 7.8 4.6 3.0
1—3 land deposits, 

average 6.2 8.7 8.4 4.4 1.6 8.8 6.0 5.4
Groove+Land, average 4.8 8.5 7.0 3.7 1.3 8.3 5.3 4.2
Overall rating/100 82.7 94.3 87.9 76.3 68.0 93.3 83.7 79.3

WEAR DATA
First ring weight loss, mg 169.3 109.8 152.4 86.9 118.2 152.4
1—4 ring weight loss, mg 222.2 166.8 — — 265.5 150.6 202.9 250.1
Liner wear, mg 6 4 — — — — — —

* More severe th a n  th e  s ta n d a rd  * Cold rin g  s tick ing
** 10 =  clean, 0 =  c o m p le te ly  covered  w ith  deposits  + H o t sing  s tick ing
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3.1.1 Influence of the “Ba-sulphonate + Ba-phosphonate”
Detergent Additive Concentration on the Test Results

Raising the  detergent additive concentration from  2.7% to 7.0% caused 
the merit rating of the piston zones to  be improved significantly, e.g. the  aver­
age merit rating of the ring grooves increased from  3.3 to  8.3 and th a t  of th e  
land from 6.2 to  8.7 out of 10, while the to tal m erit rating of the whole piston 
improved from 82.7% to 94.3%. On the other hand, this increase in the  de te r­
gent additive concentration caused significant reduction in the wear o f th e  
first compression ring and of the liner by more th an  30%.

3.1.2 Influence of Test Severity and Lengthening the Test Duration 
on the Results

Comparing the  results of test 3 and test 4, shown in Table 4, the  m erit 
rating values tended to  fall-off by lengthening the  duration of tests from  
120 to 160 and to  200 hours. The severity of te s t 3, caused them to  becam e 
lower, which resulted in accum ulation.of insolubles in the oil accompained 
by “cold” sticking of the first and second rings over 45° a t 160 hours; while 
“ho t” sticking of the first ring and “cold” of the second ring over 80° occurred 
during the 200 hours test period. The Conradson carbon and the coagulated 
gasoline insoluble content of the used oil tended in both tests to  increase 
by extending the  test period, while the severity of tes t 3 caused a more sharp  
increase, particularly from 160 to  200 hours, as shown in Table 5.

Table 5.
Analysis of the used oils after the bench tests

Bencli test number 1 2 3 4

Detergent additive content, % 2.7 7.0 7.0

Oil designation В A A

Test durations, hours 120 120 120 160 200 120 160 200

Conradson number, % 1.42 2.68 2.53 3.19 4.71 2.42 2.76 3.09
Ash content, % 0.60 1.26 1.26 1.41 1.64 1.20 1.29 1.38
Coagulated gasoline insolubles, % 1.65 1.50 1.40 2.40 4.30 1.25 1.60 1.85

3.2 Model- Wear Tests

The Reichert m ethod used, briefly consisted in determining the wear scar 
area th a t occurred on the test specimen Fig. 1. The smaller area indicates 
better anti-wear property of the oil.

In  the same test, the friction pa th  during which friction noise could be 
heard was measured. The smaller this path  is, th e  b e tte r the anti-wear p ro ­
perty  of the oil.

Five parallel tests m ust be made when examining an oil. The first and the  
fifth  are made by using a reference oil, between which three tests are carried



256 К .  A . A . H a k im , A . Z a la i ,  A . L e c h n e r  a n d  A . T ó th V o l. 6 .

out using the oil under test. The results o f the  first and the fifth  tes t m ust be 
approxim ately the  same.

The results obtained from tests on oil “A ” , “B ” and “C” are shown in 
Table 6. The wear scar area and the noisy friction path also decrease by in-

Table 6.
Standard Reichert test results under load of 30 kp, 

friction path of 100 m and room temperature

Oil designation

Wear scar area, m m 2 Noisy friction path, m

Refer­
ence
oil

Oil to be tested
Refer­
ence
oil

Refer­
ence
oil

Oil to be tested
Refer­
ence
oil

“C”
0.0% detergents 22.5 14.3 15.0 15.0 22.5 24.0 8 10 10 24

“ B ”
2.7% detergents 22.5 9.2 9.5 10.3 22.5 24.0 5 6 7 24

“A”
7.0% detergents 22.8 7 4.5 2.8 23.7 25 4 4 3 24

creasing the  additive concentration. Oil “ B ” caused a decrease in the wear 
scar area and the  noisy friction p a th  com pared to oil “C” by  33%, while 
oil “A ” , compared to  oil “B” , caused a reduction of 35—50%. These results 
indicate the benefit of the  detergent additive under study in reducing wear 
and also confirms those results obtained from  the bench tests. The influence 
of increasing the  detergent additive concentration on reducing the  wear scar 
area and the noisy friction path  is shown on Fig. 2.

F ig . 2
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3.3 Field Test

In  this test, the vehicles ran an average of 42,000 km. Oil “A” was used 
and changed after different intervals, i.e. after 3,000, 4,000, 5,000, 6,000 and 
7,000 km. The results showed the  following:

— After an average of 42,000 km running, the mean o f the overall deposit 
m erit rating of the pistons was 71.5% which is equal approxim ately to  190—200 
hours severe bench test on the P e tte r AV-1 engine.

— No ring sticking occurred and the insoluble content in the used oil 
samples did not exceed 2% oil change after 7,000 km running.

4. Conclusions

1. Increasing the concentration of the “Ba-sulphonate +  Ba-phosphonate” 
detergent additive from 2.7% to  7.0%, caused significant improvement in the 
m erit rating values of the P e tte r AV-1 engine parts. Increasing the severity 
and extending the period of the tests worsened the piston deposit rating 
values and caused ring sticking.

2. Both the bench—and model wear tests showed th a t  increasing the con­
centration of the above mentioned detergent additive caused a significant 
reduction in wear figures.

3. The field test showed th a t oil “A” can be used with an oil change period 
of more than  7,000 km without problems appearing such as ring sticking.
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РЕЗЮМЕ

Данная статья занимается вопросом влияния, оказываемого присутствием детергентных при­
садок и условиями испытаний, на результаты испытаний моторных масел. С этой целью на 
испытательном стенде и на встроенных автомобильных двигателях изучалось влияние детер­
гентных присадок алкил-бензол-сульфонат бария + тиобензол-фосфонат бария.

Увеличение концентрации детергентных присадок оказало положительное действие на мощ­
ность моторов и снижало изнашиваемость деталей мотора.
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Experiments were carried out to determine the solubilities of micro­
nutrients [Fe(IlI), B, Zn, Cu, Mn, Co, Mo] in 10 — 34 — 0 ammonium 
polyphosphate solution. As a result a method was elaborated which, 
in the case of polyphosphate solutions containing three of the above 
mentioned micronutrients, enables the calculation o f concentration 
relationships without the knowledge of the com position and stability 
coefficients of the formed complex compounds. This method can be 
extended to the description of fertilizer solutions containing more 
than three micronutrients.

1. Introduction and Literature

Those elements are term ed micronutrients which take  part in the s truc tu re  
of a p lan t’s organism and which are present there in a  concentration of less 
than  10~1 2 wt. per cent. These elements, although their am ount is more or less 
negligible, play an im portant role in the life of a p lan t. The most im portan t 
micronutrients are: iron, boron, zinc, copper, manganese, cobalt and m olybde­
num.

In  a modern rural economy which applies industrial monocultural production 
methods, the need for m icronutrients increases every day. The applied p ro ­
duction technologies consume steadily growing am ounts of N PK  fertilizers 
and, as a consequence the am ount of harvested products of a given region, 
constantly increases. The result of experiments, carried out with different 
types of fertilizers, show th a t a further increase of m acronutrients results in 
a lower increase of products from a soil properly supplied with nitrogen, 
phosphorous and potassium, bu t with the rise in the  micronutrient con­
centration of the land, the result is a m arked growth of th e  harvested product. 
Therefore in countries w ith a developed agriculture a demand arises for 
supplying the m icronutrient deficiency of the soils in addition to and together 
with fertilization of different nitrogen, phosphorous and potassium com­
pounds.

3*
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Based on the  d a ta  th a t  has appeared in literature, the supplem ent of micro­
nutrients can easily be solved with the  a id  of liquid fertilizers, among these 
the polyphosphate solutions have the  advantage tha t they dissolve the in­
organic salts un til a degree determ ined by  their original polyphosphate con­
centration [ la ] —[14].

In  Table 1, th e  solubility da ta  o f m icronutrients are presented, related 
to N P solution containing 8-24-0 (ortophosphate solution); 10-34-0 (40 — 45 wt.

T a b l e  l .

The solubility of inorganic salts—micronutrients—in ammonium polyphosphate
solutions

fial. [3], [4], [7]—[14]

Solubility (%) of

Dissolved salt (Zn, Cu, Fe, Mn, B, Mo) in

00 II bS II О

10 =  34=0 
solutions 11 =  37 =  0

ZnO 0.05 2.25 3.0
ZnS04-H20 0.05 1.50 2.0
ZnCOs 0.05 2.25 3.0
CuO 0.03 0.53 0.7
CuS04-6 H20 0.13 1.13 1.5
Fe2(SÖ4)3*9 H 2O 0.08 0.80 1.0
Mn30 4 -=0.02 0.15 0.2
MnO -=0.02 — 0 .2+
MnS04-H20 -=0.02 — 0 .2+
Na2Mo04-2 H 20 0.5++ 0.38++ 0.5++
Na2B40 7 • 10 HaO 0.90 0.90 0.9

N ote  :
+ p re c ip ita te  fo rm ed  a fte r several days  

++ h ig h e s t co n ce n tra tio n  exam ined

per cent polyphosphate solution) and  11-37-0 (60 — 70 wt. per cent poly­
phosphate solution) m acronutrient ratios and having only one m icronutrient 
compound. The numbers given above indicate the N-P20 5-K 20  concentration 
of the fertilizer solution, in wt. per cent [la], [3], [4], [7]—[14].

The inorganic compounds of zinc, m anganese, copper and iron are almost 
insoluble in ortophosphate solutions (their solubility is less th an  0.1 wt. 
per cent) due to  the  formation of m etal ammonium ortophosphates.

The relatively higher solubility of m etal salts in solutions containing poly­
phosphates can be explained by the  sequestering properties of the  condensed 
phosphates. I f  a polyphosphate solution is poured progressively in to  a solution 
of m ultivalent m etal ions, a t first a precipitate forms which dissolves later 
in the presence of excess polyphosphate. All the condensed phosphates form 
insoluble salts w ith multivalent m etal ions which transform  into  a soluble 
complex compound in the excess o f polyphosphate. This phenomenon is 
term ed sequestering property [15]. The sequestering property o f the ammo­
nium polyphosphate solution used for fertilizers is a ttribu ted  to  their dipoly­
phosphate and  tripolyphosphate content.
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The concentration of micronutrients dissolved in  polyphosphate base 
fertilizer solutions is influenced by the solubility relationships of the other 
compounds present in the system. I n  a system which is in  equilibrium, the 
actual values of the metal ion concentrations are the results of the stability co­
efficients of complex forming reactions and the solubility relationships of the f  inal 
products [lb].

The structure of most of the complexes formed in polyphosphate solutions 
is unknown, only a few of them  were examined thoroughly. Neither the nu ­
merical values of the stability coefficients nor the solubility products of these 
known complexes can be used for the determination o f the  maximum allow­
able metal concentration of polyphosphate solutions. These data were de­
term ined in pure systems, in dilute electrolytes and  hence they cannot be 
related to the complex m ixtures of fertilizer solutions.

In  concentrated polyphosphate solutions, the concentration of micro­
nutrien t can be higher or lower compared to  the previously mentioned data , 
due to  the unknown equilibrium processes. A further complication arises th a t  
the form and the composition of the solid phases assum ed by the solubility 
relationships are not always equal due to the crystal dimorphism and iso­
morph substitution, which have significant effects on the  solubility. Adding 
m ixtures of micronutrients to  fertilizers, the isomorph substitution occurs 
more frequently in reaction products.

The large number of components made the generally used solubility d ia­
grams inapplicable for the determ ination of solubility d a ta  and  for the identifica­
tion of solid phases [16]. The liquid polyphosphate solutions are too compli­
cated systems to  investigate or represent with simple phase diagrams.

The result of the mentioned difficulties is th a t the published data  on micro­
nutrien t solubility in polyphosphate solutions are extrem ely  rare and insuffi­
cient, up to now the concentration data  of the single m icronutrients in poly­
phosphate solutions are available, but the data  concerning cobalt are missing.

H itherto only two brief references were found dealing w ith  multicomponent 
systems :

- F ormain I s ta ted  [11] th a t  th e  concentration o f  copper, zinc and  m an ­
ganese in a  po lyphosphate solution can be ca lcu la ted  w ith  the  w eighted 
average o f th e  single so lubility  data ,

— based on Mortvedt’s publication  th e  m icro n u trien t concentration lim it 
o f 3 wt. per cent canno t be exceeded and th e  s to rag e  tim e o f liqu id  
fertilizers containing various nu trien ts  is sh o rte r th a n  those which con­
ta in  only a  single one [la].

2. The Method Used for the Determination of Micronutrient Solubility

For the solution of the questions outlined above, a  m ethod was elaborated 
which can be applied for the determination of the solubility  of m icronutrient 
mixtures in polyphosphate solutions without the knowledge of the processes 
taking place during the dissolution and of the composition of the compounds 
formed.

In  the following a m ethod is discussed which can be applied in the case 
of solutions containing three micronutrients. The principle of the m ethod
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can be extended to  polyphosphate solutions containing more th a n  three micro­
nu trien ts, bu t in these cases the  depiction in four, five or m ore dimensions is 
impossible. This m ethod was elaborated  for the determ ination of micro­
nu trien t solubility in amm onium  polyphosphate fertilizers. I t  is conceivable 
th a t  similar problems can be successfully if this method is applied.

As the  first step, the solubility data of the single micronutrient was determined. 
The exam ined metal salt was poured into 100 g. of well m ixed ammonium 
polyphosphate solution, a t room tem perature until an insoluble precipitate 
was formed. Then the solution was stirred  for 24 hours and  the  precipitate 
was separated from the solution w ith an ultracentrifuge (5,000 to  6,000 rpm), 
and  the  m icronutrient concentration of the clear solution was determined 
by  an  atom absorption spectrom eter. I f  the  pH value of the  solution decreased 
during the dissolution of the salt, am m onia gas was bubbled in to  the solution.

The m etal concentration value of the  clear solution being in equilibrium 
w ith the  formed precipitate was taken  as the solubility of th e  examined salt.

Knowing the solubility d a ta  o f th e  examined m icronutrient salts, in the 
second step the  solubilities of rnicromdrient pairs were determ ined. A series 
o f solutions were prepared which contained 25, 50, 75 and 100 per cent of the 
soluble am ount of the given salt and  into these well mixed solutions was added 
the  second salt, a t room tem perature, un til the form ation o f an insoluble 
precipitate. Then, if necessary, th e  pH value of the solutions was adjusted 
to  5.85. The following procedures were similar as described above.

The m etal concentrations of polyphosphate solutions containing two micro­
nu trien ts were presented with th e  help of a rectangular co-ordinate system, 
th e  solubilities of the single m icronutrients were p lo tted  on the axes 
in  (g metal/100 g ammonium polyphosphate) [APP] units. The concentration 
values of the solution containing tw o micronutrients form  a  plane limited 
by  th e  axes, this means th a t all points of this figure represent stable fertilizer 
solutions. The border curves of the  plain figure were approxim ated by straight 
lines. This neglection could be done because the examined concentration range 
is very  narrow and as a consequence, the  curvature is negligible.

The following m ethod was used for the determination of the concentration 
relationships of polyphosphate solutions containing three micronutrients:

The solubility relationships o f th ree micronutrients can be represented 
by  a  figure having three dimensions i.e. by  a solid. The construction of this 
solid is described below:

The plane figures determined by m icronutrient pairs was p laced into a space 
co-ordinate system. Here, the solubilities of the single m icronutrients are given 
on th e  X, y  and z axes as point values, and the planes form ed by the axes 
represent the solubilities of m icronutrient pairs. This is shown in Fig. 1.

M arking the tips of the solid w ith letters:
P 2 (a, 0, 0)
P 3 (0, b, 0)
P 4 (0, 0, c)
P 5 (A, B, 0)
P 6 (C, 0, D)
P 7 (0, E , F)

(It is to  be noted th a t the origin, formed by the axes is meaningless!)
The co-ordinates of the points being in brackets, represent th e  solubilities 

of the  individual metals or m icronutrient pairs : P 2, P3 and P 4 give information
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Fig. 1
The Solubility o f M icronutrient Triad in  G eneral Case 

a, b, c — the m axim um  m etal concentration  (g m etal/100 g A P P ) o f the  system  contain ing
single m icronutrien t

A, B, C, D, E , F  =  the  m axim um  m etal concentration  (g m etal/100  g A PP) of the system
containing m icronutrient pairs

a, ß, y = the m axim um  m etal concentration (g m etal/100 g A P P ) o f th e  system  contain ing
m icronutrient triad

about the concentration of the m icronutrient, while points P 5, P6 and P 7 
represent the solubility relationships of m icronutrient pairs. Marking an op­
tional P^oc, ß, ß) p o in t—here a, ß  and y give the solubility da ta  of three micro­
nutrients being present in the solution—and let us connect this together w ith 
the  points P 2, P3, P 4, P5, P 6 and P , . These latter points are carriers of certain 
information. Now, a plane can be placed on P t and on both  the points being 
in neighbourhood of P 4; six such planes can be placed. In  this way a solid 
can be formed which is bordered by planes representing the  solubilities of the 
examined m icronutrients. For the m athematical description of this solid the  
equation of a plane represented by three points can be used. Taking the 
symbols given in Fig. 1:
For the plain represented by P x, P 2 and P 5 :

* + *  f i - l l + i f i - «  _ £ + ± . £ ) _ i
a a ) y  y а В а  В ]

For the plain represented by P x, P 3 and P 5 :

1 b )  b у  \  A  b b A )

For the plain represented by P 7, P 2 and P 6 :

x  , y  >, a У C V 1---f- —• 11------— + —• — 1a ß { a D a d J
For the plain represented by P x, P4 and P e :

X  ( T)\ у ( a у  a D )  г
c [1-7j+/i (1-с-7+с'7]+7=1
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For the plain represented by P 4, P 4 and P 7 :
X

a fi
E c

ß_
E

z
+ - = 1c

For the  plain represented by I3, , P 3 and  P 7 :
X ( в y a E l у z-  1 - - -  — + ------+ -  + —
a { b F  F  b) b F

= 1

Dealing w ith the examination o f th ree given metals, the  values of a, b, c, 
A, B, C, D, E  and F  are known from  the  previously discussed experiments. 
The task  is now the determ ination of the  place of point V 1. Knowing the 
solubility relationships of the given m icronutrient pairs, the  form of the solid 
is generally simpler as it is depicted  in Fig. 1. During the  determination 
of the d a ta  representing the solid which describes the concentration relation­
ships of th ree  micronutrients, th e  aim  is to  prove th a t those solutions are 
stable which can be characterized by the  concentration values being “inside” 
the solid.

For clarity  Fig. 2 shows the photograph  of the solid fabricated  from wire.

The Solid R epresenting  the  S olub ility  R elationships of M icronu trien t Triad

3. Experim ental Results

The application of the m ethod discussed above is shown by  the  solubility 
determ ination of m icronutrients in 10-34-0 ammonium polyphosphate solution.

The 10-34-0 polyphosphate solution was prepared in th e  laboratory. I ts  
analysis d a ta  are as follows:

N  =  9.68 w t. p e r cent 
P 2O5 =  34.00 w t. per cent

The d istribution of the to ta l P 2Os :
orto p h o sp h ate  52.3 per cent 
d iphosphate  41.9 per cent 
tr ip h o sp h a te  5.7 per cent

D ensity  =  1.3488 g/cm 3 

pH =  5.85
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The used inorganic compounds—or m icronutrients—and their m etal con­
centrations are listed in Table 2.

Table 2.
Compounds used as micronutrient source

Compound

Micronutrient
name formula metal content

%

Boron Borax Na2B4O-.10 H 20 11.40
Molybdenum Ammonium

Molybdenate
tetrahydrate

(NH4)eMo70 24-4 H 20 54.40

Zinc Zinc Sulphate 
heptahydrate 
Zinc Oxide

ZnS04* 7 H 20  
ZnO

22.86
80.85

Copper Copper Sulphate 
pentahydrate CuS04.5 H 20 25.50

Manganese Manganous Sulphate 
monohydrate MnS04-H20 32.50

Cobalt Cobaltous Nitrate 
monohydrate Co(N03)2-H20 31.08

Iron Ferric Ammonium 
Sulphate Fe(NH4)(S04)• 12 H20 11.6

The solubilities of the single micronutrients are presented by the numerical 
values of a and b, in Table 3.

F i g .  3
D iagram s Describing the C oncentration R elationships o f M icronutrient P a irs  in 10 =  34 =  0 

A m m onium  P olyphosphate Solution
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Table 3.

The solubility of m icronutrient pairs in 10 =  34 =  0 ammonium polyphosphate solution
(see Fig. 3)

Solubility g metal/100 g APP. Symbols used in Fig. 3
Micronutrient pair Type of diagram

a b C

B-Mo 3a 1.75 1.00
B-Zn 3a 1.75 2.08 —

B-Cu 3a 1.75 1.30 —

B-Fe 3c 1.75 2.70 3.66
B-Co 3c 1.75 0.34 1.00
B-Mn 3d 1.75 0.07 0.03

Mo-Zn 3a 1.00 2.08 _
Mo-Cu 3a 1.00 1.30 —

Mo-Fe 3a 1.00 2.70 —

Mo-Co 3a 1.00 0.34 —

Mo-Mn 3a 1.00 0.07 —

Cu-Zn 3b 1.30 2.08
Cu-Mn 3b 1.30 0.07 —

Cu-Co 3c 1.30 0.34 0.67

Zn-Mn 3b 2.08 0.07
Zn-Co 3b 2.08 0.34 —

Fe-Cu 3a 2.70 1.30
Fe-Zn 3b 2.70 2.08 —

Fe-Mn 3a 2.70 0.07 —

Fe-Co 3c 2.70 0.34 0.67

Co-Mn 3b 0.34 0.07 —

Table 3 and Fig. 3 show the  solubility relationships of m icronutrient pairs. 
As micronutrients F e (III) , B, Zn, Cu, Mn, Co and Mo were selected and the 
solubility of the given m icronutrient pairs, determ ined by the m ethod de­
scribed above, can be presented by one of the diagrams given in Fig. 3.

The solubility d a ta  o f the  m icronutrient pairs were substituted into the 
general equation system  of the  solid depicted in Fig. 1 and as a result the con­
figuration given in Fig. 4 was gained which describes the  solubility relation­
ships of the micronutrient triad.

Knowing these solids the  m ethod was selected, using this it could be proved 
w ith  relatively few experim ents th a t the solutions characterized by the com­
ponen t concentrations which are “inside” the constructed solid are stable 
an d  no precipitate forms. In  the  case of solutions by which the concentration 
d a ta  of the m icronutrient components are “outside” the  body, a precipitate 
forms.

The method used was as follows:
In  th e  cases of a, b, c, d, e and /  of Fig. d /l, the component concentrations 
were increased along th e  body diagonal, connecting together the point P  and 
th e  origin. The aim was to  reach the point P. I f  in this case the solution was
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a ) b )

F i g .  4 / 1
Special Cases of th e  Solubility o f M icronutrient Triads in 10 =  34 =  0 A m m onium  P o ly ­

phosphate  Solutions

stable, an attem pt was made to “step out” from the form ation i.e. more 
inorganic salts were added into the solution. I f  this experim ent resulted in 
a precipitate formation, this verified the soundness of the presum ption.

In  the case of the triangle base prism shown in Fig. 4/2  g, thé  increase 
o f component concentration was carried out along the arrow which lies on the 
boundary plane, and a further increase of the concentration was attem pted.

In the cases of h, i, j, k, l and m of Fig. 4/2 the concentrations were similarly 
altered, the directions m arked with arrows, until the point P  was reached, 
taking the formations of h, i and j  the  samples characterized by  A were also 
prepared.

I f  the pH value of the solutions decreased due to the dissolution of the 
m icronutrients, it was readjusted again with ammonia gas until the  value 
of 5.85.

The numerical data  of the solubility values of m icronutrient triads are listed 
in Table 4. The representation of the  m icronutrient concentration on the  x, 
y  and z axes was carried out in the sequence given in the first column of the 
Table, i.e. the a co-ordinate of point P  gives the first, ß the second and y  the
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Fig. 4/2
Special Cases of th e  S olub ility  o f M icronutrient T riads in 10 =  34 =  0 Am m onium  P o ly ­

phosphate Solutions

th ird  element concentration existing in the  fertilizer solution characterized 
by  point P. The section of the three axes (a, b, c) is the  solubility of the given 
m etal salt, and the  th ree  planes of the spatial co-ordinate system being per­
pendicular to each other, the  figures take place which describe the solubility 
of 2 —2 m icronutrients. The values of these were presented above and with 
their help the sizes o f th e  solid can be calculated.

In  the cases illustrated  with Figure 4/1 a —f, the  numerical values of the 
a, ß and y co-ordinates of point P  are also presented in Table 4 on the one 
hand, the cause of th is is the prevention of uncertainties caused by the de­
forming effect of the  drawings, and on the other hand the co-ordinates of the 
point marked with +  symbol do not follow unequivocally from the solubility 
d a ta  of m icronutrient pairs. In  the cases of Fig. 4/2 g — m, the point P  moves 
along one of the edges or on the surface of the solid, therefore their co-ordinates 
are not presented in Table 4.
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Table 4.
The solubility relationships of micronutrient triads 

in 10 =  34 =  0 ammonium polyphosphate solution 
(See Fig. 4)

M icronutrient tr iad Type of solid
The co-ordinates of p o in t P g metal/100 g A PP

a ß Y

B-Mo-Zn 4  a 1 .7 5 1.00 2 .0 8
B-Mo-Cu 4  a 1 .7 5 1.00 1 .3 0
Fe-Mo-Mn 4  a 2 .7 0 1.00 0 .0 7
Fe-Mo-Cu 4  a 2 .7 0 1.00 1 .3 0
Cu-Fe-Cu 4 e 1 .3 0 2 .7 0 0 .6 7
Mo-Fe-Co 4  b 1.00 2 .7 0 0 .6 7
Cu-B-Co 4e+ 1 .3 0 1 .7 5 0 .6 7
Mo-B-Co 4b 1.00 1 .7 5 1.00
Cu-B-Fe 4b 1 .3 0 1 .7 5 3 .6 6
Mo-B-Fe 4b 1.00 1 .7 5 3 .6 6
Fe-B-Co 4d+ 3 .6 6 1 .7 5 1.00
Fe-Mo-Zn — — —

Zn-Mo-Cu * y — — —
Zn-Mo-Co * y — — —
Mn-Fe-Cu * 0 — — —

Zn-B-Cu * 9 — — —

Cu-Mo-Mn 4</ — — —
Co-Mo-Mn — — —
Zn-Mo-Mn 4 » — — —
Mo-Cu-Co 4b+ + 1.00 1 .3 0 0 .4 5
Mn-Fe-Co 4  h — — —
Mn-B-Zn 4j — — —
Mn-B-Cu 4j — — —
Zn-B-Co 4 h — — —

Mn-B-Co 4  г — — —

Mo-B-Mn 4  c ++ 1.00 1 .7 5 0 .0 7
Mn-B-Fe 4 / 0 .0 3 1 .7 5 3 .6 6
Zn-B-Fe 4  h — — —
Cu-Fe-Zn 4k — — —
Zn-Fe-Mn 4k — — —

Cu-Mn-Zn 41 — — —

Zn-Co-Mn 41 — — —
Zn-Fe-Co 4  m — — —

Mn-Cu-Co 4  m — — —
Zn-Cu-Co 4  m — — —

N otes
+ T he co-ord inates o f p o in t P  c an n o t be given  fro m  th e  so lubility  d a ta  o f  m ic ro n u tr ien t pairs.

++ Ir re g u la r itie s :
1. T he so lub ility  o f Co is 0.45 g /100 g A P P  in s tead  o f th e  expec ted  0.07 g /100  g A P P  in the  M o-Cu-Co 

system .
2. B ased on th e  e lab o ra ted  th e o ry  th e  M o-B-M n system  could be re p re sen te d  by  th e  solid d ep ic ted  on  

F ig . 4 /1  c. In  p rac tice  th e  solid given in F ig . 4 /1  a . rep resen ts  the  system , i.e. th e  so lubility  o f m an g an ese  
is 0.07 g /100 g A P P  in s tead  o f th e  expec ted  0.03 g/100 g A P P  value.

4. The Practical Application of the Method

In possession of the data  presented in Chapter 3, it  is feasible to meet the 
claims of rural economists and to  decide whether is it possible to prepare 
the required solution of micronutrients from a 10-34-0 ammonium poly­
phosphate solution or not.
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For systems containing two micronutrients th e  equations of lines bordering 
th e  plain figures can be set up using the  symbols presented in Fig. 3. I f  the 
required concentrations of m icronutrients are ax and bv  the  following condi­
tions have to be fulfilled for the preparation  of a precipitate free fertilizer 
solution :

In  the case of 3.a:
The equations of the  bordering straight lines are :

x  = a an d  y  = b.

The solution is stable, if  a1< a  and bl <  b.
In  the case of 3.b :

The equation of the  bordering straight line is:

X y
-+ Г = 1 -a b

The solution is precip itate  free, if :

ai bi 
a b

In  the case of 3.c:
The equations of bordering straight lines are :

c — b
x  = a and y  = -------x+ b .

a

The solution is p recip itate  free, if

c — b
en a and bi rs.------ • ai + b.

a

In  the case of 3.d:
The equations of th e  bordering straight lines are :

b—c
x = a  and  y — ------- - x  + b.

a

The solution is precip itate  free, if:

b — c
a ir^a  and &i =s---------cn +  b.

a

For fertilizer solutions containing three micronutrients the  construction of 
limiting conditions is similar, the difference is th a t in th is case the equation 
systems are set up which describe the  bordering planes of the  spatial figure. 
The magnitude of th e  micronutrient concentrations aL, br and c,x of the pro­
duced solution have to  fulfil the dem ands prescribed by the  equation system 
for the production o f a precipitate free, m icronutrient tr ia d  containing ferti­
lizer solution.

The equation system s describing th e  solids depicted in Fig. 4 (using the 
symbols of Fig. 1 and  Fig. 4) are as follows :
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In  case of 4.a:
X y  z
- * U  х - l ;  — 1.a b c

I t  is to  be seen th a t the  solution will be precipitate free, if:

ai^a: bi^b; ci^c.
In  the case of 4.b :

X y
— 15 а  о

V Í d \  z

Clear solution can be produced, if:
1 i n f  d \

a j s a ;  6 i ^ b ;  ci=s-------- 1 --------.
c cb \

In  the case of 4.c:
X V y I d \  г
- * U  £ - i ;  T  l —  + —  i.a b b \ с ) c

The conditions of the production of clear solution are :

1 Ъх (  d \
(ii ^  a ; bir^b; ci ^ -------- I 1 ------ 1.

c c6 V c )

In  the case of 4.d:

The condition of the preparation of the  precipitate free solution is th a t  the 
values of alt bx and cx have to be th e  roots of the above equation system. 

In  the case of 4.e:

X

a

The conditions regarding values ax, bv and cx are the  same as given in the  
case of 4.d.

In  the case of 4.f :
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y ,

\  1—  +-=6 1. 
h y c ) c

The conditions regarding values al , bl and cx are the same as given in the 
case of 4.d.

In  the case of 4.g :

b e 1 ’
X  Z
—I— ^  1 ; 
a c

The solution is precipitate free, if :

In  the case of 4.h :

GU C l
bi <  b a n d ----1----^  1.

a c

X z 
— 4 — ̂  1 ; a a

1;

X  y  (  d
-+J  U—a b \  c

+ -=sl .  
c

The conditions regarding values ax, bl and cx are the same as given in case 
o f 4.d.

In  the case of 4.i:
X  y . e i e z
-  + - 1---- + ------=£l
a 6 t a ]

У 1

a a

b i;

X  y Í .  d 1 z .
-  + T 1---- + - = s l .a b l  о ! 0

The conditions regarding values av  bx and ci are the same as given in the case 
o f 4.d.

In  the case of 4.j :
X y  f  e '\ z
— + — 1----H----
a b \ a ) c i;

1;L
b

X  z 
- + - ^ 1  
a c

The conditions regarding values av bt and  c1 are the same as given in the case 
o f 4.d.
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In  the case o f 4.к :
X z  
— I— 1 ;  
a  c

V Z
т‘+ —̂ 1 ; 
0  c

The solution is precipitate free, if :

СП Cl

In  the case of 4.1 :

6 l  C l
H— s  l and  — I— эе 1.

a  c b e

X у  z  
■—b-rH— 1 ; a b c

The solution remains precipitate free, if:
ax bi  Ci
--- f- — + — = 1a b c

In  the case of 4.m :
X , у—+ — -s.a b

X У ( d \—+ T" l ----a b 1 c /

The solution remains precipitate free, if:

a\  b  L
— t — == 1 ; 
a  b

a x  b x  /  d \  ci
— t — 1---- I + — 1
a  b \  c  )  c
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РЕЗЮМЕ

В ходе работы, направленной на определение растворимости в 10-34-0-ом растворе полифос­
фата аммиака семи наиболее важных микроэлементов — Ре(Ш), В, Zn, Cu, Mn, Со, Mo —, 
авторами был разработан такой метод, с помощью которого могут быть заданы соотноше­
ния концентраций металлов в растворе полифосфата аммиака, содержащего в себе три микро­
элемента, при неизвестном составе и неизвестной константе устойчивости образующихся 
в растворе комплексов. Данный метод может быть математически распространён и на раст­
воры удобрений, содержащие более трёх элементов.

\

/
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A n alternative  for using B o o l e a n  m odels for reliab ility  analysis 
o f chemical p la n ts  is the application  o f M a r k o w  models. Therefore 
a  program m e system  for reliab ility  analysis of com plex p lan ts  was 
developed w hich allows th e  application o f B o o l e a n  o r M a r k o w  
models.

B y m eans o f  th is  program m e system  several chemical p la n ts  were 
investigated, am ong them  a  distillation p la n t engaged in  a  p e tro ­
chemical w ork. F o r this exam ple the  m ethod and th e  num erical 
results are p resented .

Various possibilities for raising  the reliab ility  o f chem ical p lan ts  
are used in practice. These a re  organizational as well as technological 
m easures w hich are derived from  corresponding qualita tive  and 
quan tita tive  analyses. In  th is  field is i t  m ost useful to  com bine bo th  
analysis m ethods for using th e ir  different advantages and possibilities 
o f application in  conform ity w ith  various industrial dem ands. The 
reasons for these various industria l dem ands are

— the differences in the  technological structu re  and  behaviour 
of th e  p la n ts  being investigated, especially th e ir  different 
com plexity,

— the differences in inform ation concerning th e  reliab ility  be­
haviour o f  applied equipm ent,

— and th e  differences in knowledge which is necessary for th e  
various stages in the p lanning  of chem ical p lan ts.

Q uantitative m ethods gain prim ary  im portance for reliab ility  
analyses, because they  are necessary for th e  solution of such problem s 
as the  synthesis o f optim al p la n t structures, th e  estim ation of technical 
and  economic risks, and the p lanning of optim al m aintenance s tra te ­
gies, etc.

1. Characterization of Markow models

The calculation of the  reliability behaviour of technical objects is based 
on the mathematical theory of stochastic processes caused by the accidental 
nature of equipment failures. The modellization of the reliability behaviour 
can on principle be carried out by means of binary or nonbinary models. 
B inary models, which a t present are mainly used, allow the determ ination

4*
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of two states, which are as a rule the sta te  of unrestrained function and the 
sta te  o f to ta l failure. All sta tes between these boundary states are ascribed 
to  them . This simplification is possible for the reliability description of ele­
ments, the  more so as o ther sta tes cannot be exactly distinguished from one 
another. The restraints of B oolean  models are more disadvantageous for 
the description of the reliability behaviour of complex systems. For instance, 
Bo o lean  models are not suitable to  consider statistic dependences in the case 
of ho t redundance (power dependence of reliability). The calculation of relia­
bility d a ta  of special redundance groups (subsystems) in considering renewal 
processes is also impossible, because different function states have to  be re­
garded simoultaneously, as a s ta te  of function, sta te  of failure, state  of reserve, 
and a  s ta te  of repair.

The use of B oolean models is also problem atical for the reliability analysis 
of parallel systems with a split capacity. A reduction of their behaviour to  only 
two sta tes would be an unjustified  simplification.

An alternative is the application of Markow  models using failure rates 
and m aintenance rates as prim ary  dates. The lim itation of the num ber of 
system  states depends on technological aspects and on the capacity of the 
com puters which are available.

Properties of the Markow  model are:
(1) E ach  possible s ta te  is of accidental nature. The quan tity  Z  of all states 

is an accidental process £[Zy(i), t£ T \. For each sta te  the  future behaviour 
is independent of the  p as t (Markow  property).

(2) The conditioned probability  for an event in the tim e interval \t, t + di] 
is given by:

P n ( t  +  d t ,  t) =  P(Z( t+ di) = Zj/Z(t) = Zî) (1)

and  by this equation the  change-over rate  :

«л(0 =
P a ( t  +  d t ,  t )

d  t
( 2)

In  this way the failure rates and renewal rates, obtained by the prim ary 
dates on the failure behaviour, can be easily used for quantitative 
analysis in connection w ith distribution functions.

(3) The occurrence probabilities of the  different states pj(i =  0) m ust be 
known. They characterize in each case the starting  points of the failure 
process.

(4) The probability for the  occurrence of two events w ithin the tim e interval 
[t, i +  di] is zero.

The state  probability for the  tim e t + dt in relation to  the state  probability 
for the  tim e t is then given by :

P i ( t + à t )  = P i d ) \  1  - 2  ® « ( 0  d « ]  +  ~ Z p i ( t ) a n ( t )  d i
V V
X i

( 3 )

Ps(t + dt) = p i( t)- й (02®«(*) <к+2Р1(*)®лМ dt 
V V
г г

iÿ*j ij*J
P i ( t  +  d t )  - p s { t )  =  - p i ( t ) ^ a i s ( t )  d t +  2 Р « ( * ) « л ( 0  d t

V V
i  i

( 4)
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By using:
an(t) = -

V
i

i ^ j (5)

the sum of the s ta te  probabilities (in connection with the  s ta rt conditions) 
becomes one, and therefore:

P i( t  +  d t )  - P i( t)  =  P j( t ) a n ( t )  d< +  2 p i ( < ) “ Ji(<)
V
i

I
and:

--------- —--------- = 2,an(t)Pi(t) (6)
CIÍ V

i

W ith di->-0 the m athem atical model is given by a system  of ordinary differen­
tial equations of 1. order with a dimension corresponding to  the num ber 
of function states.

Because [according to  the property of the Boole model noted under (3)] 
the  probabilities of the  s ta rt states m ust be known, an initial value problem 
is given by:

p(t) = A(t)p(t)

p(t = 0) = {pi} (7)

which can be solved without difficulties numerically, and in some special 
cases also analytically.

2. Reliability Analysis of a Destillation System

By means of Boolean models and Markow models a system for the destil- 
lative separation of a m ulticomponent m ixture was investigated in order 
to  determine the distribution function of the survival probability. This in­
vestigation is a part of a  more complex reliability analysis. The technological 
scheme of this system is shown in Fig 1. I t  consists of 2 distillation columns, 
heat exchangers and pum ps. The heat exchanger E 5a is in cold redundancy 
to  the heat exchanger E  5, bu t also usable in form of glide redundancy for 
the  heat exchangers E  4 and E  6.

Therefore, the heat exchanger system (E  4, E  5, E  5a, E  6) has 10 possible 
function states as given in Table 1. The states Z, to Z4 are states of functionality, 
the states Z5 to Z10 are failure states. This relatively high num ber of sta tes 
requires an analysis of the  reliability behaviour by means of Markow pro­
cesses.

The column C 1, the heat exchangers E  1, E  2, E  3, the tank  T  1 and the 
pum ps P  1, P  2, P  3, form a series system (in the sense of reliability logic), 
which can be analyzed w ithout difficulties in the case of statistical independ­
encies of these elements. ( Fig. 2.)

Therefore, the main subject of the reliability analysis is the investigation 
of the  heat exchanger system  (E 4, E  5, E  5a, E  6) by means of Markow 
processes.



278 G . G r u h n , W . N e u m a n n  a n d  H .  H e in ig V o l. 6 .

Table 1.
State scheme of the heat exchanger system

State number Z i Zz z3 Z t z3 Z i Zz Z i Z t Zio

Element E4 E5 Ed E4 E4 E4 E5 E5 E6
Broken down E5 E5a £J6 E5a E 6 E5a

F ig .  2
Aggregated reliability structure o f the separation system

E vent sequences for systems w ith m any different states are usefully de­
m onstrated w ith sta te  graphs, especially for deriving the  change-over rates. 
F o r the heat exchanger system, this sta te  graph is given in Fig. 3. The events 
(failures of the elements) are noted a t the  arcs of the graph. Considering

F ig . 1
Technological scheme of the separation system
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S tate  g raph of the  hea t exchanger system  (regarding th e  failure behaviour)

these comments, the following differential equation system  is given for the 
heat exchanger system :

dpi(t)
á t

10

= 2  e»(0f>t(0 (-1

3, i=  1(1)10
pi(« = 0)=1.0 
P i{ t - 0 ) ~ 0

( 8 )

By simplifying the problem, the  m atrix А* = {а^} can be divided into sub­
matrices, because only the sta te  probabilities of the states Z x to  Zi  are of 
interest for the  determ ination of the survival probability. The special s tructu re  
o f the differential equation system allows such a decoupling.

(9)

The m atrix A  contains the charge-over rates for the  failure states of the  
system, and the m atrix  В  encloses the charge-over rates between function 
states. The matrices G and D  are zero matrices.

B  =

f — (aw4 +  aw 5 +  «W6) 
aw4
« W 5

awe

0
— (awe +  aw5a +  awe) 

0 
0

0
0

— (aw4 + aw5a + awe) 
0

0
0
0

— (aw5 + aw5a + «W4)
' 0 a w 5 « W 4 0

0 a w 5 a 0 0

0 o w e 0 a  w 4

0 0 a w s a 0

0 0 a w 6 a w  5

0 0 0 a w s a

For determining the survival probability of the heat exchanger system it  is 
therefore sufficient to  use the reduced differential equation system :

Pb =  B p s . (10)

The 4 function states which are of interest are then described by:

7?ts(í) = 2  Pid)i-i ( H )
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3. Results of Calculation

F o r describing the tim e dependence of the  survival probability of the ele­
m ents the  W e i b t t l l  function is used:

( l i )

The param eters oc and Я were determ ined on the basis of prim ary dates for 
the  failure behaviour of the elements by a com puter programme [3]. The results 
are given in Table 2. The calculation of th e  survival probability of the in-

T a b l e  2 .

P aram eters of th e  W ib u l l  function 
for th e  survival p robab ility  o f th e  elements

Element Л in  d -1 a

C l 0 . 9 2 6 - 1 0 - 4 1 .2
E l 0 . 1 2 8 - 1 0 - 4 1 .6 9
E 2 0 . 1 3 7 - 1 0 - 4 1 .6 9
E 3 0 .1 1 6 - 1 0 - 3 1 .4 4
B 4 0 . 1 8 5 - 1 0 - 4 1 .9 1
E b j E b a 0 . 1 5 9 - 1 0 - 4 1 .8 5
E 6 0 . 1 8 6 - 1 0 - 4 1 .9 1
E  7 0 . 1 2 - 1 0 - 3 1 .3 7
P I 0 . 5 6 - 1 0 - 4 1 .2 1
P 2 / P 3 0 . 2 5 - 1 0 - 4 1 .4 3
T  7 0 . 2 3 5 - 1 0 - 5 1 .0

vestigated separation system was carried out by means of a computer pro­
gram m e dem onstrated in Fig. 4 in its simplified structure.

The survival probability  and the availability of subsystems (redundance 
groups) respectively can be determ ined by  special subprogrammes. By the 
aggregation of these subsystems, a sim plified structure of the  superordinate 
system s is obtained and analized in the  following step. This procedure can be 
repeated. The corresponding program m e system was worked out for the 
R  21 computer in F ortran  IV. The s tructu re  of this program me system per­
m its the application of different reliability models.

This programme system  was used for determining the  tim e dependence 
o f the survival probability  of the investigated separation system. The quanti­
ta tiv e  results are given in Table 3. The values of the survival probability 
are approxim atable by the  function:

- Í — ) 1S'R(t) = e U75' (12)

The analysis of these results showed the  prim ary influence of the elements 
F  3, E  7 and of the  subsystems (E 4, E  5, E  5a, E  6) caused by the poly­
m erization of the products in these elements.
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Fig. 4
Simplified structu re  of th e  program m e system  for reliability  analyses o f technological

system s

Table 3.

Tim e dependence of th e  survival p robability  of th e  investigated system

t in d 40 80 120 160 200

H(t) 0.92339 0.79499 0.63647 0.46494 0.30837

SYMBOLS

A , A*, B , G, D  change-over m atrices 
aji change-over rate
i, j  sta te  indices
p  probability
P i, pi sta te  probability
Pn change-over probability (from sta te  Zi  to  sta te  Zj)
R(t) survival probability
t tim e
Z  state
a shape param eter o f  the W e ib u l l  function
A param eter o f  the W e ib u li. function
Aji failure rate
pn renewal rate
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РЕЗЮМЕ

Одной из возможностей исследования надёжности химических предприятий, выполняемого 
с помощью модели B o o l e a n  -а, может послужить применение модели МАРКОВА. С этой 
целью, в интересах выполнения анализа надёжности комплексных химических предприятий, 
была создана система программ, которая открывает возможности для применения моделей 
B o o k l a n  -а или МАРКОВА.

С помощью разработанной системы программ было исследовано несколько предприятий, 
так среди них и цех возгонки петрохимического завода. В статье с помощью данного примера 
показан способ применения данного метода, а также полученные расчётные результаты.



H U N G A R IA N  JO U R N A L  
O F  IN D U S T R IA L  C H E M IST R Y  

V E S Z PR É M
Vol. 6. pp . 2 8 3 - 2 9 2  (1978)

THE NATURE OF THE REACTION OF PROPAN-2 OL 
ON A Zn:Cr:Fe CATALYST

M. SUBRAHMANYAM and  J .  C. KURIACOSE 

(D epartm ent o f Chem istry
Ind ian  In s titu te  o f Technology M adras 600036, Ind ia) 

Received: A pril 17, 1978.

Propan-2-ol undergoes norm al dehydrogenation and oxidative de­
hydrogenation on a  Zn:C r:Fe ca ta lyst.

A t low p artia l pressures, oxygen has a beneficial effect on the 
dehydrogenation ac tiv ity  of the  ca ta ly st while a t  high p a rtia l p res­
sures com plete oxidation of th e  alcohol takes place. In  addition  
to  the surface reaction, there is also a  homogeneous gas phase reaction 
giving rise to  th e  sam e p roduct acetone. The results suggest th a t  
different form s of oxygen are available for the  m ild oxidation  of 
propan-2-ol to  acetone.

Introduction

Since the early 1960s there has been considerable interest in the oxidative 
dehydrogenation and ammoxidation of monoolefins to diolefins, aldehydes 
and nitriles [1—3]. For practical reasons most work to  date has been carried 
out with oxygen added to the feed. Bismuth molybdate catalysts are able 
to oxidize alkenes selectively even in the absence of molecular oxygen [4, 5] 
though the high selectivity is m aintained only for a shorter tim e when oxygen 
is absent. A few studies on the catalytic activity and selectivity of various 
oxidation catalysts for the decomposition of propan-2-ol have been reported 
recently [6, 7]. To obtain a high selectivity, the oxidation level of the catalyst 
m ust be maintained. This may be achieved by incorporating oxygen in th e  
feed. R ennabd and K ehl [8] reported th a t a Zn:Cr:Fe catalyst system  is 
a good oxidative dehydrogenation catalyst for butene. The present study  is 
an a ttem pt to understand the role of various oxygen species for the selective 
oxidation of propan-2-ol to acetone on a catalyst containing Zn, Cr and Fe.

Experimental

The reactions were studied at atmospheric pressure using a flow type 
reactor, mercury being used to  displace the reactant into the reactor [9]. 
All the^chemicals were Analar grade BD H reagents and were used as received.
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Because simple precipitation methods often produce ill defined catalysts, 
the  Zn:Cr: he catalyst was prepared by the  slurry m ethod described by Batist
[10]. The following chemicals were used as starting  materials. For iron and 
chromium, the respective nitrates were used, while ZnO was used in the case 
of zinc. Fe(OH)3 and  Cr(OH)3 were obtained by precipitation from nitrate 
solutions by the slow addition of Analar am m onia (BHD) keeping the system 
stirred. A zinc oxide paste made with distilled water was added to  the m ixture 
of freshly precipitated, thoroughly washed Fe(OH)3 and Cr(OH)3 and heated 
for 10 hours on a w ater ba th  keeping the  to ta l mass stirred vigorously. After 
reaction the solids were filtered, dried overnight a t 110 °C and calcined a t 
550 °C for 5 hr.

Propan-2-ol and acetone (BDH., A R  chemicals) found to  be chromato- 
graphically pure were used without fu rther purification. Research grade 
oxygen, hydrogen and  nitrogen were used directly from cylinders after passing 
through gas-towers containing sodalime; fused calcium chloride and con­
centrated sulphuric acid for the removal of C 02 and moisture respectively. 
N 2 was found to  be inert on the catalyst by comparing its behaviour with He. 
Carbon dioxide from  the  cylinder was passed only through fused calcium 
chloride and cone. H 2S 04 before use. Duplicate runs were made a t each set 
of conditions to  ensure reproducibility.

Activation was ensured by passing dry  air over the catalyst m aintained 
a t 450 °C for 20 m inutes. The liquid products were analyzed by gas chromato­
graphy using a carbowax column a t 75 °C and the gaseous products were 
analyzed using an O rsat’s apparatus [9].

Results and Discussion

Catalysts of various compositions of zinc, chromium and iron were prepared 
and tested for the  decomposition of propan-2-ol. Both dehydrogenation and 
dehydration take  place on all catalysts excejit the one of composition 1:1:1 
(atom ratio) on which only dehydrogenation takes place. The experimental 
results considered here, were all obtained on a 1:1:1 catalyst. The activity 
of a sample of ca ta lyst for the dehydrogenation of propan-2-ol decreases with 
tim e and finally reaches a very low stable value. The decrease in activity 
with time is shown in Fig. 1. W hen the  aged catalyst was regenerated the 
activity was found to  be slightly less th an  th a t of a fresh catalyst. After about 
five runs the ac tiv ity  of the regenerated catalyst was found to  have stabilised. 
Even a stabilised catalyst loses its ac tiv ity  w ith the tim e of reaction as shown 
in Fig. 1. The ca ta lyst can be regenerated any num ber of times indicating 
th a t the deactivation is reversible and  oxidation restores activity. During 
regeneration qualitative tests of the  ex it gas showed th a t  there was no C 0 2, 
proving th a t there  is no coke form ation on the catalyst. Acetone and water 
were found to  be th e  main products of reaction. The gaseous products do not 
contain propylene, showing th a t the  w ater formed could only have been 
due to oxidative dehydrogenation of the  alcohol. The gaseous product is 
hydrogen from  th e  normal dehydrogenation of the alcohol. The alcohol under­
goes both norm al dehydrogenation and oxidative dehydrogenation, up to 
about an hour of th e  duration of the  run. Subsequently only normal dehydro­
genation takes place as revealed by th e  absence of water in the liquid products.
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Temperature °C----

Fig. 1
Effect o f a) tim e a t  400 °C and b) tem perature on conversion o f p ropan-2-ol

The mechanism in the initial stages appears to be similar to th a t suggested 
by  M a r s  and v a n  K r e v e l e n  [11] with an initial reduction of the catalyst 
by  the alcohol.

Use of various mole ratios of oxygen and alcohol ( Fig. 2) leads to  a con­
siderable enhancement in the form ation of acetone, w ith a maximum for a 
mole ratio of oxygen to  alcohol of 0.2 a t 400 °C. The products are acetone, 
water and carbon dioxide. For a partial pressure of oxygen of 0.2, the for­
m ation of acetone is a  maximum a t 410 °C ( Fig. 2). The variation of the 
formation of acetone with tem perature for various oxygen/alcohol mole 
ratios is represented in Fig. 3. The results show th a t the oxygen content 
in the feed and the tem perature m ust be an optimum to  obtain the m axi­
mum amount of acetone.

The oxygen in the feed can generally play a dual role in the reaction, viz. 
a) m aintain the active form of the  catalyst, and b) prevent any coke formation. 
The latter role appears to  be unim portant since there is no evidence for coke 
formation on the catalyst in the absence of oxygen. The oxidizing species 
in the system during oxidation may be the oxide ions of the catalyst or ad­
sorbed oxygen. In  addition to  the heterogeneous reaction there could be 
a  homogeneous reaction with oxygen. I f  the oxygen from  the catalyst, adsorbed 
or chemically combined, is participating in the reaction, gas phase oxygen 
m ay replace the adsorbed oxygen or replenish the anion-vacancies created 
by  reduction of the catalyst surface during the reaction.



430
Temperatire °C ---- *-

Mole ratio of added gas to alcohol — ».

Fig. 2
E ffe c t o f a) the varia tion  in  th e  m ole ra tio  o f Ог/alcohol a t  400 °C and  b) tem perature

on conversion of propan-2-ol

Mole ratio of oxygen to alcohol -----»■

Fig. 3
E ffe c t o f tem perature on  conversion o f propan-2-ol w ith  th e  varia tion  in  the  mole ra tio

o f Ог/alcohol
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The am ount of acetone decreases with tim e even when there is oxygen 
in the feed ( Fig. 4). This decrease in activity m ay be due to i) the progressive 
reduction of the catalyst and the inability of the  oxygen to oxidize sim ul­
taneously the reduced form, or (ii) due to  inhibition of the reaction by  the 
accumulation of products.

_1_____ I_____ I_____ I_____ I_____ I_____ L_
10 30 50 70

Time (min) ----- ►

Fig. 4
E ffect o f tim e on conversion of propan-2-ol

The catalytic activity of the catalyst pretreated with C 02 as well as the  
oxidation of alcohol in the presence of C 02 ( Fig. 5 )  have shown th a t there  is 
no change in activity. So, it  can be said th a t C 0 2 is no t an inhibitor causing 
the decrease in dehydrogenation activity with the tim e of reaction.

The reaction of secondary alcohols are particularly sensitive to retardation  
by water. Here, the presence of water during oxidation of the alcohol has 
caused a small decrease in the formation of acetone ( Fig. 5).

W hen propan-2-ol is fed along with oxygen, carbon dioxide may be form ed 
directly by combustion of alcohol (parallel) or by oxidation of acetone (con­
secutive) or by both paths (parallel and consecutive).

> C H O H
(0) >с=о + н2о

“I  <°>

\ ---- CO + co2 +  h 2o
( 0 )

( 1 )

In  the case of most catalysts with a high selectivity the products of com­
plete oxidation are largely formed through sequential oxidation of the targe t 
product obtained by partial oxidation [12].
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Fig. 5
E ffect of products on  th e  reaction

Many catalytic oxidation processes considered recently as purely hetero­
geneous appear to  proceed by the sim ultaneous operation of bo th  hetero­
geneous and homogeneous mechanisms [13].

In  order to find ou t whether the carbon dioxide is formed in th e  gas phase 
reaction or on the  catalyst surface, blank runs were performed in an empty 
glass reactor as well as one filled with glass chips of uniform size. F irst, various 
mole ratios of oxygen and alcohol were passed through the em pty reactor. 
Acetone, water and carbon dioxide were formed. The conversion of alcohol 
to  acetone was m axim um  (14 percent) a t  a mole ratio of oxygen to  alcohol 
o f 0.15 as shown in Fig. 6. The decomposition of the alcohol to  acetone is 
negligible in the presence of Na. So, there is a  significant interaction of oxygen 
w ith  alcohol in a  homogeneous reaction. The formation of acetone was maxi­
m um  a t 420 °C and  a further increase in tem perature leads to  the  oxidation 
of acetone. In  contrast to  propan-2-ol, m ethanol undergoes no homogeneous 
reaction even after several hours a t 460 °C if no catalyst is present [14].

The oxidation o f acetone seems to  be more sensitive to the  partial pressure 
of oxygen than  the  oxidation of alcohol. This can be seen from  the  constant 
am ount of alcohol converted in the  tw o runs, i.e. i). a t 0.15 mole ratio of 
oxygen-alcohol, and  ii). a t 0.18 mole ratio  o f oxygen-alcohol, while the acetone 
in  the products is considerably reduced in  the  latter.

I t  is open to  question whether the decomposition reaction
=-CHOH +  Q >- > C = 0  +  H 20  (2)

is an oxidative process or dehydrogenation with subsequent oxidation of
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Temperature “C —

Fig. 6
E ffect of a) tlxe varia tion  in  the  mole ra tio  o f Ог/alcohol a t  400 °C and b) tem p era tu re  

on th e  homogeneous conversion of propan-2-ol

hydrogen. I t  has been suggested th a t if there is any oxidative dehydrogenation 
of a hydrocarbon, hydrogen should be completely absent in the product. 
I t  is also required th a t  hydrogen should not reduce these catalysts under 
these experimental conditions [3].

The catalyst, subjected to pretreatm ent by  hydrogen a t various periods 
of time, showed a decrease in catalytic activ ity  for propan-2-ol decomposition 
(Table 1). For the fresh sample, the initial catalytic activ ity  corresponds

Table 1.
Decomposition of propan-2-ol on catalysts pretreated with hydrogen 

Temp. 400 °C Contact time: 1 second
Times at which samples are collected: 0—5 minutes

Catalyst Per cent 
acetone/hr

Per cent
carbon dioxide/hr

Per cent
alcohol converted /hr

Fresh sample 50 18 70
Sample reduced 

20 minutes
60 — 63

Sample reduced 
60 minutes

48 50

Sample reduced 
180 minutes

40 — 40

5
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to  a  50 per cent conversion of propan-2-ol to  acetone. This may involve 
th e  adsorbed oxygen. On th e  catalyst which is reduced with hydrogen for 
20 minutes, assuming th a t  •all the adsorbed oxygen is removed, the activity  is 
due only to active m etal-oxygen oxidizer groups as can be surmised from 
a  comparison of the percentage of alcohol converted and the yield of ketone. 
F o r a fresh sample which contains excess surface oxygen [15] the conversion 
o f alcohol is 70 per cent whereas the ketone form ation is only 50 per cent. 
20 per cent of alcohol m ust have undergone profound oxidation by the loosely 
bound  oxygen. This is so, as shown by the  presence of C 02 in the exit gas 
in  the  initial stages. The o ther three p retrea ted  samples are free adsorbed 
oxygen and so the am ount of acetone formed and  alcohol converted are almost 
equal. Increase in tim e  of pretreatm ent w ith hydrogen causes increased 
ex te n t of the reduction corresponding to  stripping off of several layers of oxygen 
from  the solid with a consequent reduction in conversion of alcohol to ketone. 
H ence the catalyst oxygen is involved in the  oxidation process. B ut the 
a tta inm ent of a steady ac tiv ity  with time indicates th a t pure dehydrogenation 
also takes place.

A n aged catalyst, i.e. a  catalyst reduced w ith alcohol was treated  with 
steam  for several hours. There was no gas evolved while treating the catalyst 
w ith  steam. The ac tiv ity  for decomposition of propan-2-ol was checked on 
th e  treated catalyst. There was no change in the  activity of the catalyst. 
I t  shows th a t the ca ta ly st could not decompose steam, because if the steam  
could be decomposed, th e  oxygen so formed could be expected to  oxidize 
th e  catalyst.

These observations lead to  the conclusion th a t  the  decomposition and oxida­
tion  of alcohol is tak ing  place in several ways as suggested below. The oxida­
tion  reaction m ay show a  complex character due to  the occurrence of nu ­
merous simultaneous, consecutive and parallel reactions as shown below.

— O2 +  =» C H O H ->• > C = 0  +  H 2O (gas phase) (3)

4 > C H O H + 6 Ог-*-3 ==-C =  0  + 3 CO2 + 7 H 2O (gas phase) (4)

> С Я О Н -. = ~ C = 0  +  H 2 dehydrogenation (negligible am ount)

н г+(0)1ашсе-и2о; (6)
>  CH O H  +  (O)iatttice -*■ >  0 = 0  -+ H 2O (7)

> C H O H -* > C = 0  +  H 2 (surface)

The amount of acetone formed when oxygen and alcohol are fed is always 
(even after one hour o f the  duration of run) greater than  the am ount formed 
when the alcohol is fed alone because of the  parallel homogeneous reaction 
in the gas phase.

The qualitative te s t for carbon dioxide during the treatm ent of a fresh 
catalyst with CO showed th a t  C 02 is form ed only in the initial stages i.e. 
up  to about 5 m inutes. This clearly shows th a t  the Zn:Cr:Fe cannot oxidize 
CO with lattice oxygen a t 400 °C. The in itial form ation of C 0 2 m ust be due 
to  oxygen adsorbed on the  catalyst in the  process of preparing and calcining 
th e  specimen in air. In  contrast to  CO treatm ent, hydrogen pretreatm ent 
over the catalyst gives a  definite degree of reduction corresponding to stripping 
o ff of several layers o f oxygen.
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The present investigation supports the following conclusions. There are four 
types of oxygen available for the oxidation of propan-2-ol; a) excess surface 
oxygen which is used up in the first few minutes of the oxidation during 
the experiment, b) easily removable lattice oxygen which is available for 
about an hour of the duration of the experiment, c) non-removable oxygen 
which m ay be promoting the normal dehydrogenation, and d) gas phase oxygen 
for the homogeneous reaction. In  the presence of oxygen in the feed i t  was 
found th a t there is always a greater formation of acetone than when there  is 
no oxygen in the feed. This is because of the parallel gas phase homogeneous 
reaction. The decrease in the am ount of acetone with time, even when there  
is oxygen in the feed is due to the reduction of the catalyst and the inability  
of the oxygen to  simultaneously oxidize the reduced form.
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РЕЗЮМЕ

Ha Zn:Cr:Fe-OM катализаторе Пропан-2-ол претерпевает нормальное и окислительное де- 
гидрогенизирование.

Поскольку парциальное давление имеющегося в наличии кислорода весьма мало, то этот 
факт оказывает благоприятное действие на дегидрогенизирующую активность катализатора, 
ведь большое парциальное давление кислорода ведёт к полному окислению спирта. Помимо 
реакций, происходящих на поверхности катализатора, здесь имеют место и гомогенные газо­
фазовые реакции, в результате которых образуются продукты типа ацетона. Результаты до­
казывают по-видимому факт того, что при слабом окислении пропан-2-ола в ацетон кислород 
присутствует в различных состояниях.

5*
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U nder the  influence of u ltrav io let irrad ia tion  benzyl alcohol undergoes 
dehydrogenation on zinc oxide to  give benzaldehyde, hydrogen per­
oxide and  toluene. Oxygen in  the  adsorbed s ta te  as well as in solution 
is essential for the  reaction  which proceeds th ro u g h  free radicals 
generated a t  the  zinc oxide surface. The ra te  o f th e  reaction  and the 
behaviour of various products depend on th e  n a tu re  o f the solvent. 
A m echanism  consistent w ith th e  findings is proposed.

Introduction

The mechanism of photocatalysed reactions of alcohols on an irradiated 
catalyst is not well understood. The photooxidation o f secondary alcohols 
such as isopropyl alcohol [1, 2] and benzhydrol [3] in the presence of ZnO 
has been studied earlier, the products being identified as the corresponding 
ketone and H 20 2. Sc h w a b  [4] a ttribu ted  the photocatalytic effect of ZnO 
to  its n-type semiconductivity. Illum ination will prom ote electrons from the  
valence band to  the conduction band which are subsequently taken up by the  
adsorbed oxygen to  form O^, the active species. The present paper reports 
some of the results of a study of the interaction of benzyl alcohol with zinc 
oxide under ultraviolet irradiation.

Experimental

The light source used in all the experiments is a H anovia high pressure 
quartz mercury arc. Radiations above 3800 Â are not absorbed by ZnO as 
is revealed by its reflectance spectrum. The lamp provided with an aluminium 
foil shade to reflect light downwards is m ounted horizontally above a m echan­
ical shaker. The reaction vessel consists of a pyrex tube  with an opening 
for introducing the solids and liquids and a small sidetube for bubbling gases. 
Through the outer jacket of the reactor, water a t the  desired tem perature 
can be circulated. 0.35 gm of the catalyst and 30 ml of the  liquid under in ­
vestigation are taken in the reaction vessel which is then  closed and clamped
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to  the  platform  of the  mechanical shaker directly below the lam p and shaken 
throughout the experiments. Samples are removed through the  side-tubes 
a t various intervals and  analysed.

The estim ation of peroxide was carried ou t by iodometry [5, 6]. Benz- 
aldehyde and toluene were determined by  gas chromatography.

The ZnO sample used was supplied by  M a y  and B a k e r  (England). Benzyl 
alcohol and the solvents were purified by  standard  methods.

Results and Discussion

The products of the  photocatalysed reaction of benzyl alcohol on ZnO 
are benzaldehyde, H 20 2 and toluene. The yield increases w ith the  increase 
in weight of the  ca ta lyst to  reach a s teady  value. This m ay be because with 
an increase in weight of the catalyst, th e  am ount of light absorbed also will 
increase until enough ZnO is present to  spread completely and uniformly 
in the reaction vessel to  absorb the m axim um  amount of light. Further ad­
dition of zinc oxide m ay increase only its dep th  and since light does not reach 
the  interior of the  catalyst bulk it is n o t effective. This is fu rther confirmed 
by  the  observation th a t  the bigger the  reaction vessel, the higher the limiting 
am ount of the catalyst. The reaction proceeds very slowly in a  solution de- 
oxygenated w ith N 2 as well as on ZnO p retrea ted  with N 2 to  rem ove adsorbed 
oxygen. Hence both  dissolved and adsorbed oxygen are essential for the 
process.

Fig. 1 illustrates th e  influence of th e  concentration of the  alcohol on the

F ig . 1
Influence o f  concen tra tion  of benzyl alcoho l on the form ation o f  benzaldehyde
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formation of benzaldehyde when acetonitrile is used as a solvent. In  a  non­
polar solvent like cyclohexane, a t lower concentrations of the alcohol, the 
am ount of peroxide formed reaches a maximum, then decreases, again goes 
to  a maximum and then decreases as the reaction tim e is increased (F ig . 2).

Fig. 2
Influence of concentration of benzyl alcohol on  th e  form ation of H 2O 2

This oscillation in the concentration of peroxide is observed in the case o f all 
substrates undergoing dehydrogenation in cyclohexane suggesting this to  be 
a  process depending on the solvent and not on the  substrate. The phenom enon 
is dealt with in detail elsewhere [7] and is hence not discussed here. The oscil­
lation is observed only for peroxide, while the o ther two products, viz. benz­
aldehyde and toluene show a normal increase w ith an increase in tim e as in 
acetonitrile.

The reaction is comparatively slow in water. B u t in this case the concen tra­
tion of toluene passes through a maximum ( Fig. 3). Further studies revealed 
th a t toluene itself, when irradiated with ZnO in aqueous suspension form s 
peroxide and phenol. The other product, possibly carbon dioxide, could no t 
be detected since its concentration is very small. The rate of form ation of 
toluene from  benzyl alcohol, as well as the disappearance of toluene when 
it is taken in aqueous suspension of ZnO is shown in Fig. 4. The form er d e ­
creases, while the latter increases with time of irradiation, resulting in a  m a­
ximum a t the point where the two become equal.

The reaction proceeds very slowly in water compared to acetonitrile and 
cyclohexane. This may be due to  the fact th a t  w ater itself, unlike the  o ther
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Fig. 3 .
Influence o f co n cen tra tio n  of benzyl a lcoho l on  the  form ation of to luene

Fig. 4
R a te  o f  form ation and d isappearance of toluene
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solvents competes with the alcohol for the same adsorption sites [3], causing 
a lowering in the reactivity of the alcohol.

Benzaldehyde and toluene, initially added to  the reaction m ixture do not 
affect the rate. B u t H 20 2 initially added decomposes readily in w ater to 
reach a minimum after which its concentration increases slowly (F ig . 5).

2 U

16 -

Catalyst : 035g О Aldehyde from 03 M solution
Temp:28°C • Aldehyde from 0.3M solution

- MediumWater

/ •

with added H2O2  

Ц /о

/ •  s '

/* *  A H2 O2  from 0.3 M solution

° /  /
A H2O2  in 0.3 M solution with 

added H2 O2

• /  / к □ Toluene in 03 M solution

„  v  ■ Toluene in 0.3 M solution

f—______1_______1____
--------□ _  with added H2 O2

__1_______ ._______ 1-----------1-----1
16

Time (hrs )
2 U

Fig. 5
Influence of initially  added hydrogen peroxide on th e  form ation  of benzaldehyde and

toluene from  benzyl alcohol

These studies prove th a t H 20 2 is not formed through any secondary reaction 
involving other products. In  addition the decomposition of H 20 2 in w ater 
is not due to its interaction with aldehyde or toluene in the system.

The formation of peroxide a t irradiated zinc oxide surfaces involves the  
reduction of molecular oxygen [1]. This creates electron deficient sites on the  
catalyst a t which the alcohol gets dehydrogenated. Thus the form ation of 
peroxide on irradiated ZnO is an acceptor reaction while the decomposition 
can proceed both by donor a n d ‘acceptor type mechanisms. Hence there  is 
competition between the alcohol and peroxide for donor sites, which m ay 
be the reason for the suppression of the decomposition of peroxide in the  
presence of the alcohol.

Since the reaction does not proceed in the  dark  or on irradiation in the  
absence of oxygen both light and oxygen are essential for the process. Of the  
several species of oxygen such as 0 2, O j, 0~, O2- etc. 0 2 is the most probable 
species under our experimental conditions. This suggestion is supported by  
K ttriacose and Markham  [1] and also by Ga rten  and E ppin g er  [8]. 0 2 is
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formed by  th e  transfer of electrons from  th e  conduction band of ZnO to  the 
adsorbed oxygen. The organic reactan t gets adsorbed by transferring electrons 
to  the electron deficient ZnO and subsequently reacts.

But, oxygen dissolved in the system  is also necessary for a facile reaction. 
This is confirmed by  the  observation th a t  th e  reaction is very slow in a solu­
tion deoxygenated w ith N 2. In  the light o f these observations a mechanism 
can be proposed for the reaction.

ZnO (ZnO)+ +  *

O2 (ads) +  e — O2 (ads)

C6H 5CH 2O H (ads) +  02 (ads) С Ш 5С Н О Н  (ads) +  H O Ï (ads)

СбШСНОН (ads) _ v  C6H 5CHO +  H (ads)

H O 2 (ads) +  H  (ads) — H 20 2 +  e 

(ZnO)+ +  e —>. ZnO

The reaction th a t  proceeds in the homogeneous phase with the  assistance 
of dissolved oxygen m ay be as follows :

н ч о 2 _ > .  h o 2- 

H O 2' +  H O 2' — h 2o 2 +  o 2

H 0 2 + C eH 6CHOH — CeH 6C H 0  +  H 20 2

or

C6H 5C H 0 H  +  0 2 C6H 5C H (0 H )0 2

C6H 5C H (0 H )0 2 + C 6H 5CH 2OH СбН5С Н (О Н )02Н  +  СбН5СНОН

C6H 5C H (0 H )0 2H  _н>- C6H 5CHO +  H 20 2

T hat the  photocatalysed reaction of alcohols on ZnO proceed through free 
radicals has already been established by  the  use of free radical quenchers [9].

The study  reveals th a t  the photocatalysed reactions of benzylalcohol on 
zinc oxide proceed through free radicals generated a t the surface of th e  cata­
lyst. These radicals can subsequently propagate the reaction in the  solution 
phase as well as on the surface of the  catalyst. The function of light is to 
promote electrons from the valence band  of ZnO to the conduction band 
and make them  available for the adsorbed oxygen to  form O^, the  active 
species.
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РЕЗЮМЕ

Бензиновый спирт под действием ультрафиолетового света и в присутствии окиси цинка дегид- 
рогенизируется, и при этом образуется бензальдегид, перекись водорода и толуол. С  точки 
зрения хода реакции очень важно как количество адсорбированной, так и количество находя­
щейся в растворе окиси цинка. Сама же реакция протекает через посредство свободного ради­
кала, образующегося на поверхности окиси цинка, и который является как бы промежуточ­
ным соединением. Скорость реакции и свойства образующегося продукта зависят от коли­
чества растворителя. В статье делается предположение относительно возможного механизма 
реакции.
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The m ain results o f a  p ro jec t — still under w ay —dealing w ith little 
known and little  studied  aspects o f fluid ization  are presented. The 
m echanism  of particle form ation in  a  fluidized bed, from  solutions, 
th e  knowledge relating  to  particle  size changes and the  bringing 
abou t of steady  s ta te  conditions are presented  in P art 1. The ex ­
perim ental ap p ara tu s  and m ethod are shown, followed by  the results 
obtained w ith  d ifferent model m aterials w ith  and w ithou t solid 
m aterial addition. I t  is proved th a t  steady s ta te  conditions can be 
created  —irrespective of th e  m odel m ateria l used —by adding solid 
m aterial to  th e  system .

Introduction

The am ount of solid interm ediate or end products produced as granules is ever 
increasing both in the chemical and related industries since it is, in most cases, 
the most appropriate form for most modern uses. I f  the material to be for­
m ulated is a priori in solid state, i.e. it is a powder, then only a single operation, 
granulation is called for. The situation is different when initially the m aterial 
is in a liquid form. There are a num ber of methods to  be used to  produce 
solid particles from the solid m aterial content of solutions such as classical 
operations (e.g. crystallization-filtration-drying and optionally granulation; 
evaporation-atomization-drying-granulation, etc.) and particle form ation in 
gas fluidized bed (from here on term ed direct particle formation). In  contrast 
to other operations there is only a single step involved in the formation of solid 
particles from solutions and it can be carried out in a continuously operated 
fluidized bed. Therefore, direct particle formation can be considered an in ten ­
sive operation used to  substitute classical m ultistep operations.
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Description of the Process

Direct particle form ation from solutions takes place as described below. 
In  an appropriately designed continuous fluidization apparatus, a particle 
change mode of the  same material as the  solid ingredient in the liquid is 
fluidized by hot air. The solution to  be processed is atomized onto the top 
(or into the layer itself) of the fluidized change. The droplets of the atomized 
solution are deposited on the surface o f the  fluidized particles and due to  the 
effect of hot air keeping the particles in motion, they eventually dry up. 
Solvent vapours leave the system w ith  the  fluidizing air, while the solid 
m aterial content of the  liquid is retained in the bed. A flow of solid particles, 
its mass corresponding to  th a t of the solid m aterial content of the liquid fed 
in is continuously taken  off from the apparatus.

I t  should be noted th a t this process is suitable not only for the extraction 
of the solid m aterial content of any liquid, b u t according to  literature refer­
ences it has also been successfully applied to  process melts, two component 
high tem perature liquids, suspensions and  pastes.

Direct particle form ation consists of a  num ber of consecutive and compe­
titive  elem entary steps. The elem entary steps are as follows: mixing of the 
particles, dispersion (atomization) of the  liquid, partial evaporation of the 
solvent from  the  particles, wetting of th e  particles, agglomerization of the 
particles, désintégration of the particles (and also of the agglomerates) and 
drying. The m ost im portant elem entary steps with respect to  steady sta te  
operation conditions (or the bringing abou t of it) are the  steps leading to 
changes in the  particle size [1].

Particle growth can take  place according to  two mechanisms [2]: by surface 
deposition (layering) or subparticle agglomerization. In  the  case of surface 
deposition, solvent from  the  surface o f the  liquid wetted particles is evapo­
rated, leaving behind its solid m aterial conten t on the surface of the particle. 
This mechanism brings about a relatively slow bu t steady and uniform growth 
of the particle size. Particle form ation from  elementary subparticles takes 
place when fluidized wet particles collide and consequently stick together 
forming liquid-bridge-held agglomerates. U pon the evaporation of the solvent, 
solid bridges are left behind and agglom erates become stabilized. This mecha­
nism results in the  rap id  growth of the  particle  size and a parallel rapid decline 
in the num ber of particles in the fluidized bed. Particle growth in direct 
particle form ation carried out in fluidized beds can occur together by both 
mechanisms.

Particle degradation is the result of th e  mechanical wear and surface tem ­
perature changes of the  particles in the  fluidized bed. Particles moving accord­
ing to  a disordered pattern , collide w ith each other and the  wall. I f  there is 
sufficient kinetic energy involved in the  collisions, m inute particles can break 
off from the surface of the particles a lready  formed [1]. The surface tem ­
perature of the particles in the fluidized bed  depends on the  location of the 
given particle in the  fluidized bed, w hether i t  is in the vincinity of the  atomiz­
ation process or farther away towards th e  wall where drying takes place. 
Thus there are a num ber of tem perature changes taking place on the particle 
while it  is in the  fluidized bed. I t  is no t surprising th a t  a tim e and place de­
pendent therm al field is created leading to  internal stresses th a t  create radial 
cracks and eventual falling apart of the particle  [3].
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I t  is essential for the succesful completion of the  process th a t steady s ta te  
conditions, and particularly, steady sta te  particle size distributions be achieved. 
Steady sta te  conditions in the fluidized bed can be brought about by m eeting 
the following requirements [4].

— the am ount of heat entering the system in the hot air should be sufficient 
to  ensure the evaporation of the  coating liquid, while in the fluidized 
state

— the mass of the fluidized particle change be kept constant
— the number of particles in the fluidized bed should be kept constant.
The am ount of heat required to evaporate a given am ount of solvent in ­

troduced into the apparatus can be deduced from the heat balance equation 
allowing for the rate  of heat and mass transfer processes. The mass of th e  
particles charged into the fluidized remains constant if the input and ou tpu t 
mass flow rates are kept equal. The num ber of particles in the fluidized bed 
decreases due to agglomerization and product offtake. W hen the num ber 
of particles formed in unit tim e due to  particle degradation is greater th an  
the num ber of particles “consumed” for agglomerization, then steady s ta te  
conditions can be brought about. I f  the num ber of particles formed in un it 
time due to  particle degradation is equal to  or smaller than  the num ber of 
particles consumed in the agglomerization process, then  no steady sta te  con­
dition can be arrived at. In  such cases, external means are required to  increase 
the rate of degradation sufficiently enough or a solid m aterial flow of appro­
priate particle size and mass flow rate  has to be called upon to  establish the  
steady sta te  conditions.

I t  should be noted th a t both literature references and the experience gained 
in this laboratory indicate th a t with the m ajority of m aterials steady s ta te  
conditions can only be brought about by external means.

Experimental — Apparatus and Method

Experim ents were carried out in a continuous single-cell fluidization appa­
ratus shown schematically in Fig. 1.

The main element of the system is a 0.3 m high glass cylinder (diam eter 
0.105 m) which, along with the air distributing base plate forms the fluidization 
space. The distributing plate is a perforated stainless steel plate covered with 
a stainless steel screen (screen opening 4-10“ 5 m).

Fluidizing air from a central air distributing line enters the system via an 
oil filter, flow meter and electrical heater. Air passes through the distributing 
plate, fluidized bed and leaves the system at the top of the glass element. 
Cyclons are used to trap  the particles carried out by the fluidizing air. In p u t 
and output air flow tem peratures are monitored by resistance thermometers. 
Inpu t air flow tem perature is controlled by a setpoint controller.

The solution to  be processed is stored in a therm ostated reservoir and is 
pumped by a dual head calibrated piston metering pum p into the pneumatic 
atomizer where atomizing air is introduced via oil filters and flowmeter.

Solid m aterial feed-in is accomplished by a vibrating feeder. The delivery 
tube of the feeder is placed close to the top of the fluidized layer, bu t outside 
of the spraying cone of the atomizer.
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Fig. 1
1 — oil filter
2 — electric a ir  h ea te r
3 — under p la te
4 — tem p era tu re  contro ller
5 — tem p era tu re  m easuring  instrum ents
6 — pneum atic  a tom izer
7 — cyclone

8 — m otor
9 — therm osta ted  ta n k

10 — pum p
11 — tank
12 — v ibration  feeder
13 — pneum atic  discharge pipe
14 — m anom eter

«

Pneum atic offtake is used to take off continuously solid m aterial from the 
fluidized layer. O fftake air flow r a te —a dependent variab le—is controlled 
by  a valve and using a  flow meter its value is set to m aintain the  mass flow 
ra te  of product granules a t a constant value determined by the input mass 
flow rate. Particles leaving the system  via the offtake opening are collected 
in a product bin.

In  order to  elim inate fluidization irregularities, mechanical agitation is 
used as an auxiliary measure. The m ixing head is formed of three slanting 
blades located a t  120° each. The m ixing element is located immediately above 
the  distributing plate, in the bottom  layer of the bed. I t  is powered by a vari­
able speed electrom otor.

Experim ents were conducted as follows:
A given am ount o f solid material of given particle size distribution is charged 

into the fluidization apparatus. The particles are made of the same material 
which is dissolved in the solution. A t a bed expansion of 1.3 the particles are 
preheated by hot a ir to  the required tem perature. Once this tem perature level 
is reached the  mechanical agitation of th e  layer is initiated a t a bed expansion
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of 1.7. Then the atom ization of the liquid therm ostated a t  70 °C, the feed 
of the solid material and the offtake of the product are resumed.

The product leaving the system is periodically sampled and the physical 
properties of the particles are determined [5]. Experim ents are continued 
until definite steady state  or non-steady sta te  conditions become established.

Results

The model m aterials used to study direct particle form ation were as follows : 
urea, potassium carbonate (hydrated), potassium phosphate, sodium dichro- 
mate, sodium nitrate and ammonium nitrate.

Fluidizing and drying air tem peratures, layer expansion, initial particle size, 
solution concentration, atomization rate, geometrical ratio characterizing the 
bed, and mixer rotation speed were as follows :

t í;  = 100  °C,
Y/Yxa  =  1.6—1.8, 
do = 0 .6 3 -0 .8 -1 0 -3  m, 
do =0 .72.10-3 m,
c' =  500 kg /m 3,
w  =  3.5 —3.7-10-4 m 3/h ,
Y m/D  =0 .75 , 
n  = 8 0  m in“1.

Unless specified otherwise, these conditions were used throughout the 
experiments.

a) Direct Particle Formation Under Non-Steady State Conditions
Due to  particle size changes during direct particle form ation in fluidized 

beds, the physical properties of the particles in the bed are tim e dependent. 
W hen no steady state  conditions can be established th is change extends 
through the entire run.

Changes of the physical properties of the particles as a function of tim e 
in the fluidized bed could not be directly determined. Therefore, tim e de­
pendent changes of the physical properties of the product granules taken 
off from the bed were caused by the changes of the physical properties of the  
particles in the fluidized bed.

Steady state  conditions cannot be achieved with the model m aterials studied 
alone. To illustrate this point, the tim e dependence of the  average particle 
size ( Fig. 2) and particle size distribution ( Fig. 3) of the product taken off is 
shown with urea as model material. Dimensionless time, the  ratio of actual 
tim e and average residence time of the solid material is p lo tted  on the figures. 
Apart from a short initial section, average particle size increases linearily with 
increasing time. Accordingly, distribution curves (cum ulated “less th an ” 
curves) are successively shifted towards higher values.

Time dependent changes of various particle size fractions of the product 
formed in a non-steady sta te  process were studied. Time dependent changes 
of the relative amounts of the various urea fractions are shown in Fig. 4.
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I t  should be noted th a t  similar changes were observed w ith potassium car­
bonate and sodium n itra te  model m aterials. The am ount of the successive 
size fractions a t a given m om ent and their tim e dependent changes can be used 
to  make conclusions about the mechanism of particle growth. At a tim e 
0  =  0 the initial urea fraction 0.4 — 0.63-10-3 m is in the  fluidized bed. As 
particle growth proceeds the  am ount of particles in the  above range decreases. 
A t the  same tim e the  am ount of particles in the 0.63— 0.8-10-3 m fraction, 
initially  zero, increases. The agglomerization of three or more particles of 
0.4* 10~3 m size results in a particle bigger than  0.8- ] 0~3 m. A t the same time, 
the  am ount of particles smaller th an  0.4-10-3 m in the bed becomes negligible, 
so it  is obvious th a t  the  (0.63 —0.8)-10-3 m fraction is formed by surface 
deposition mechanism. Along with the  increase of the  am ount of fraction 
(0.63 —0.8)* 10~3 the next fraction: (0.8 —1.0)* 10~3 m also sets out, bu t its 
ra te  is smaller. W hen the  am ount of particles in the (0.63—0.8)-10-3 m range 
is close to its maximum, the  growth ra te  of particles in the  (0.8 —1.0)-10-3 m



1978 P artic le  F o rm atio n  in F lu id ized  B ed . I. 307

Fig. 4

range is suddenly increased. Then as the am ount of particles in the 
(0.63—0.8)-10-3 m range starts to  decrease the am ount of particles in the  
(0.8 —1.0)-10-3 m range shows a steep increase and approaches its maximum. 
By th a t tim e the am ount of the next fraction, (1.0 —1.6)*10-3 m also becomes 
significant.

Microscopical observations revealed th a t only single particles can be found 
in the (0.4—0.63); (0.63—0.8); (0.8 — 1.0)-10-3 m fractions. A small am ount 
of agglomerates, 1—3% can be found in the fraction (1.0—1.6)-10-3 m.

I t  can be seen from Fig. 4 and the  microscopic studies th a t  for the urea 
model, material particle growth prim arily takes place by surface deposition 
and the role of agglomerization in particle growth is negligible. These same 
conclusions held for potassium carbonate and sodium nitra te  as well.

Changes of the relative amounts of the fractions of potassium phosphate 
are shown in Fig. 3. The amount of particles in the  (0.63 —1.0)-10~3 m range 
formed by surface deposition, while the  relative am ount of particles is the 
(0.40— 0.63)*10~3 m initial fraction is decreased, is very small and practically 
unchanged. A t the same time, even a t the begining of the experiments, 0<scl 
the amount of particles in the (2—4); (4—5)-10-3 m big particle size ranges 
is significant. The five to  tenfold increase in the particle size during so short 
a time is possible only as a result of agglomerization. Microscopic observations 
clearly indicated th a t particles bigger than 2-10-3 m were practically all 
agglomerates. Accordingly, it can be stated  th a t with potassium phosphate 
the prim ary growth mechanism is agglomerization. The significance of surface 
deposition with respect to  particle growth is negligible. These same conclusions 
hold for ammonium nitrate  and sodium dichromate as well.

I t  can be concluded from the experimental results shown th a t the num ber 
of particles formed by degradation processes under the above conditions is 
not sufficient to  bring about steady-state particle size distribution. A t the  
same time, based on the changes of the  relative am ounts of the various size 
fractions, the mechanism of particle growth can be clearly established.

o*
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b) Direct Particle Formation Under Steady State Conditions

In  order to  establish steady sta te  conditions, i.e. steady state  particle size 
distribution, solid m aterial of a given am ount and particle size distribution 
was introduced in the  bed.

The feed rate  ratio  of the solid m aterial was calculated as :

« in
B  = - ------------  100% (1)

Gr in + c'w'

Solid material feed-in brought about, in all cases, steady state  conditions 
( 5  =  9-25% ).

Time dependent changes of the physical properties of the granules formed 
in  steady state conditions were studied along with the values found at the 
early  part of the process and its variations after steady sta te  conditions were 
also achieved. Based on these studies, conclusions could be made as to the 
tim e required to  achieve steady s ta te  conditions and the stability  of steady 
s ta te  conditions.

Particle size distribution curves obtained a t various tim e intervals for urea 
are shown in Fig. 6. Particle size distribution in the early, non-steady state 
section is shifted tow ards bigger particles and its standard  deviation is also 
increased. In  the  experiments reviewed here, steady sta te  conditions were 
achieved at about 0  =  2.

More than 40 experim ents with steady  sta te  sections were studied in this 
respect and it was found th a t steady s ta te  conditions did indeed occur in most 
cases a t 1 .5 < 0 < 3 .  In  a few exceptional cases, however, as much as 3 — 4 
tim es the average residence time had to  elapse before steady sta te  conditions 
became established. The value of 0*  is influenced by operational and process 
param eters, m ost sensitively by the  ratio  of solid m aterial feed rate. W ith 
increasing solid m aterial ratio, the tim e required to  achieve steady state  con­
ditions decreased.
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Fig. 6

W hen the curves describing the tim e dependent changes of the amounts 
of the fractions are studied (cf. Fig. 7) it can be seen th a t  in the initial phase 
of particle formation they are similar to those obtained in the non-steady 
sta te  processes (cf. Fig. 4). Thus, the deduced conclusions are also valid 
in the case of the first phase of steady state particle form ation. The tim e re ­
quired to  achieve steady state conditions 0 * ^ 2  can also be deduced from  
Fig. 7.

Fig. 7

Time dependent changes of the average particle size in the early phase 
of particle formation can take place in two ways. The m ost frequent case 
is th a t  steady state  conditions are achieved by continuosly slowing down 
particle growth (curves 1 and 2 in Fig. 8 and Fig. 9). However, it can also 
occur th a t average particle size changes follow a m axim um  curve (curve 3
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in  Fig. 8). This is the  case when added particle size is much smaller (about 
twofold) than th a t o f the  initial particle size.

Physical characteristics of the granules leaving the system  in steady state 
conditions change around an average value. I t  is due to  the  statistical nature 
of processes occurring in the fluidized bed (interparticle collision, collision 
w ith liquid particles, etc.). The stability  of the  steady sta te  section is character­
ized by  the m agnitude of changes tak ing  place in the am ounts of the various 
size fractions leaving the  system. I t  can be seen in Fig. 7 th a t  changes of the 
relative amounts of the  various fractions in the product leaving the  system 
are m inor in steady s ta te  conditions. From  the analysis of the  results of over
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40 steady state experiments it was concluded th a t the relative amounts 
of the various fraction change no more than  ±5%.

To summarize it can be concluded th a t  irrespective of the  growth mecha­
nism and material properties of the components in the solution, steady state  
conditions could be brought about by adding extra solid m aterial. This leads 
to a steady state particle size distribution of the product.

SYMBOLS

В  solid m aterial feed ratio , % 
c' solution concentration, kg /m 3
d partic le  size, m
D  d iam eter o f the ap p ara tu s  bed, m
D(x) re la tive  am ount of particles passing a  sieve of opening x, % w /w  
Oi re la tive am ount o f partic le  fraction i, % w/w 
О m ass flow  ra te  of solid m aterial, kg /h  
n  ro ta tio n  speed of m echanical ag itator, m in -1 
t tim e, h
t average residence tim e o f solid m ateria l, h
T "  tem pera tu re  of air, °C 
x  opening size of the sieve, m  
Y  heigh t o f the fluidized layer, m 
Y m m inim um  height of the  fluidized layer, m  
w' feed (atom ization) ra te  of the solution, m 3/h  
0  dimensionless tim e co-ordinate, © =  t/t
©* the  tim e required to  achieve steady s ta te  conditions, dimensionless

SU B SC RIPTS

о in itia l value 
b in p u t

к  ou tpu t 
— average value
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РЕЗЮМЕ

В данном цикле статей приводятся наиболее важные результаты исследований, ведущихся и в 
настоящее время, и связанных с этой малоизвестной и неисследованной областью применения 
метода псевдоожижения. В первой части данного цикла показан процесс образования гранул 
из раствора в псевдоожиженном слое, процессы изменения размера гранул, а также даётся 
информация относительно установления стационарного режима. Вслед за ознакомлением 
опытной установки и метода, производится обощение результатов опытов, выполненных с раз­
личными модельными материалами при подаче твёрдого материала и без его подачи. На осно­
ве этих результатов было установлено, что независимо от материальных особенностей находя­
щихся в растворе компонентов, при помощи подачи твёрдого материала имеется возможность 
для установления стационарного режима.
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Physical characteristics o f the  granules (particles) form ed in a steady 
sta te  gas fluidized bed from  solutions depend on th e  values of the  
independent variables (param eters). Therefore, i t  is indispensable 
for the  p rac tica l em bodim ent o f th e  process th a t  th e  trends or func­
tional relationships between th e  physical p roperties of the product 
granules should be known together w ith th e ir  param eters. The in ­
dependent param eters of the process, and th e  resu lts of experim ents 
investigating the  effects of solid m aterial feed ra tio , particle size 
of the in itial solid material, concentra tion  o f th e  solution and feed 
(atom ization) ra te  o f the solution are presented here. F rom  the  analysis 
of the  experim ental results, th e  effects o f th e  param eters studied 
upon the  m ain  physical characteristics (particle size, porosity, wear 
resistance, rolling properties, and m oisture con ten t) were determined.

The Parameters of the Process

In  practice it is essential tha t the physical characteristics of the particu late 
solid material produced from solutions in a steady state  gas fluidized bed 
should meet the requirements of the user or the given application. The physical 
characteristics of the  particulate m aterial can be influenced by changing the 
values of the independent param eters of the process. Therefore, it is essential 
th a t  the functional relationship between the physical characteristics of the 
particulate solid m aterial and the independent variables should be known.

The physical properties of the particulate solid material produced from  
solutions in a gas fluidized bed depend on the following independent variables :

Operational param eters
— the characteristics of the solid material,
— the concentration of the solution.
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Process param eters
— the size d istribution of the particles fed in,
— the ratio of the  mass flow rates of th e  solid material fed into the  parti­

culate m aterial leaving the system,
— the feed (atom ization) rate  of the solution,
— the degree of dispersity of the solution fed in,
— the  moisture conten t and tem perature of the air fed in,
— the ratio of the  minimum bed height to  the  bed diameter,
— the extent of bed expansion.

A pparatus characteristics
— the shape and characteristics of the  fluidization space,
— the quality of the  air distributing base-plate,
— the distance of the  atomizers from  the  base-plate and their direction,
— the  location and  means of solid m aterial offtake,
— the  characteristics of the elements o f the  auxiliary process equipm ent 

(e.g. size, shape and rotation speed o f the mechanical agitator, etc.).

The linear velocity o f the  fluidizing air is a dependent variable and  its value 
depends on the particle size distribution and  the extent of expansion of the 
fluidized bed.

Results

Experim ents were carried out in the appara tus described in P a r t 1 [1] fol­
lowing the technique detailed there. U rea was used as a model m aterial to 
establish the relationships between the physical characteristics of the  solid 
particles formed in steady  state  conditions and  the major independent process 
variables [2]. The tem perature of the  fluidizing and drying air, the  extent 
of bed expansion, the  initial particle size, the  concentration of the  solution, 
the  atomization rate, th e  characteristic geometrical ratio of the  bed and the 
ro tation  speed of the  mechanical agitator were as follows (unless otherwise 
specified) :

T& = 100 °C, c' =500 kg/m3,
Y / Y m = 1 .6 -1 .8 , w  = 3 .4  —3.7-10-4 m3/h,
d_0 = (0 .6 3 -0 .8 ) .IO“ 3 m, Y J D =  0.75,
d0 =0.72-10-3 m, n  = 80  min-1

a. The Effects of the Particle Size 
and M ass Flow Rate of the Solid Material

Steady state  conditions can be achieved by  introducing a solid particulate 
m aterial of appropriate particle size and mass flow rate into the  continuously 
fluidized layer. To characterize the am ount of solid material fed in, the so- 
called solid m aterial feed ratio was defined [1] :
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The effects of solid material feed ratio were examined in th e  9 .2—54% range. 
The solid material fed in was urea of tw o narrow particle size ranges [din =  
= (0.4 — 0.03)-10~3 m and (0.63— 0.8)-10-3 m]. Steady sta te  conditions were 
achieved in both cases. The physical properties of the particulate m aterial 
formed in steady sta te  conditions were also examined. The cum ulated “fall- 
though” curves of sieve analysis were used to  characterize the particle size 
distribution. The cumulated distribution curves are shown in Fig. 1 and 2.

For the sake of comparison, the d istribution curve belonging to (9 =  2 of 
a non-steady state experiment, i.e. w ithout added solid m aterial is also shown. 
I t  can be seen th a t the particle size d istribution of the product is significantly 
different from the distribution obtained in the non-steady-state case, soon



316 В . D enes a n d  Z. O rm ós Vol. 6.

afte r the  addition of even m inute amounts of solid m aterial. W ith increasing 
solid material feed ratio , the  distribution curves are shifted towards smaller 
particle  size ranges.

W ith  increasing solid m aterial feed ratio, the average particle size of the  
product formed linearily decreases after an initial, presumably non-linear, 
steeply decreasing section. Similar behaviour was also found with different 
particle sizes ( Fig. 3).

Fig. 3 
*î

The position of th e  lines depends on the size of the particles fed in. For 
sm aller particles, the lines run  lower, i.e. decreasing initial particle size results 
in decreased average product particle size. Thus, a considerably smaller solid 
m aterial feed rate is required  to  produce the same average particle size if sm all­
er particles are fed in as seed crystals.

Experim ents were carried out with a smaller size fraction [din =  (0.2 —0.4] •
• 10~3 m] but the results did not unequivocally support the trends obtained 
previously. Presumably, th e  main reason for this failure was th a t fluidizing air 
carried out most of th e  fine particles as dust. Therefore, the actual solid m a­
terial feed rate was considerably smaller th an  intended.

I t  was concluded th a t  particle size could be changed only in a well defined 
range. The lower lim it of this range was determ ined by the flow rate of the  
fluidizing air, while the  upper limit depended on both the  growth rate and the  
average residence tim e of the  particles.

No characteristic tren d  in the  average porosity, average density and bulk 
density  of the product could be observed when the solid material feed ratio  
was changed. I t  is worthwhile noting th a t both  the wear resistance and the 
rolling properties of th e  granules were extrem ely favourable, in the 80—90% 
and  0.35—0.5 ranges, respectively.
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b. The Effect of the Concentration of the Solution

The concentration of the solution to  be processed is one of the most widely 
changed parameters in the practice of direct particle formation in fluidized 
beds. The relationship between the properties of th e  granules produced and 
the concentration of th e  solution was examined experimentally. Regarding 
the concentration of th e  model solution, the am ount of urea was changed 
in the  300 — 600 kg/m 3 range.

I t  was found th a t w ith increasing concentration, the  particle size distribution 
curves were shifted tow ard bigger particle sizes (F ig . 4). For example, w ith

300 kg/m 3 solutions the  amount of particles bigger th an  1 • 1 í r 3 m was less 
than  10% while with a concentration of 600 kg/m 3 th is value was as high 
as 60%. Accordingly, th e  average particle size of the  product was also increased 
1.6 tim es (Fig. 5). The relationship between the average particle size and

3 0 0  4 0 0  5 0 0  Б 0 0
c1 [ kg /m 3 1

Fig. 5
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th e  concentration of the solution could be approxim ated by a straight line 
in th e  range studied.

The increase of particle size induced by  increased concentration is related 
to  the  ra te  of crystallization taking place on the surface of the  particle. The 
driving force of nucléation and crystal grow th is the difference between super­
sa tu ra ted  and equilibrium concentration values. In  this case, supersaturation 
was caused by the evaporation of the  solvent. Starting w ith higher solvent 
concentrations the degree of supersaturation achieved during a given period 
was higher, so the driving force was also higher and the rate  of the  crystalliza­
tion was increased. Correspondingly, the  probability of stabilization of the 
aggregates held together by  liquid bridges was increased, resulting in an in­
crease o f the average particle size.

There was no unequivocal change either in the porosity, the  wear resistance 
or th e  rolling characteristics of the  granules produced from  increasingly 
concentrated solutions. On average porosity was about 15—20% v/v, wear 
resistance about 80—90% and the  coefficient of rolling characteristics was 
between 0.43—0.48.

The average moisture content of the product, equal to  th a t  of the  fluidized 
bed decreased from 1% w/w  to  0.2% wjw  in the concentration range studied. 
Presum ably, this was due to  two reasons. The first reason was th a t  a t a con­
s ta n t evaporation rate  the  am ount of solvent to  be evaporated decreased with 
increasing concentration. The second reason was th a t w ith increasing particle 
size th e  flow rate of fluidizing air required to  achieve a given bed expansion 
value (identical fluidization motion) increased. Therefore, the  flow rate of 
the  fluidizing air had to  be increased, resulting in a decreased average bed 
m oisture content.

No lim iting value of technological origin, restricting the concentration range 
of the  solutions to  be processed in the gas fluidized bed, was found. The energy 
consum ption per unit mass of the product increased with decreasing concentra­
tion, so there are economical limits relating to  the lowest solvent concentration 
lim its which can be processed.

c. The Effects of the Feed Bate of the Solution

A t a  constant concentration, the  feed ra te  of the solution directly determines 
the  productiv ity  of the particle form ation operation, so it  is one o f the most 
im portan t param eters of particle form ation. An urea solution of 500 kg/m 3 
concentration a t five different feed rates in the  2.4—4.8*10-4 m 3/h  range was 
used in  the  experiments. This range was calculated from  the  heat balance 
equation using preliminary experim ental d a ta  and the heat loss figure of the 
apparatus.

Experim ental results proved th a t  th e  size of the particles taken  off from 
th e  bed increased w ith the  increasing feed rate. This conclusion was valid 
as long as the moisture content of the  fluidized bed was below the  so-called 
critical bed moisture content value, a m aterial characteristic. Once th e  moisture 
content of the bed was beyond this value then  the stabilization o f the loose, 
weak aggregates held together by  liquid bridges could not proceed via drying 
and  th e  formation of solid bridges. I f  the  moisture content was increased 
beyond the critical one, then  there was a  sudden decrease in the  particle size,



1978 P a rtic le  F o rm atio n  in F lu id ized  B ed . I I . 319

later there were fluidization disturbances o f ever increasing severity, while 
eventually the entire fluidization process collapsed.

In  the experiment, shown in Fig. 6 and carried out a t an atom ization ra te  
of 4.8-10~4 m 3/h the moisture content of the bed was beyond the critical value.

4

. i n ---------------------
CCMNĤ
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Fig. 6

The aim of this experiment was the determ ination of the consequences of 
a slight overwetting in the bed. A part from  th a t  the size increasing effects 
of the increased atomization rate  were also apparent. The average particle 
size of the product increased by some 30% in the 2.4— 4.3-10~4 m 3/h feed 
rate  range due to  an increase in the extent of agglomerization.

The theoretically possible particle size growth under the experim ental con­
ditions used was calculated for the case of particle growth via ideal surface 
layering. Starting with an average particle size of d0 =  0.72'10~3 m the  product 
granules could grow as big as (dout =  1.0 —1.3* 10-3 m, depending on the  magni-

*

Fig. 7
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tude  of the average residence time. I t  was concluded from these and other 
microscopic results th a t  particles formed and  grown via the agglomerization 
mechanism could be found with a high enough probability only among the 
big particles, above 1.3-10~3 m. The effects of the  feed rate  upon the amounts 
o f particles bigger th a n  1.3-10~3 m were also examined. I t  was found th a t 
th e  am ount of particles bigger than  1.3-10-3 m  greatly increased (from 2 
to  22% wjw) with an increasing feed rate. Beyond the critical moisture content 
o f the  bed, this value suddenly dropped (from 22 to  3 w/w) (Fig. 7).

This was in agreem ent w ith the previous findings, i.e. loosely structured 
agglomerates held together by liquid bridges could not be stabilized.

Feed rate also effected the  average m oisture content of the bed, i.e. the 
product taken off from  th e  bed. I t  was found th a t  there was a slight, then 
a  sudden increase in th e  m oisture content of the  product with an increasing 
feed ra te  in the 2 .4— 4 .3-10~4 m 3/h and 4 .3— 4.8-10-4 m 3/h ranges, respectively. 
Above 4.8-10-4 m3/h th e  moisture content became higher than the critical 
one (F ig. 8 ).

W ith increasing feed ra te  the porosity of the  product was increased in the 
15—25% wjw range, th e  wear resistance was between 80 — 85% while the  coef­
ficient of the rolling properties decreased from  0.55 to  0.4.

SYMBOLS

В  solid m aterial feed ra tio , % 
c ' concentration o f th e  feed solution, k g /m 3
d  particle size, m
D  inner diam eter o f th e  bed , m
D (x) th e  relative am o u n t o f  particles passing th e  sieve of opening x, % w /w  
Gi th e  relative am o u n t o f  th e  i№ particle size fraction , % w/w  
G solid m aterial m ass flow  ra te , kg/h 
n  ro ta tion  speed o f th e  m echanical ag ita to r, m in  - 1 
t tim e, h
t average residence tim e  o f th e  solid m ateria l, h
T "  tem perature of th e  flu id iz ing  air, °C
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X  opening o f the sieve, m
X  m oisture conten t rela ting  to  the dry  m ateria l, % w /w  
üTkr. critical m oisture conten t, % w/w  
Y  heigh t o f the  fluidized bed, m 
Y m m inim um  height of th e  fluidized bed, m  
w' feed (atom ization) ra te  o f the  solution, m 3/h  
© dimensionless tim e co-ordinate, © =  t/t

Indices
о in itia l value
in  in p u t value
o u t o u tp u t value 
— average value 
s s teady  s ta te  value
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РЕЗЮМЕ

Физические свойства гранулятов (зёрен), полученных при стационарных условиях из раствора 
в псевдоожиженном слое, определяются величинами независимо изменяющихся параметров 
процесса. Поэтому в ходе практического осуществления процесса совершенно необходимо 
знать тенденции взаимозависимостей между упомянутыми параметрами и физическими свой­
ствами гранулятного продукта. В данной статье приводятся независимо изменяющиеся пара­
метры процесса, а также результаты опытов, целью которых являлосьисследование влияния, 
оказываемого долей подачи твёрдого вещества, размером введённых зёрен, концентрацией 
раствора и скоростью ввода (распыления) раствора. На основе полученных результатов было 
установлено влияние, оказываемое изменением величин исследованных параметров на основ­
ные физические свойства зёрен (размер зёрен, пористость, твёрдость на износ, способность 
к качению, влагосодержание).
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The physical characteristics o f th e  particles (granules) form ed from  
solutions in s teady-sta te  gas-fluidized beds can be effected, am ong 
o thers, by the geom etrical ratio  o f th e  s ta tio n a ry  bed and the ro ta tion  
speed of the m echanical ag itator in  th e  bed. The effects o f the  above 
param eters upon th e  physical characteristics o f the  product granules 
were tested  on u rea as a  model com pound. The results obtained in 
th is  s tudy  are presented here. E xperim en ts were also carried o u t 
w ith  o ther model com pounds. I t  can  be concluded th a t  the  physical 
characteristics o f the  particles basically  differ, f irs t of all, according 
to  th e  various grow th mechanisms. The particle grow th m echanism  
is governed, on the other hand, p rim arily  by  the quality  (chemical 
and  physical characteristics) o f th e  dissolved com ponent.

Introduction

The physical characteristics of the particles produced from solutions in  gas 
fluidized beds can prim arily be effected by changing the settings of the  oper­
ational parameters. The independent operational param eters were classified 
in Part 2 of this series [1]. The effects of changing the minimum bed height-bed 
diam eter ratio upon the  physical characteristics of the granules form ed were 
studied and extensively reported on in literature. However, the conclusions 
are contradictory for both decreasing [2, 3] and increasing [4, 5] particle size 
reported w ith increasing geometrical ratio. To our best knowledge there  is 
no report on the use of mechanical agitation in fluidized beds to  im prove 
particle formation from solutions. There are also no references in litera tu re  
about the effects of mechanical agitation (and rotation speed in th e  case 
of a given agitator geometry) upon the  physical characteristics of the particles 
formed. In  addition, no data  could be found relating to  the effects of the physi-

7*



324 В. D enes a n d  Z . O rm ós Vol. 6.

cal or chemical characteristics of the dissolved material upon the physical 
characteristics of th e  particles formed. Therefore, recent research activity , 
the  results of which are presented here, was concentrated on the investigation 
of the effects of th e  above mentioned independent parameters.

Experimental

Urea, potash, sodium  nitrate, amm onium  nitrate, tri-potassium phosphate 
and sodium dichrom ate model compounds were used to carry out experiments 
in the apparatus described in Part 1 [1]. The same experimental technique 
was followed. The tem perature of the fluidizing/drying air flow, bed expansion, 
initial particle size, concentration and atom ization ra te  of the solution, and 
the  characteristics o f the  geometrical ratio  and  agitator speed were as follows 
(unless otherwise specified).

7'" =  100 °C
Y / Y m =1.6 —1.8 
dp =  0 .4—0.63-10-3 m
d0 = 0 .52-10-3 m

c' =500 kg/m 3
w  =  3 .5—3.7-10-4 m3/h
Y m/D  =0.75 
n  = 80  min-1.

Steady state  conditions —i.e. steady s ta te  particle size d istribution—were 
achieved by initial solid particle introduction. Solid material feed ra te  was 
2 0 —26% (B) while average particle size and  size range were din =  0.52-10~3 m 
and din =  (0.4—0.63)-10-3 m.

Results

a. Effects of the M inim um  Bed Height/Bed Diameter Ratio

Appropriate selection of the so-called geometrical ratio, the ratio of the 
stationary bed height to  the bed diam eter ( Y m/D ) is very im portant for any 
fluidized bed operation and this is also tru e  in the  case of particle form ation 
from  solutions in fluidized beds. This ratio  not only effects the flow and mixing 
phenomena of the fluidized bed, bu t the physical characteristics of the granules 
formed. The geom etrical ratio characterizing the  stationary bed is the m ini­
m um  bed height to  th e  bed diameter ratio . Experim ents were carried out 
to  determine the  relationships between the  product characteristics and the 
geometrical ratio.

The minimum bed height to bed diam eter ratio  Tm/Z> was varied in  the
0.5 —1.6 range using u rea as a model compound. The bed diameter was kept 
constant and the bed  height (mass of the  bed) successively increased. I t  could 
be concluded th a t  in itia lly  the average particle size incresaes with the increas­
ing ratio, then, depending on the m aterial in question (mechanical stability  
of the  particles), i t  approaches a limiting value or passes a maximum, as shown 
in Fig. 1.

The above change o f the  average particle size is the result of two counteract­
ing factors. W ith increasing bed height the  average residence time increases
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resulting in increased average particle size. At the  same tim e, increasing bed 
height means an increased bed mass, resulting in increased mechanical stress. 
Correspondingly mechanical wear fracturing is also increased, which after 
a certain point, overtakes the particle size and also increases the effects 
of the increased residence time.

The point where the maximum of the  average particle size vs. Y mjD  ratio  
is depends on the m aterial in question. There are m aterials with better and 
poorer mechanical characteristics (crystal structure, and wear resistance, etc.) 
than  the urea selected for these studies. Correspondingly, disintegration caused 
by mechanical effects can occur and overtake the  size tim e, both a t higher 
and lower Y m/D  ratios. Thus, the m axim um  place of th e  function can be 
shifted either way. I f  the experiments are carried out a t Y m/D  values lower 
than  th a t  corresponding to  the m axim um  place, then average particle size 
increases with increasing Y mjD and the  opposite is true  if the initial F m/Z> 
value is beyond th a t of the  maximum point. This is the explanation for the  
contradictory reports found in literature.

W ith regard to  the other physical characteristics of the  products, the poros­
ity  increases from 17 to  25% v /v  in th e  range studied, wear resistance is 
80—90%, and the rolling coefficient is in the 0 .4—0.5 range. The m oisture 
content is decreased from 1.1% to 0.1% with increasing Y mjD  ratio. The de­
creased moisture content is due to the  increased residence time.

b. The Effects of Mechanical Agitation

Mechanical agitation can be advantageously used in fluidized beds as an 
auxiliary means to control fluidization irregularities. In  addition, mechanical 
agitation also effects flow and mixing conditions in the fluidized bed and the  
physical characteristics of the particles therein.

The relationship between the physical characteristics of the granules formed 
and the rotation speed was examined using a given mechanical agitator design
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Fig. 3
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and  urea as a model compound. The design of the agitator is shown schem a­
tically in Fig. 2. The rotation speed was varied in the 0 —240 rpm  range.

I t  was found th a t an increased rotation speed resulted in shifts tow ards 
decreased average particle size and also in more narrow size distribution 
(cf. Fig. 3). Correspondingly, extremely narrow particle size distributions 
could be achieved a t high rotation speeds. For example a t 240 rpm  about 
95% w\w  of the granules fall in the 0.4 —1.0-10-3 m range, while a t 0 rpm  only 
50% is within this range.

The average particle size of the granules formed decreases with increasing 
rotation speed (cf. Fig. 4). There is a quasi linear section in the 0 — 180 rpm

n t r/pml

Fig. 4

range. At even higher ro tation speeds, the particle size decreases a t a  lower 
rate  and eventually approaches a limiting value. The rpm  value found a t  the  
end of the quasi linear relationship is term ed the critical rpm  value.

A part from the quality of the m aterial in question the value of the critical 
rpm  prim arily depends on the design of the agitator element. The particle 
size decreasing effect of increased rotation speed is readily explained by th e  
fact th a t agitation decreases the num ber of aggregates held together by wet 
bridges before they could be stabilized. This reasoning is substantiated by  the  
observation th a t  the am ount ot aggregates, particles above 1.3-10~3 m [6], 
is decreased with increasing rotation speed (cf. Fig. 5). This amount decreased 
from 25% to 1% in the range studied.

Particle flow and mixing conditions in the fluidized bed change above 
a  certain rotation speed. There is a shift from the  completely mixed s ta te  
towards a sort of ordered state. This phenomenon is brought about by the  
centrifugal action of the  mechanical agitator. W ith certain agitator elem ent 
design, fluidization disappears and a  rotating layer of circular cross section 
is formed along the inner wall of the apparatus. In  this case, the above phenom ­
enon was observed to  occur a t about 300 rpm. In  our view, the limiting value 
of average particle size obtained with increasing rotation speed is due, among
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others, to the  above described phenomenon, i.e. changes in the flow and mixing 
conditions in th e  fluidized bed.

Upon increasing th e  rotation speed o f the  agitator, average particle porosity 
is decreased from  22% to  8%, while the  wear resistance, rolling coefficient and 
moisture content values lie in the 85—90%, 0.46—0.51 and 0.13—0.52% wjw  
ranges, respectively.

c. The Effects of the Material Proper

Experim ents were carried out with various materials, such as urea, sodium 
nitrate, potash, sodium bichromate, ammonium nitrate, tris potassium 
phosphate, w ith  and without initial solid m aterial feed. One of the objects 
of the experim ents was to determine if steady state conditions could be 
brought about w ithout initial solid m aterial feed. The other object was to  
determine if m aterial quality proper had  any effect on the growth mechanism 
and physical properties of the granules formed.

Steady sta te  conditions with the m aterials studied could not be achieved 
without initial solid material feed. This can be seen when the  m ajor physical 
characteristics are examined for there is always a definite tim e trend. The 
most obvious is th e  change of average particle size with tim e (cf. Fig. 6). 
There is a definite growing tendency when average particle size is plotted 
against dimensionless time. At the beginning of the range studied, there is 
a  section of fast increase followed by a more moderate, quasi-linear growth.

These same experiments were repeated by  continuously introducting 
din — 0.52-10~3 m  particles into the fluidized bed to bring about steady state 
conditions. Solid m aterial feed ra te  was m aintained a t 24±2% . From  the 
examination of th e  m ajor physical characteristics, it could be concluded th a t 
steady state conditions were indeed achieved with all model materials. After 
a  time, am ounting to  about twice th e  average residence time, had passed 
the  particle size distribution, average particle  size, average porosity and all 
other size dependent physical characteristics became constant. For the sake
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of comparison, the tim e dependence of the average particle size is once again 
shown here (cf. Fig. 7).

Conclusions relating to  the growth mechanism concerned can be draw n 
from the slopes and intercepts of the  lines shown in Fig. 6 and 7. In  the case 
of urea, sodium nitra te  and potash (potassium carbonate dihydrate) with 
initial solid material feed of din =  0.52-10-3 m lines are in the  small particle
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size range w ith nearly  identical slopes. Thus, it can be concluded th a t the same 
growth mechanism is effective. Their particle size indicates th a t  growth takes 
place by surface layer formation.

Starting with initial urea particles of dn =  0.72* 10~3 m there  is practically 
no change in the  growth mechanism, and the slopes are by  and large the same 
as previously. However, there are larger intercepts due to  higher average 
particle size.

In  the case of sodium dichromate, ammonium n itra te  and tris potassium 
phosphate, the  lines are in the higher particle size ranges and  the slopes are 
also larger.

Both values indicate th a t particle grow th takes place m ainly via particle 
agglomeration. Calculations indicated th a t  surface layering could result in 
growth am ounting only to  a m axim um  of 0.3— 0.4* 10~3 m. Thus, after the 
appropriate residence tim e has possed the  initial particle of d in =  0.52-10~3 m 
could not be any bigger than  Ы 0 -3 m. However, with th e  above materials 
a severalfold increase in the average particle size could be witnessed as early 
as a fraction of th e  average residence tim e. This proved unequivocally th a t 
the  governing grow th mechanism was agglomerization. N aturally , it is also 
accompanied, by grow th via surface layering, but its role is negligible.

The physical characteristics of th e  steady  state products formed from the 
six test m aterials were compared. Since experiments were carried out under 
identical conditions, differences necessarily reflect the  effects of material 
quality.

Depending on the  model m aterial in question, the steady  state particle 
size distributions can be very different (cf. Fig. 8). The particle size range,



1978 P a rtic le  F o rm atio n  in F lu id ized  B ed . I I I . 331

the shape and correspondingly the particle size distributions can be very d if­
ferent. In  the  case of urea, sodium nitrate  and potassium  carbonate dihydrate 
which grow prim arily via surface layering, curves lie in the  0.4 —1.6-10-3 m 
range and their shapes are very similar. Sodium dichrom ate, ammonium 
nitra te  and tris potassium phosphate grow prim arily by  agglomerization 
and the resulting particle size range is much wider: 0 .2—3.2>10-3 and
0.2— 5-10-3 m. Curves are of widely different shapes depending on the rate  of 
agglomerization. They also differ from the curves obtained by surface 
layering growth mechanism.

The other m ajor characteristics of the products are summ arized in Table 1.

Table 1.
Major physical characteristics of the product granules

d.-103 s к ф XTest substance (m) % »/»' (%) ( - ) % w/w

growth via surface layering

CO(NH2)2 0.64 6.8 86.7 0.6 1.03
NaN03 0.66 8.8 84.7 0.66 0.03
K2C03-2 H 20 0.77 9.2 72.4 0.62 7.6

growth via agglomerization

1.91 27.5 91.3 0.42 0.01
n h 4n o 3 2.20 30 92.3 — 1.8
K 3P 0 4 3.86 22.3 96.6 0.40 2.4

The physical properties of the granules formed no t only differ among 
various model substances, bu t also according to  the  growth mechanisms 
involved. In  the case of agglomerated particles, the average particle size and 
porosity are 3 —5 and 3 —4 times higher respectively, tb an  in the case of 
growth via surface layering. A t the same time, there is also a systematic dif­
ference between the wear resistance and rolling coefficients.

These observations are emphasized because they allow for the determination 
of the particle growth mechanism from the study of a few carefully chosen 
physical characteristics of the product.

To summarize it  can be concluded th a t the m aterial quality profoundly 
influences the particle growth mechanism which, in tu rn , determines the  
physical characteristics of the products.

SYMBOLS

В  in itial solid m ateria l feed ra te , %
c' concentration o f th e  solution, k g /m 3
d particle  size, m
D  bed diam eter, m
D(x) re lative am ount o f particles passing the sieve o f opening x , % w /w  
Ox relative am ount o f i th particle fraction, % w /w
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К  w ear resistance, %
n  ro ta tio n  speed o f the  m echanical ag ita to r, r.p.m . 
t tim e, h
t average residence tim e of the  solid m ateria l, h 
T "  a ir  tem peratu re , °C
X  sieve opening size, m
X  m oisture con ten t rela ting  to  d ry  m ateria l, % w/w
Y  heigh t of the fluidized bed, m
Ytr  m inim um  bed height, m
w ' atom ization  ra te  o f the  solution, m 3/h
0  dimensionless tim e co-ordinate, 0  =  t/t
£p ; porosity , % v/v
Ф rolling coefficient, ( — )

Subscrip ts
о in itia l value
in in p u t value
o u t o u tp u t value
— average value
s steady  s ta te  value
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РЕЗЮМЕ

На физические свойства гранулятов (зёрен), получаемых в стационарных условиях из раствора 
в псевдоожиженном газом слое, можно повлиять например благодаря изменению геометри­
ческих пропорций неподвижного слоя и числа оборотов механической мешалки, расположен­
ной в слое. Влияние, оказываемое изменением указанных параметров на физические свойства 
гранулятов продукта, исследовалось на модельном материале — мочев ине. При одних и тех 
же условиях авторами были проделаны эксперименты с модельными веществами различного 
химического состава. На основании полученных данных было установлено, что физические 
характеристики образовавшихся зёрен в зависимости от механизма роста зёрен имеют резко 
различные значения. А механизм роста зёрен определяется в первую очередь качеством мате­
риала (физическими и химическими характеристиками растворённого компонента).
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TRANSPORT PROCESSES IN PACKED BEDS

M. P a r t i
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Industries, Technical U niversity , B udapest, H ungary)

R eceived: A pril 27, 1978.

According to  experim ental experiences, i t  is know n th a t  real geo­
m etrical conditions ap p ear to  be too sim plified in  the  Ca r m a n  capillary 
m odel o f packed beds, therefore, its  app lication  concerning m om entum  
transfe r also seems to  be impossible. A  new hydrodynam ic m odel 
w ith  varying cross-sections was developed, based upon experim ental 
experiences. C haracteristic geom etrical dimensions of the  m odel were 
defined on the basis o f th e  m easurem ent results o f m om entum  tra n s ­
po rt, and  then the correlations accepted  for the calculation o f transfer 
coefficients occurring in  em pty tubes, were applied for th e  geo­
m etrical model. T he transpo rt m echanism  of packed beds is ra th e r 
well characterized b y  th e  formulas ob ta ined  in th is way, w hich can be 
applied for the ca lculation  of the tra n sp o rt coefficients of these beds 
w ith appropriate security .

Introduction

Packed beds play a rather significant role in the different technologies applied 
in the chemical industry, although the  transport processes occurring therein 
are not yet theoretically sufficiently clarified. Recently a num ber of papers 
were published, and with the  elaboration of the experimental da ta  an effort 
was made to  give correlations of general validity for the determ ination of the  
heat and mass transfer factors [1, 2, 3, 4, 5, 6].

In  spite of this, no criterial equations of general validity exist a t the moment, 
which would enable the  definition of the  heat transfer and mass transfer 
factors, for every—or nearly every—case, such as for instance, the  S i e d e r  — 
T a t e  equations do, for th e  case of internal flow occurring in em pty tubes.

According to  literature, the  friction factor of packed beds is well characterized 
by the E r  о u n  equation [7]. The Ca r m a n  model set up for packed beds gives 
a lower value for the friction factor th an  the E r g u n  equation.

Therefore, the possibility of setting up  a new model with the m odification 
of the Ca r m a n  model, is self apparent, a model being equivalent to  packed 
beds, concerning the pressure losses. In  all probability, this model will ap ­
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proxim ate the  b e tte r  transport process occurring in packed beds concerning 
other transport processes.

The suggested new model is set up on the  basis of hydrodynamic considera­
tions, the criteria of its validity being the  adequate description of the ex ­
perimental data. In  the  following, the new model is described and in addition, 
its characteristics are described and its heat transfer properties are also 
analyzed.

Hydrodynamic Examination of Packed Beds

Ca r m a n  was the  firs t who endeavoured to  convert the hydrodynamic condi­
tions of packed beds to  flow conditions occurring in em pty tubes, substituting 
the given irregular pore volume for flow by  parallel and straight capillary 
tubes. These capillary tubes are characterized by the hydraulic equivalent 
diam eter :

£>h = 4 ( l )

In  the  case of th e  validity  of the  substitu tive model, the  pressure loss of the  
packed beds for given flow conditions can be obtained from the correlation 
for em pty tubes, as :

4p = 2e«p—  /,
Un ( 2 )

since the tube friction coefficient for lam inar flow [8] is :
16 16

/= Re v^Du о ’

and its substitu tion into (2), gives:
V

Ap =32-
B h

VP Г).

(3)

(4)

The hydraulic equivalent diam eter can be further w ritten  by  the charac­
terization of the  particles by  a ball diam eter, having the  same volume as the  
particles :

2 ем
D a = - D p - ^ - .  (5)

3 1 — e

Calculating w ith the  superficial velocity, instead of the  real flow velocity 
arising in the pores :

v = evp. (6)

Substituting Equations (5) and (6) into (4), gives:

zip = 7 2
( 1 — e)2 V  r jL  

®3V Dp (7)

According to  experim ental examinations, the  pressure loss of packed beds 
is ra ther underestim ated by (7). Therefore, the  substitu tive capillary tube system 
elaborated by Ca r m a n , describes the  hydrodynam ic properties of the packed 
beds rather unexactly. Experim ental results have shown th a t the constant
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of Eq. (7) has to  be increased to  the  ratio  25/12, consequently the  pressure loss 
o f the  bed will be :

■ф>в = 150 ( 1 — e)2 V rjL
e3V D%

( 8 )

which represents the well known B l a k e  —K o z e n y  formula [8]. The quotient 
of these two term s yields :

к A p  72 
A p n

(9)

The pressure loss of the substitutive model is 48% of the one of packed beds. 
For the coefficient of Eq. (8) different authors obtained diverse values [8, 9], 
b u t the most frequently used one is the  B l a k e  — K o z e n y  equation. So a t 
equal velocity, the pressure loss of the  packed bed will surpass th a t  of the  
substitutive model by 110%.

The deviation can be attribu ted  to  the  following causes :
— the channels in packed beds have no circular cross-section ;
— the length of the  channels of the  packed beds is larger th an  its height 

(tortuosity) ;
— the cross-section of the channels does not remain constant, b u t expanding 

and constricting sections follow each other.

However, in our opinion constant changes in the size of the  cross-sections 
have a more significant effect, and can be the cause of the ra ther considerable 
portion of the occurring pressure loss and proceeding kinetic energy loss 
w ithout exception. I t  seems reasonable, therefore, to  substitu te the channels 
of constant cross-sections in the substitutive model by Ca r m a n , by periodically 
changing channels—although kept constant by sections. The Ca r m a n  model 
and the new substitutive model are dem onstrated together with the effective 
bed in Fig. 1.

Fig. 1.
Packed beds and its substitutive models

The substitutive system is set up considering the following conditions :
— the narrower and wider sections (diameters: l ) 1 and T)2, resp.) repeat 

periodically and have equal length, i.e. :

and
Di ' ■ Dii — Do - D<i

Lx

(10.a)

( 1 9 . b )
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— the volume of the  substitu tive system  with changing cross-sections is 
equal to the  volume of the substitu tive system of the constant cross- 
section (i.e. : to  the  volume of the pores). Hence:

2D\ = d \ + D%. (11)
In  order to  determ ine both diameters, the  following requirements have 

to  be prescribed:
— the pressure loss of the substitutive system, having varying cross-sec­

tions, should correspond to  the pressure loss of the packed bed (i.e. to 
the pressure loss of the system of constant cross section), namely:

A'po — A p t +  Ap%
and  applying Eq. (4), reap.,

will be obtained.

2
VpO V l  V2

Do ü t  + D l
( 12)

— the superficial velocity of the new substitu tive system should correspond 
to  th a t one of the  packed bed, or ra ther :

v1D Ï ^ v 2DÎ = kvv0D20. (13)

The equation (11) m ust be solved, applying the prescriptions of Equations
(12) and (13). The solution is the function of the  constant k, referred to  Eq. 
(9):

Dj = ciDo,
ci =  0.72, (14)

C2 = 1.22.
Summarizing the foregoing, it can be seen th a t  the physical model substitu t­

ing the packed bed, can be considered as a tube bundle of circular cross-section, 
the  average diam eter of which can be obtained by  Eq. (5), although the tube 
diam eter is not constant, but, it can be assumed th a t  the half length of the 
tube sections have d iam eter D x, while the other half length has diam eter Z>2. 
The intercorrelation o f the  characteristic diam eters is expressed by Eq. (14).

W ith the knowledge of the  dimensions of the  geometric model the pressure 
loss of the system can be defined. This pressure loss consists of two portions : 
th e  pressure loss of th e  straight tube sections and th a t  one of the sudden 
changes of the cross-sections. The pressure loss of the  stra igh t tube sections, 
according to Eq. (2) can be w ritten as:

2 D\ 2 D%
A p i =  2 q v i  —  f i  +  2ovz / 2 . 

D 1 1 ) 1

(15)

W ith the application of continuity, the  effective velocity and effective 
friction coefficient can be defined and following L eva [9], we can write:

th is yields:
f i  =  a R e? '

2 D ci-
A p i =  2VeQ —  fe  ---

Uo
- C2

2
(1 6 .a)
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and in shorter form :

where :

2 L EAPl = 2çve —  U - ,

E = ci-3~n + ca-3-“.

For laminar flow and introducing the particle R e y n o l d s  num ber :

^ 1  =  2еге — [ Í 2 Í 7 — i ] ,

where :

BeB =
D p V Q

(16.b)

(17)

(18)

(19)

The pressure loss, due to  the sudden changes of the cross sections, consists 
of two portions : the pressure loss a t the  sudden expansion and a t the sudden 
restriction of the tube, respectively. I ts  firs t term  can be w ritten  as a B o r d a  — 
Ca r n o t  loss, while the second one can be expressed by the  usual loss coefficient, 
namely :

9 9  2 1— (Vl-V2)2+ — uif I (20.a)

and it can be assumed, th a t:

therefore :

where :

4P2 =
о
2

2
V e

L
(20.b)

( 21)

The to ta l pressure loss of the packed bed is the sum of Equation (18) and 
(20) as:

Ap=*2eve —  \ \ 2 E  —— + _ J  . (22)

I f  Eq. (22) is compared with Eq. (2), the  friction coefficient of the packed 
bed:

50(1 - e )
Rep 0.67. (23)

For the friction coefficient defined by  Eq. (2). E rgun [7] obtained a correla­
tion, the structure of wich completely corresponded to  Eq. (23) (the additive 
term  is 0.583 instead of 0.67).

Thus the developed geometric model describes the packed bed correctly, 
concerning pressure losses. I t  can be expected th a t with the application 
of this model further transport processes can also be described. In  the following, 
examinations will be carried out for heat transfer.



338 M . P a r t i V o l. 6 .

Heat Transfer in Packed Beds

In  the last th ir ty  to  forty  years, significant experimental work was carried 
ou t to  examine the  heat transfer conditions of packed beds, of wich an excellent 
summarization is presented by Barker [6]. According to  experimental measure­
ments, two authors tried  to  set up criterial equations of general validity. 
Gupta et al. [2] s ta ted  th a t  the heat transfer factor is inversely proportional 
to  the porosity of the  bed, and in their opinion the experim ental results can be 
described by the following correlation:

(24)

(25)

P r ^  0.7, 

0 .3 4 s  e s 0 .7 4 .

2.876 0.3023
eja-

which can be applied in the  following range :
10-= Дер <  10,000.

Whitaker [1] obtained the following correlation:
г ( l - e V I *  / l - e U /3 1

e jH = l0'4 ( + 0-2 ( T t ^ ) J1 ' '
The applicability ranges are :

R e  n
3.7 s : 8 , 000 ,

The difference between Eq. (24) and Eq. (25) can be seen a t the first glance, 
appearing in the exponent of the R ey n o ld s  number and in the dependency 
on porosity. Num erically Eq. (25) will always produce a smaller value for the 
heat transfer factor th an  Eq. (24) does. The deviation with the  small R eynolds 
num bers may also a tta in  60%. Instead  o f continuing the analysis of the ex­
perim ental data, the  heat transfer coefficient and the heat transfer factor will 
be defined for the  model, developed in the  foregoing chapter, taking into 
consideration the following conditions:

— in the tube of diam eter T){ the flow is laminar, its velocity is v1 ;
— the fluid enters the  tube of diam eter i)2 practically with diam eter Di 

(and therefore having velocity v}), b u t due to the sudden change of the 
cross-section the  flow turns tu rbu len t, forming eddies in the ring of 
width (Z)2 —Z>j);

— in the above m entioned ring, no tem perature gradient exists (i.e. the 
tem perature gradient can be neglected due to  the intensive eddies), 
thus heat transfer essentially occurs a t  the  wall of diam eter I)2.

For the determ ination of the heat transfer coefficient in the  lam inar region, 
th e  Sieder—Tate correlation can be applied based upon the  Graetz solution 
[10], which describes the  experim ental results with an accuracy of +12%, 
except water, i.e. :

N u =  1.86 \RePr
Ü yi
L ) (26)
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if:

2 .

For turbulent flow, th e  adequate Sieder— Tate correlation is again applied 
[10], which can be used with an accuracy of +15% and —10%, respectively,
i.e. :

N u  =  0.027ReO-oPrW'pO.iiK. (27)

According to publications, the la tte r correlation can also be rather safely 
applied to  the transition  region, where th e  flow conditions are unstable.

For the  application o f Eqs (26) and (27), the  Reynolds num ber and Nusselt 
num ber m ust be modified, using the packed bed characteristics. Thus:

^  viDio voDog viD i 2 y> ReB 
rj rj voDo 3 l - {  ci

and:

where :

aiDi 2 ey>
N ui = ------------------

A 3 1 —e
ciNuBl,

Awpi —oti-Dp
A ‘

The characteristic simplex is:

(28.a)

(28.b)

(29)

Di Do D\ 2 eip Dv
L i L i Do 3 1 — e D\

Let:

then:
ß= D d

Di 2 efi 1 
Ï 7 ~ 3  1 - e  ~ßCl'

(30)

(31)

Substituting Equations (28), (29) and  (31), and Eq. (26) can be written as:

Nupi = 1.86 1.51/3 ( l - e Y l s
Cl £i/3 Í— l1l e2<p j

J?eJ/3Pri/3y>o-i4. (32)

I f  the  transform ation is also similarly carried out for the  turbulent region, 
applying the former conditions, Eq. (27) becomes:

0.027A 
N u*  = ----ГаCl

РгЧЗфО.ы. (33)

The constant К  in Equations (27) and  (32), resp., takes into consideration 
the Sieder—Tate form ula related to  a developed flow pattern , bu t due to  
the short length of the  channel this cannot be relied upon. According to  the  
preconditions, the halflength of the channel bears diam eter Z)1, while for the  
other half length the  diam eter is D 2. I f  it  is assumed th a t  the length of the  
channels corresponds to  the particle diam eter, then :

L i  =  L i  =  D v /2  a n d  £  =  0 .5 .
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Thus, the coefficient cons’dering the  unsettled nature of the flow pattern  is 
К  =1.9, based upon reference [11]. I f  the  heat transfer coefficient and the  
Nitsselt num ber, resp., of both  sections are averaged for the  to tal channel 
length, we obtain :

Nup —cißNupi + сг(1 -  ß)N u S 2 

ciß + c2( l  -  ß)
(34.а)

and with substitu tion  of the constants :

N u p =  0.36jVmpi +  0.64ЛтмР2

Substituting Equations (32) and (33) into Eq. (34)

f l — e
N u v

[ 14 yjE‘-Re  p
1 /3  1  Д - 6 , 0 . 2

+  0 .068— ----
e \  y> f V ' ] P r l/3 y ,0 .1

is obtained.
The héat transfer factor:

Í h = 1 .4
( l - e y i 3

№ 7
Rep2'3 + 0.068 -  

e
1 (l-eY>-2

Re  p

where for gas system s : cpo u  ---1 has been assumed. 
Transform ation o f Eq. (36) yields:

1.4[e(l-e)]i/3  0.068(1- e ) 0-2
jn e = --------- ---------+  -

R eT Rel

(34.b)

(36)

(36)

(37)

Eor the comparison of Equations (24), (25) and (37) w ith the experimental 
results, calculations were carried out. Fig. 2 shows the curves obtained for

Fig. 2.
P ro d u c t o f h e a t transfer fac to r an d  po rosity  vs. R e y n o l d s  num ber
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the porosity value e =  0.4, denoting the scattering range of measurements. 
On the basis of the comparison, it is evident th a t  by  means of the  developed 
geometric model, packed beds can be very well characterized, also regarding 
the  heat transfer.

Finally, summarizing the  foregoing, it can be sta ted  th a t  although the  
developed new model contains many presumptions (the m ajority of which are 
natural presum ptions based upon experience), b u t considering the momentum  
transfer as well as th e  heat transfer, the transport mechanism of packed beds 
can be rather well characterized by it (at least in the  case of the most general 
solid-gas systems), and Eq. (37) may be applied for the  calculation of the  heat 
transfer factor in the  following range:

1 0 < R e p <  10,000.

SYMBOLS

A  =  su rface  area , m 2;
a =  su rface  a rea  p e r  u n i t  vo lum e, m 2/m 3; 
c =  coeffic ien t ;
D  =  d iam ete r , m ;
E  —  c o n s ta n t;
F  =  c o n s ta n t ;
F  =  cross-section , m 2;
/  =  p a n n in g  fr ic tio n  coeffic ien t;
j n  =  h e a t  tra n s fe r  fa c to r ;
К  =  coeffic ien t ; 
к  =  c o n s ta n t;
L  —  len g th , m ;
P  =  perip h e ry , m ; 
p  =  p ressu re , N /m 2;
V  =  volum e, m 3;
V =  velocity, m /s ;
a  =  h e a t  tra n s fe r  coeffic ien t, W /m 2K  ; 
ß —  geom etrica l sim p lex ;
A  =  d ifference ; 
e =  p o ro s ity ;
г/  —  d y n am ic  v iscosity , k g /m s;
Я =  th e rm a l c o n d u c tiv ity , W  /m K  ; 
о =  m ass  d ensity , k g /m 3;
<p —  v isco sity  n u m b e r ; 
tp —  sp h eric ity .

Dimensionless numbers

N u  =  N usseut  n u m b e r ;
Pr =  P ra n d tl  n u m b e r ;
Re —  R ey n o ld s  n u m b ers .

Indices

0, 1, 2 =  seria l ind ices;
В =  ca lcu la ted  b y  th e  B l a k e  fo rm u la ;
e =  effective ;
H  — h y d rau lic  ;
i =  seria l in d ex ;
p  =  referring  to  p o re  a n d  solid p a rtic le , resp ec tiv e ly ; 
s =  referring  to  solid  m ed ia ;
w  =  w etted .
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РЕЗЮМЕ

На основе результатов экспериментов известно, что капиллярная модель Кармана для на­
садочных слоёв слишком упрощает действительные геометрические соотношения, поэтому 
её применение для передачи импульса невозможно. Исходя из экспериментальных наблю­
дений, авторами была составлена новая гидродинамическая модель с изменяющимся раз­
резом. Характерные геометрические размеры модели были установлены на основе измерений 
переноса импульса, а затем к этой геометрической модели прикладывались зависимости, об­
щепринятые для расчёта коэффициентов переноса процессов, происходящих в пустых трубах. 
Полученные таким образом зависимости очень хорошо характеризуют механизм переноса во 
множествах с насадкой, и с достаточной надёжностью могут быть использованы для рас­
чёта коэффициентов переноса указанных множеств.
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Two calculations m ethods used in practice are presented. B o th  in 
research and  industrial practice, the re  are frequent calls for the 
calculation of average steady  particle  size from  know n operation 
an d  process param eters. The calculation m ethod presented  here can 
be used for th is  purpose if  the prim ary  grow th m echanism  in surface 
layering. In  our opinion the  accuracy of the m ethod is sufficient. In  
general, the  average particle size desired is predeterm ined for the 
various industria l products. Therefore, th e  second calculation m ethod 
shown here perm its the determ ination  of the in itial solid m aterial 
feed ratio  ensuring the average particle  size desired.

Calculation of the Average Particle Size

One of the most im portant physical characteristics of granules produced from  
solutions in gas fluidized beds is the average particle size. In  Part 3 of th is 
series [1] it  was shown th a t the particle size range of various m aterials was 
approxim ately the  same when particle growth took place mainly via surface 
layering. At the same time, the distribution curves were also similar. I f  the above 
particle size range is known and the average particle size can, somehow, be 
calculated, then it can be determined whether the product granules fulfil 
the requirements, a t  least as far as the average particle size is concerned.

The solid m aterial mass balance equation of particle formation from solu­
tions in gas fluidized beds (direct particle formation, for short) was modified 
to  allow for the preliminary estimation of product average particle size in 
those cases where the prim ary growth mechanism is surface layering.

The mass balance equation of direct particle formation reads :

G rin -\-C W  — G^outH- ! '* (1 )
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The mass flow of the solid m aterial leaving the system  in steady sta te  
conditions can be w ritten as:

- doutai _ ■
6rout =  ~—  QSont-Nout • (2 )

О

In  the case of ideal surface layering, neither agglomerization nor disintegra­
tion  take place in  the  fluidized bed. Correspondingly, the  num ber of particles 
introduced in to  and  taken out of the  bed is equal in steady sta te  conditions. 
In  practice, as it  was dem onstrated in Parts I  to 3 of this series [1—3], ag­
glomerization and  disintegration always accompany surface layering. In  th is 
ease, the values of the  input and o u tp u t numerous flows are slightly different 
as given by  th e  following relationship :

N  out — bJV in • ( 3 )

I f  6 < 1  then  agglomerization, if  then  disintegration takes place in the  
fluidized bed.

The numerous flow of particles entering the  system is :

i V i n  =  -
6 Gi,

dinQstn
(4)

Solid m aterial feed ratio is defined as :

B = -
Gin

Gin +  c'w'
(5)

from which the  mass flow rate of the  solid m aterial fed into the system can be 
expressed as :

öin =
B c'w ' 
1 - 5  '

( 6)

Let us substitu te  Equations (2 ), (3), (4) and (6 ) into E quation (1). The av­
erage particle size of the solid m aterial leaving the system in steady sta te  
conditions can be obtained after substitu tion  and rearrangem ent as:

dout — din
1

bB
1  - Qs in

c’w ’ i?s out

1/3

(7)

Experim ents were carried out w ith particulate, solid m aterial of sp <  0.05, 
correspondingly the  actual and particle  densities were approxim ately equal
[1 —3]:

QuinQ- (8 )

The average particle density of th e  solid material leaving the system in 
steady state  conditions can be approxim ated as [4] :

?sout — q( 1  — ejw ) • (9)

The relationship used to  calculate the  average particle size of the solid 
m aterial leaving the  system in steady s ta te  conditions can be obtained after
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substitution of Equations (8 ) and (9) into Equation (7) and rearrangement:

dout —• din
1

bB( l - e Pmt)
Щ 1-В )

( 10 )

The solid m aterial feed ratio, B  ; average input particle size, din ; solution 
concentration, c ' and atomization rate  w ' are the independent param eters in 
the  above equation. The average porosity of the solid material leaving the  
system sPmt and the mass flow rate of fine dust carried out (X) were obtained 
from  the results of the experiments. The results obtained can also be used 
as good approxim ating values under different experim ental conditions.

In  the case o f particles grown by surface layering it can be assumed th a t  
6  « I ,  i.e. changes of the numerousness of the particles in the bed due to  
agglomerization or disintegration are negligible, or ra ther their effects are 
complimentary. The average particle size of the product obtained in steady 
sta te  conditions was calculated using Equation (1 0 ) and compared w ith the  
results of sieve analysis (cf. Fig. I). I t  was found th a t  the difference between

the  calculated and measured average particle size was less than  2 0 % for a t 
least 78% of the  experimental runs.

Numerical values of b were also obtained for all experiments. I t  was found 
th a t  in the case of surface layering growth mechanism 0 .7 < 6 < 1 , 4, the m ost 
frequent value was close to 1 . At the same time, it could not be proved une­
quivocally th a t  changing the operation and process param eters effected the  
value of b. In  the  case of particle growth via agglomerization b values signi­
ficantly different from 1 were obtained (Na2Cr2 O7 :0.21 ; K 3PO4:0.03). 
Using then known b values and Equation 1 0 , the average particle size was 
recalculated and  compared with measured values (cf. Fig. 2). In the case 
of b и  1  the difference between calculated and m easured values did considerably 
decrease, being less than  20% in all cases and less th an  15% in 84% of the cases.

I t  can be concluded from these results th a t in the  case of particle growth 
taking place v ia  surface layering the average particle size of the solid m aterial 
leaving the fluidized bed in steady state conditions can be estimated by 
Equation 1 0 .
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Calculation of Solid Material Feed Ratio

In  practical direct particle form ation it is very im portant th a t  physical 
characteristics of th e  product meet certain  preset requirements. These require­
ments vary widely, depending on th e  intended use of the  product. Most 
frequently, the average particle size and  the particle size range of a given 
m ajor percentage o f th e  product are specified (e.g. in the case of pelletizing 
machines).

A ttem pts were m ade to  calculate th e  solid material feed ratio  required to 
ensure a given average particle size. The balance equation of direct particle 
formation expressed by  numerous flows was used in the calculations :

d N n(t)
N in + Q ( t ) - N out( t)= — - I I .  (11)

at

The following relationships were substitu ted  into Equation (11):

jV In — U in th n  ,

-Vout =  / io u t f /o u t ,

N n  =  mrGr ,

Q = qO R .

Thus, numerous flows were expressed by  specific numerousness and source 
term s were made independent from th e  m ass of the fluidized bed. The equation 
thus obtained can be rearranged by using the  solid m aterial balance equation 
of direct particle form ation [Equation (1)] and the definition equation of solid 
m aterial feed ra te  ra tio  [Equation (5)] can be read as:

Bc'w '
- n ln +  q( t ) - ' Hout(i) :

dnR(t) (12)
( 1  -B)G n ( 1 - B ) G r dt
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I t  is noted th a t  the mass flow rate  of dust precipitated in the  cyclone is also 
present in the solid m aterial balance equation. Calculations would become 
extremely involved by attem pts to  account for this flow as well. Since it is 
only a fraction of the overall mass flow rate it can be neglected without in­
troducing significant errors.

Based on experim ental results, the q(t) relationship was examined in steady 
sta te  conditions. I t  was concluded th a t q(t) approached a  lim iting value 
irrespective of the  values of the solid m aterial feed rate ratio  and average 
initial particle size (cf. Fig. 3). In  the case of urea the limiting value is:

5 » =  0.3 X  106 particle/kgh.

p n

g

COIN H2 ); 
dm -  072 - lOm 
В -  0092 -  О 

0235  -  •  
0341 — □  
0459 z r  Я 

d n -  0.52-lOtn
B -  0 0 9 6  -  X—

1

г
■

о

□  /ГО"
i 6 i

030 »10° particle/ kgh

-------------□ — ----X f ï ----- ------

a B ÿ i o— a—fe — X-
o _________ ;________ :_________ i_____

0 2 4 6
t  [h  I

Fig. 3

Equation (1 2 ) reads in steady sta te  conditions as:

Bc'w’
( 1  — B)On

c'w’
rain+ <7».—(1 -Б )в в / to u t--0 . (13)

I f  Equation (13) is rearranged for the solid m aterial feed, ra te  ratio (В ) and 
the relationships describing input and ou tpu t numerousness values are 
substitu ted  as :

Пщ =
dtn л ------  Qsi n

1
72-out =  --------------

doutn------  ŝout
6
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th en  the following equation is obtained:
6

c'w' ——  ------<7«Gk
ю dôuffîQSout

c'w' ■—---------- qoJjrsi
dinJIQsin

(14)

Solid material feed ra te  ratios required to  produce granules of various 
average particle size were calculated w ith Equation (14). The param eters of 
the  equation were selected to  represent the effective values of the param eters 
used in the actual experim ents aimed a t determining the effects of solid material 
feed rate ratio [2]. Thus calculated and measured values could be compared.

The following param eter values were used for the calculations :
c' =  500 kg /m 3,

w ’ =  3.8 X 10-4 m 3/h,

q„ = 0 .3 x l 0 6 particle/kgh,

O r  =  0.44 kg,

din = 0 .7 2 x lO -3 m,

Qsln =1270  kg /m 3,

Qsoat =1100  k g /m 3.

Values of the B(dout) function, calculated using the above param eters and 
E quation  (14), are p lo tted  in Fig. 4 along with the experimental values.

According to  the  tendency obtained from Equation (14), average particle 
size decreases w ith th e  increasing solid m aterial feed rate  ratio. The agreement 
between calculated and  m easured values over the  range studied is satisfactory. 
The calculation m ethod was checked against experimental results obtained 
w ith  sodium nitra te , potassium  carbonate, sodium dichromate, ammonium 
n itra te  and tris potassium  phosphate, and also those of reference [1]. The
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difference between calculated and measured values for the above test substances 
was less than  25%.

The test-substance-depending param eters required for the calculations 
(ow , q„) can be obtained from a single experiment. The calculation m ethod 
shown here can be used equally well for surface layering and agglomerization 
particle growth mechanisms to  obtain the solid m aterial feed rate  ratio which 
ensures a product of predetermined average particle size.

SYMBOLS

b : p roportionality  coefficient characterizing changes of the  num erousness, ( — ) ; 
В  : solid m ateria l feed ra te  ratio , ( — ) ; 
c ': concentration  of th e  solution, kg /m 3; 
d : partic le  size, m ;
G : m ass o f the  solid m ateria l, kg;
G : solid m ateria l m ass flow  rate , kg /h ;
K :  fly ing dust mass flow  ra te , kg /h ; 
n : specific num erousness, kg-1 ;
N  : num erousness, partic le  ;
N  : num erous flow, h -1 ;
q : specific particle source in the fluidized bed, kg-1 h -1 ;
Q : particle source in th e  fluidized bed, h~l ; 
t: tim e, h ;
w ': a tom ization  rate , m 3/h ; 
g : ac tu a l density  of th e  solid m aterial, kg /m 3;
Qs: particle density, k g /m 3; 
ep: void volume fraction , ( — ).

Subscripts
in : in p u t value: 
ou t: o u tp u t value;
- : average value;
R : value relating to  the fluidized bed;
~ : lim iting value a t  t-* ~ .
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РЕЗЮМЕ

В данной статье приводятся два расчётных метода, применимых на практике. В производст­
венной практике и в ходе проведения исследований часто может возникнуть необходимость 
в заблаговременном определении среднего размера частиц твёрдого материала на выходе, 
в случае стационарного режима и известных прецессионных и режимных характеристик. Для 
этой цели пригоден показанный расчётный метод в том случае, если частицы основного ма­
териала увеличиваются в первую очередь путём поверхонстного наслоения. По мнению авто­
ров точность данного метода можно считать удовлетворительной, в ходе осуществления 
каждого конкретного задания обычно предписывается каков должен быть средний размер 
производимого продукта. Другой расчётный метод даёт возможность для приближённого 
расчёта пропорции вводимого твёрдого материала, необходимого для производства продукта 
с заданным наперёд средним размером гранул.
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In  der A rbeit w urden Gase, bei deren Dissoziation kom plexe S toff­
system e entstehen, hinsichtlich ih rer E igenschaften als E nerg ie träger 
im T em peraturin tervall (1 —6 ) x l 0 3K  bei einem  D ruck  von 1 b a r 
un tersuch t. Dabei eignen sich (von den b e trach te ten  Gasen) in 
energetischer H insicht besonders H 2O, N H 3  u n d  H 2S, w ährend eine 
exergetische Analyse die re la tiv  großen Verluste, die bei der V er­
w endung von N H 3  als E nergieträger in K au f genom m en werden 
müssen, deutlich aufgezeigt.

Hochtemperaturprozesse haben u. a. im Rahm en der angewandten P las­
machemie große Bedeutung erlangt und sind in verschiedenen W irtschafts­
zweigen vom großen Interesse (z. B. chemische, metallurgische, elektronische 
Industrie). Gründe für die Realisierung derartiger Prozesse sind insbesondere:

— Verschiebung der Gleichgewichtslage auf die Seite erwünschter Produkte,
— wachsende Reaktionsgeschwindigkeiten m it ansteigender Tem peratur 

und daraus resultierende Miniaturisierung der geometrischen Abmessun­
gen chemischer Reaktoren,

— Möglichkeit zur Verwirklichung hoher Reinheitsförderungen und Quali­
tätsverbesserung von Produkten.

E ine wesentliche Voraussetzung fü r die Realisierung plasmachemischer 
Prozesse stellt die geeignete Bereitstellung der Energie dar, die zur zielgerichte­
ten  Umwandlung von Rohstoffen in Produkte notwendig ist. Daher ist der 
U ntersuchung der Eigenschaften von Energieträgern, insbesondere in energeti­
scher Hinsicht, bereits Aufnerksamkeit gewidmet worden [1, 2]. In  [1] erfolgte 
die Analyse des energetischen und exergetischen Verhaltens einfacher, mole­
kularer gasförmiger Substanzen (F2, Cl2, S2, 0 2, N 2, H 2). Im  weiteren soll die 
Diskussion au f komplexere Stoffsysteme ausgedehnt werden, wobei vor allem 
wieder der W ert der transportierbaren spezifischen Energie und die Tem pera­
tu r, bei der diese bereitgestellt wird, von Interesse ist.

2 *
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Im  für Stoffwandlungsprozesse (unter dem hier betrachteten Aspekt) nu tz­
baren  Tem peraturbereich von etw a (1 —5)X 103A  und bei m ittleren Drücken 
(< 5 0  bar) wird eine Reihe von Gasen teilweiser oder nahezu vollständiger 
Dissoziation unterworfen, während Ionisation im allgemeinen keine signifikante 
R olle spielt. Es ist daher das Vorhandensein komplexer Stoffsysteme zu 
erw arten, die vorwiegend aus Molekülen, Atomen und Radikalen der als 
Energieträger eingesetzten Substanz bestehen.

U n ter der Voraussetzung, daß sich das reagierende Stoffgemisch im Zustand 
des therm odynam ischen Gleichgewichtes befindet, kann bei fixierten W erten 
von  Druck und T em peratur die Zusammensetzung eindeutig bestim m t werden, 
w enn die M engenrelationen des Gemisches im Anfangszustand ebenfalls 
bekann t sind. Bei gegebener Zusammensetzung lassen sich Enthalpie- und 
Entropiew erte des Stoffsystem s nach einfachen therm odynam ischen Bezie­
hungen ermitteln.

Bestimmung der Gleichgewichtszusammensetzung chemisch 
reagierender gasförmiger Systeme

B ekanntlich ist eine explizite Formulierung der Bedingungen des therm o­
dynam ischen Gleichgewichtes für die verschiedensten Spezialfälle auf rein 
m athem atischen W egen aus der allgemeinen Gibbs’schen Relation ableitbar. 
M an gewinnt dabei letztlich  die Aussage, daß alle therm odynam ischen Poten­
tia le  im stabilen Gleichgewicht einen minimalen W ert annehmen [3]. W ird 
zweckmäßiger Weise au f die Formulierung für die freie Enthalpie zurück­
gegriffen, folgt für eine chemische Reaktion l zwischen den K onstituenten 
l (bei realisiertem therm ischen und  mechanischen Gleichgewicht) die Bedingung

^Vnßi = 0  (1 )

wobei fil — chemisches Po ten tial des Species l,
vn — stöchiometrischer Koeffizient des l-ten  Species in der i-ten 

Reaktion.

E s soll nun ein aus n  Species ( Y {) bestehendes, reagierendes System idealer 
G ase (eine Voraussetzung, die im angegebenen Bereich der intensiven P ara­
m eter anwendbar ist) be trach te t werden, die säm tlich als nach der Beziehung

Г 1 = 2 ФаК<» ( 2 )

(Ф,{ — Anzahl der Atome l im Bestandteil i) in ihre m Elemente x(l) zerfallend 
gedach t werden können. Die F, setzen sich aus den Elem enten gemäß

y ,_ V'G) iv(2> v(m)
1 1  -"-фпФзГ '

zusam m en. Wegen (1 ) m uß daher gelten (für ideale Gase), daß

2 Фа p°) + E T  ln  + R T  ln xi j -  /м{Т, p°) — В Т  j^ln +  ln  aaj = 0,

(3)

(4)
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bzw.

I  Ф,, ln  X,  — ln Xi  =  [ £  — I Ф,р<?] J L  + (1 -  I  Ф,, j  ln  ( £  )

(° — Referenzzustand, x — Molanteil.)

Man erhält (n —m) Bedingungen (4) für alle Species i, die nicht a tom ar 
vorliegen. W eiterhin steh t die Normierungsbeziehung

n

Z * i = i
i=l

oder

l n | 2 a;ij = 0 (6)

zur Verfügung. Die restlichen (m — 1 ) Relationen zur eindeutigen Bestim m ung 
der xi( i=  1  (1 ) n, können aus Massenbilanzen oder, hier zweickmäßiger, aus 
der Bilanzierung der Atome gewonnen werden. D afür läßt sich angeben, daß

n
2  ФцЩ =  binn  l = \ ( l ) m
l

rsp.
™ nR

2  ФцХ1 =  b i —  (6)
i n

gelten muß [nR — Molzahl einer fiktiven Anfangssubstanz, щ — Molzahl des 
Species i  im Gemisch, b, — charakterisiert die Zusammensetzung der A nfangs­
substanz analog Beziehung (3)].

Da nur (m — 1) Relationen erforderlich sind, kann eine relative D arstellung 
mit Bezug au f z. B. Basiskomponente 1= 1 gewählt werden, wofür (6 ) zu

n
2  'G m
-----------=  r  =  V i- i  l = 2 ( l ) m  (7)n bi
2  ФИХ1
I

wird (Vt_i — Anzahl der Atome des Elementes l zu der des Elementes 1 ).
Die Beziehungen (4), (5) und, aus (7),

ln 12  Фнх;j — ln |2 ® i i* i ) - b  V i - i  = 0 (8)

bilden das zu lösende Gleichungssystem, das bei Anwendung eines m odifizierten 
Newtonschen Verfahrens mit analytischer Ableitungsbildung auf m lineare 
Gleichungen ( =  Anzahl der Basiskomponenten, hier Elemente) reduziert 
werden kann. Für vorgegebene Atom verhältnisse V  bestimmte W erte von 
Druck p  und  Tem peratur T  läß t sich ausgehend von geeigneten S tartw erten  
x° iterativ  der Lösungsvektor der Molanteile x eindeutig (mit vorzugebender 
Genauigkeit) bestimmen, der den angegebenen Bedingungen genügt.
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Ermittlung von Enthalpie,
Entropie und spezifischer Wärmekapazittät von Idealgasgemischen

Nach den bekann ten  Beziehungen der Therm odynam ik folgt die spezifische 
Enthalpie des be trach te ten  Stoffsystems aus

ä= 2i
X i h i  

2 xiMi
(9)

die spezifische E n trop ie  aus

« = 2

„ (ln a :i +  ln  ^ - j ]
( 10)

2  XiMi 
i

und die spezifische Exergieänderung des Stoffgemisches vom Referenzzustand 
(p°) zum Zustand, der durch die intensiven Größen p  und T  (gekennzeichnet 
wird (Zusammensetzung jeweils aus der Gleichgewichtsbedingung), ist schließ­
lich

A e = A h - T 0As (11)

m it Ah = h — h° (Energieinhalt des Stoffgemisches bezogen auf den Ausgangs­
zustand, der dem  Bezugzustand 0  entsprechen soll) und As =  s — s°.

Die molaren G rößen sind demäß

und

_ П _
h  = 2®i^i

S = 2*i ~ -ß Xi + ln j J

A e =  A h  — To-As

( 12)

(13)

(14)

zu ermitteln. Die spezifische W ärm ekapazität des reagierenden Gemisches bei 
konstantem  D ruck e rhä lt man wegen

CpR — (15)

durch numerische Ableitungsbildung. Die W erte für sf(T) wurden (4) 
entnommen.

Diskussion einiger Ergebnisse

Es wurde das V erhalten  folgender Gase untersucht ( p = l  bar):
1 . S 02) als kom plexes Gemisch aus S, O, S2, 0 2, S2 0 , SO, S 0 2, S 0 3;
2 . S 03(
3. N H 3 m it N , H , N 2, H 2, NH, N H 2, N H 3;
4. N F 3 m it N, F , N a , F 2, NF, N F2, N F 3;
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5. HCl mit H, CI, H 2, Cl2, HCl;
6 . H 20  m it H , O, H 2, 0 2, OH, H 2 0 ;
7. C 0 2\ m it C, 0 , C2, C3, 0 2, CO, C 0 2;
8 . CO J
9. H 2S mit H , S, H 2, S2, HS, H 2S.

Auf den Bild 1 und 2 ist die Gleichgewichtszusammensetzung der oben 
angegebenen Stoffsysteme 1 , 3, 4 über der Tem peratur aufgetragen. E s wird

Bild. 1.
Gleichgewichtszusam m ensetzung des durch  D issoziation von Schwefeldioxyd en ts te h en ­

den Stoffsystems in  A bhängigkeit von d er T em peratur
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т  « ic P  к
B ild  2.

G leichgew ichtszusam m ensetzung der durch D issoziation von  N H 3 und N F 3 entstehenden 
S toffsystem e in  A bhängigkeit von  d er T em peratur

deutlich, daß für das Gemisch 1 im Bereich T ä 2000 К  im wesentlichen nur 
S 0 2  existiert und die instabile Verbindung SO bei ca. 3600 К  maximale K on­
zentrationen erreicht, w ährend N H 3 und N F 3  nahezu im gesamten betrachte­
te n  Tem peraturbereich dissoziiert vorliegen.

Analog erkennt m an  aus der Darstellung 3, daß die Verbindungen, die 
bereits im Bereich re la tiv  niedriger Tem peraturen dissoziieren, vergleichsweise 
große Energiemengen beinhalten, wobei die B reite des Tem peraturintervalls, 
in  dem wesentliche Zerfallprozesse ablaufen, den Anstieg der Funktionen
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Ah(T) bestimm t. Die außerordentlich stabile Verbindung CO zeigt daher erst 
ab ca. 5000 К  merkliche Dissoziation.

F ür die absolute Größe des Energieinhaltes des Stoffsystems ist hauptsäch­
lich die aufzuwendende Dissoziationsenthalpie verantwortlich, die bei der 
Rekom bination der Zerfallsprodukte wieder frei gesetzt und für andere 
Zwecke, z. B. Stoffwandlungsprozesse, verfügbar wird. D am it deutet sich

B ild  3.
M olarer E nergieinhalt dissoziierender V erbindungen in  A bhängigkeit von der T em peratur
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gleichzeitig an, daß die chemischen Eigenschaften der Energieträger die 
Durchführung der beabsichtigen Stoffwandlung beeinflussen können (d. h., 
die Auswahl eines Energieträgers sollte nicht nur unter Berücksichtigung seiner 
energetischen Eigenschaften erfolgen).

D a die Molzahl des Stoffsystems m it steigender Tem peratur zunim m t (also 
variabel ist), wurde der spezifische Energieinhalt (analog zu Bild 3) au f Bild 4 
dargestellt. Man erhält hierbei die Aussage, daß H 20  und N H 3  bei T a r3000 К, 
bzw. NH :i und  N F 3  im verbleibenden Temperaturbereich, die vergleichweise 
höchsten spezifischen Energien bereitstellen können.

(.)
22

20

18

16

U

12

10

Spezifischer E nerg ie inhalt dissoziierender V erbindungen in  A bhängigkeit von der Tem ­
p e ra tu r

Das Verhältnis von aus einem Stoffstrom  bei reversibler Prozeßführung 
m axim al gewinnbarer Arbeit zu der fü r die Aufheizung des Systems notwendi­
gen elektrischen Energie (die nur aus Exergie besteht) stellt einen exergetischen 
W irkungsgrad dar, der auf Bild 5 in  Abhängigkeit von der Tem peratur auf­
getragen wurde. Daraus ergeben sich fü r die im oberen Tem peraturbereich 
energetisch etw a gleichwertigen Gase H 20  und N H 3  ganz offensichtliche 
Differenzen, die au f den unterschiedlichen Entropieterm en beruhen. Vergleichs­
weise geringe Verluste können für H 2S über einen weitern Tem peraturbereich 
konstatiert werden. S 0 2 zeigt zu HCl bzw. C 0 2 analoges Verhalten und  wurde 
der Übersichtlichkeit halber n icht eingezeichnet. Zum Vergleich m it nicht- 
dissoziierenden Gasen ist der C arnotfaktor (mit logaritmischer M itteltempera-



1978 B ew ertung  gasförm iger E n e rg ie träg e r 359

B ild  5.
Exergetischer W irkungsgrad fü r die A ufheizung dissoziierender V erbindungen in  A b ­

hängigkeit von der T em peratu r

B ild  6.
Spezifische W ärm ekapaz itä t dissoziierender V erbindungen in Abhängigkeit von  der

T em peratu r
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tur) als unterbrochene Linie eingetragen worden. Eine sehr illustrative Kenn­
zeichnung der Dissoziationsbereiche der unterschiedlichen reagierenden 
Stoffsysteme ist m it der Darstellung deren spezifischer W ärm ekapazität über 
der Tem peratur möglich (B ild  6), die als ergänzung der Aussagen von Bild 4 
dienen kann.

SY M B O LV ERZEICH N IS

b — Größe zu r K ennzeichnung der Z usam m ensetzung  der A usgangssubstanz ; 
cpr — spezifische W ärm ek ap az itä t des reag irenden  Gemisches bei p  =  const. ; 
e — spezifische E x erg ie ; 
h — spezifische E n th a lp ie ; 
h — molare E n th a lp ie ;
m  — Anzahl d er B asiskom ponenten (E lem ente) ;
M  — Molmasse ; 
n  — Anzahl d er S pecies; 
n  — Mozahl ; 
p  — Druck ;
R  — universelle G askonstan te ; 
s — spezifische E n tro p ie ; 
s — molare E n tro p ie ;
T  — abs. T em p era tu r;
V  — A tom verhältn is ;
X — M olanteil;
X  — B asiskom ponente (Elem ent);
V  — Species des b e tra c h te te n  komplexen G em isches;
p  — chemisches P o te n tia l;
V — stöchiom etrischer Koeffizient;
Ф — Größe zu r K ennzeichnung der Z usam m ensetzung eines Species Y  aus den  Elem en­

ten X.
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SUM M ARY

I n  the  article som e p ro p ertie s  of complex gaseous system s in the range from  1,000 to  
6,000 К  a t a pressure o f  1 b a r  were investigated. T hese properties are such ones, th a t  give 
th e  possibility to  ch a rac te rize  the applicab ility  o f  those systems as a  carrier o f energy 
for several technological processes.

Energetic considera tion  leads to  the conclusion, th a t  the  HaO-, N H 3 - and  HaS-system s 
seem  to  have th e  b e s t behaviour, while exergetic  investigation allows to  estim ate  the 
energy losses ap p earin g  in  the  N H 3-system.

РЕЗЮМЕ

В работе исследуются термодинамические свойства газовэнергоносителей, образующих при 
диссоциации в температурном интервале 1000—6000 К  при давлении 1 бар комплексные 
реагирующие системы. В энергетическом отношении особый интерес представляет применение 
Н20 , NH3, H2S. При эксергетическом анализе исследуемых газов выявляются сравнительно 
большие потери при применении NH3 в качестве энергоносителя.
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В работе рассмотрены вопросы, связанные с протеканием в объеме жид­
кой фазы последовательной химической реакции

А л катализатор п  . л катализатор t  -
Г —>- Л Ж ----------------------- > - 0  -Г г\ж  ----------- ---- -------V .

Изучены зависимости среднего диффузионного потока, средних концен­
траций веществ и избирательности процесса от параметров модели.

Полученные результаты сравниваются с результатами предыдущей 
работы [I].

В предыдущей работе [1] обсуждались вопросы, связанные с протеканием в 
объеме жидкой фазы последовательной реакции первого порядка. Наряду с 
рассмотренными, существует целый ряд промышленно важных процессов, в 
которых разложение целевого продукта происходит с участием компонента 
газовой фазы по реакции второго порядка:

д  __^  д  катализатор ^  g  д  катализатор ^  £

По такой схеме протекают процессы парциального окисления и хлорирования 
парафинов [2—-5].

Используя модель массопередачи, предложенную в работе [6 ], и сохраняя 
справедливость всех допущений работы [1 ], за исключением предположения 
о протекании обеих реакций по первому порядку, получим следующие урав­
нения математического описания рассматриваемой системы:

б(7д 0  ( 0(7а) 2 2
P e W (y)  — = —  D ( y )  —  -  ф 1С а -  ФвСаСв (1)

0* Оу ( с у  ]

0 С в  0  (  G C b \  2 2
P e W ( y )  — = - -  D ( y )  —  +  Ф2аС а -  ФйСАСп

ОХ о у  V о у  )
( 2 )
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с начальными и граничными условиями
O si/^  1 ; х  — 0;

у =  1 ; 0 < 1  ;

У — 0; 0 < х ^ 1 ;

Предполагалось, что
Щу) = Do

1 0 - 3 =

<7а  =  С а о ; С в  — Сво

^  =  0 ; 
ду

дСв
------=  0 ;
ду

С л = 1 ; ^  =  0 . 
ду

- ( 1 — Do)y2 (4)
Do=s 1 .

а зависимость W(y) задавалась как в [6 ].

Уравнения (1)—(3) с учетом (4) были решены численно на ЭВМ с использо­
ванием матричной прогонки и разностной схемы Кранка-Никольсона. Вычис­
лялись значения среднего безразмерного диффузионного потока вещества А

1

о
средних концентраций веществ А и В

1 1

С а  =  J  J  Са (х , у) dx dy  (6 )
о о 

1 1

Св = J  J O b(3:, у) dx dy  (7)
о о

и избирательности по веществу В

Q '( аСа -  (рвСлСв ^

<РаСа +  <РвСаСв

Результаты расчетов представлены в таблицах 1— 4 и на рис. 1 и 2. Данные 
таблицы 1 позволяют сравнить полученные значения среднего безразмерного 
диффузионного потока вещества А с данными работы [6 ], в которой предпо­
лагалось протекание в объеме жидкой фазы одной реакции первого порядка. 
Из этой таблицы следует, что существенные различия в значениях у  для двух 
указанных задач наблюдаются, если одновременно выполняются соотношения 
срв/Ре>0,5 и с/д/Ре> О,]. В противном случае значения диффузионного потока 
и средней концентрации вещества А, полученные при решении уравнений (1)—
(3), с удовлетворительной точностью совпадают с результатами расчетов по 
модели (6 ).

Данные таблицы 2 свидетельствуют, что при таких же соотношениях пара­
метров <р|/Ре> 0,5 и (fjJPe >  0,1 наблюдается зависимость значений Св от вида 
кинетической функции в уравнениях (1 )—(2 ).

Таким образом, для рассматриваемой модели область „медленных“ реак­
ций, которая в данном случае характеризуется независимостью среднего диф-
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Изменение значений избирательности 
по длине реактора.
Do=0,01; Фв =  10.

Обозначения * 1 Ре

о 400 1000
X 2,0 100
* 10,0 10,0
□ 1,0 0,5
V 5,0
Д 400

Изменение значийен среднего 
диффузионного потока по длине реактора.

Do=0,01; Фв=Ю .

Обозначения к Ре

о 400 1000
Д 100
□ 5,0
* 10,0 100
X 400 30
0 10,0 1,0
V 5,0 0,5

фузионного потока и средних концентраций веществ от вида кинетической 
функции, существует при (р%/Ре ==0,5 и <рУРе <0,1. В этой области для расчета 
значений СА и Св можно достаточно надежно пользоваться аналитическими за­
висимостями, которые были получены в работе ( 1 ).

Особо следует отметить тот факт, что для данной системы, в общем, не уда­
лось получить область „быстрых“ реакций, отличительной особенностью 
которой является независимость среднего диффузионного потока и средних 
концентраций веществ от параметров модели, характеризующих гидродина­
мическое состояние системы.
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Таблица 1. Сравнение рассчитанных значений среднего диффузионного 
потока вещества А с данными работы [6].

Ре «Ра <р2в

Д иф ф узионны й п оток  у

настоящ ая
раб ота

по д ан н ы м  
[6]

0 ,5 0,01 0,01 0 ,0 9 3 0 ,0 9 3
100 0 ,0 9 3

0,1 0,01 0 ,0 9 7 0 ,0 9 7
1,0 0,101

100 0,102
100 0,01 1 ,0 0 6 1 ,0 0 7

од 1,011
10,0 1,211

100,0 1 ,3 8 3
1,0 1,0 0,1 0 ,1 4 8 0 ,1 4 7

1,0 0 ,1 5 3
10,0 0 ,1 6 9

100,0 0 ,1 7 6
10,0 0,1 0,01 0 ,2 7 5 0 ,2 7 5

100 0 ,2 7 6
100 0,01 1 ,0 3 1 1 ,0 3 0

0,1 1 ,0 3 2
10,0 1 ,2 0 9

100 1 ,3 2 9
1000 10 0,01 2 ,5 6 5 2 ,5 6 6

100 2 ,5 6 6
100 10 2 ,7 1 3 2 ,7 1 2

100 2 ,7 1 9
4 0 0 10 3 ,1 7 2 3 ,1 6 9

3 0 3 ,1 7 6
100 3 ,1 9 2

Таблица 2. Сравнение рассчитанных значений средних концентраций вещества
-»В с результатами работы [1] при 

Do=0,01; Сво=0

Ре К
2

Св

по данным  
[1]

настоящая
работа

0 ,5 0 ,0 1 0 ,0 1 0 ,0 0 1 0 ,0 0 1
1 0 0 1 0 -S 1 0 -5

од 0 ,0 1 0 ,0 0 9 0 ,0 0 9
1 0 0 ,0 0 1 0 ,0 0 3

1 0 0 1 0 -4 1 0 -4
1 0 0 0 ,0 1 0 ,3 2 6 0 ,3 2 9

0 ,1 0 ,2 9 8 0 ,3 2 2
1 0 ,0 0 ,0 2 1 0 ,1 0 7

1 0 0 ,0 0 ,0 0 2 0 ,0 1 9
1 ,0 1 ,0 0 ,1 0 ,0 3 3 0 ,0 3 4

1 ,0 0 ,0 2 2 0 ,0 3 0
1 0 0 ,0 0 4 0 ,0 1 3

1 0 0 ,0 1 0 0 IO -4 0 ,0 0 3
3 0 0 1 0 0 ,0 10 0 ,0 0 1 0 ,0 0 1

1 0 0 0 ,0 0 1 0 ,0 0 1
4 0 0 1 0 0 ,0 0 4 0 ,0 0 5

3 0 0 ,0 0 4 0 ,0 0 4
1 0 0 0 ,0 0 3 0 ,0 0 4
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Действительно, при небольших значениях грв 10) такая область имеет 
место для значений у  и СА при <р%/Ре >10, однако значения Св сильно зависят от 
величины параметра Ре, как это можно видеть из таблицы 3. При больших же

Таблица 3.

Зависимость значений среднего диффузионного потока и средних 
концентраций веществ от параметра Ре при 

№ = 1 0 ; <р!=1 ,0 ; /)0 = 0 , 0 1

Ре У СА с в

од 0 , 3 5 5 0 , 0 2 9 6 2 0 , 8 4
0 , 5 0 , 3 5 5 0 , 0 3 0 0 , 2 7
1 ,0 0 , 3 5 3 0 , 0 3 0 0 , 1 6

1 0 ,0 0 , 4 1 1 0 , 0 2 3 0 , 0 1 6
3 0 , 0 0 , 5 4 4 0 , 0 1 6 0 , 0 0 4

1 0 0 , 0 0 , 6 6 7 0 , 0 1 0 0 , 0 0 1
3 0 0 , 0 1 , 4 3 2 0 , 0 0 6 ю-4

1 0 0 0 2 , 5 6 6 0 , 0 0 3 1 0 - 5

значениях срв в силу того, что вторая реакция идет со значительной скоростью 
и у  и СА уже не остаются постоянными при <р%/Ре >10.

Зависимость избирательности 0  от параметров Ре, срА и <рв представлена 
в таблице 4.

Таблица 4.
Зависимость избирательности 0  от параметров модели при 

Do=0.01 и Сао =  Сво=0.

Тв

Ре

0,5 1,0 10,0 100,0 1000,0

0 , 1 0 , 0 1 0 , 9 9 9 0 , 9 9 9 1 ,0 1 , 0 1 ,0
1 ,0 0 , 9 3 2 0 , 9 6 7 0 , 9 9 8 1 ,0 1 ,0

1 0 ,0 0 , 7 4 5 0 , 8 5 6 0 , 9 8 4 1 ,0 1 ,0
1 0 0 , 0 0 , 4 7 1 0 , 7 0 3 0 , 9 4 6 0 , 9 9 4 0 , 9 9

1 ,0 1 ,0 0 , 9 4 4 0 , 9 7 0 0 , 9 9 8 1 , 0 1 ,0
1 0 ,0 0 , 7 9 2 0 , 8 7 2 0 , 9 8 4 0 , 9 9 9 1 ,0

1 0 0 , 0 0 , 5 6 7 0 , 7 3 8 0 , 9 4 7 0 , 9 9 4 1 ,0
1 0 ,0 1 ,0 0 , 9 7 3 0 , 9 8 4 0 , 9 9 8 1 ,0 1 ,0

1 0 ,0 0 , 8 9 3 0 , 9 2 5 0 , 9 8 7 0 , 9 9 9 1 ,0
1 0 0 ,0 0 , 8 1 1 0 , 8 5 7 0 , 9 5 3 0 , 9 9 4 1 ,0

1 0 0 , 0 1 0 0 , 9 4 5 0 , 9 6 4 0 , 9 9 3 1 ,0 1 ,0
1 0 0 0 , 8 8 7 0 , 9 1 6 0 , 9 7 2 0 , 9 9 5 1 ,0

Приведенные в этой таблице данные позволяют сделать вывод о сущест­
вовании тех же областей „высокой“ и „низкой“ избирательности, наличие ко­
торых было отмечено в работе ( 1 ).

Область „высокой“ избирательности имеет место при qp|/Pc<0,l и харак­
теризуется тем, что значения 0  в этой области практически не зависят ни от Ре, 
ни от (рА. Область „низкой“ избирательности существует при <рв/Ре >10 и ха-

з
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рактеризуется резким ростом 0  при увеличении значений или Ре. Проме­
жуточная область определяется соотношением 0 , 1  == cp^/Pers 1 0 .

На р и с . 1 и 2 представлено изменение избирательности и среднего диффузион­
ного потока по длине реактора при всплывании серии одиночных пузырей.

Как видно из этих рисунков, при (р^/Ре^ОЛ и любых значениях срА величина 
0  постоянна и близка к единице. При ср%/Ре> 0,1 значение 0  уменьшается по 
длине реактора тем сильнее, чем меньше срА/Ре. При достаточно больших 
9?д/Ре стационарные значения 0  и Сд достигаются на более коротком участке 
реактора.

Значения безразмерного диффузионного потока при всех рассмотренных 
значениях <рв оставались практически постоянными по длине реактора, если 
выполнялось неравенство <рА/Рез= 10. В противном случае величина у  резко 
уменьшалась на начальном участке реактора, а затем, стремилась к стационару 
тем быстрее, чем больше было значение срА.

В заключение отметим, что все описанные выше закономерности позволяют 
понять явления, происходящие при протекании в объеме жидкой фазы реакции 
рассматриваемого типа и, исходя из стратегических соображений, выбрать 
оптимальную тактику ведения процесса в целом. Например, если необходимо 
получать целевой продукт с минимальным количеством примесей, то процесс 
следует вести в области „высокой“ избирательности. Однако, при этом кон­
центрация продукта в растворе будет невысока. С другой стороны, существуют 
процессы, в которых побочные продукты реакции являются также полезными, 
либо легко превращаются в таковые, или хорошо отделяются от целевого про­
дукта. В то же время, по технологическим соображениям, необходима доста­
точно высокая концентрация целевого продукта. При таких условиях процесс 
выгодно вести в области „низкой“ избирательности или в промежуточной об­
ласти. Таким образом, конкретный выбор оптимального гидродинамического 
режима ведения процесса с учетом изложенных в данной работе результатов и 
технологических требований позволит добиться желаемого результата.

ОБОЗНАЧЕНИЯ

Од — безразмерная концентрация вещества А;
Ов — то же для вещества В;
О д , Ов — средние значения концентраций Сд и Св;
О до, О во — начальные значения концентраций веществ А и В;
Од о, О во — средние значения концентраций Сдо и Сво;
D (y) — безразмерный коэффициент кондуктивного переноса по координате у;
D<„ — коэффициент турбулентной диффузии в ядре потока;

f i , / 2  — скорости первой и второй реакций в кинетической области, соответственно;
K i , К г  — константы скоростей первой и второй реакций, соответственно;

, Ly  — характерный линейный размер по координатам х и у, соответственно;

W м — скорость течения в ядре потока;
W  — безразмерная скорость течения потока;
X,  у  — координаты;

0 — селективность;



1978 М ассопередача при наличии сложной химической реакции 367

индексы
1 — первая реакция;
2 — вторая реакция;
~ — значение величины, определяемое в ядре потока;
Ж — значение величины, определяемое на поверхности раздела фаз.
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CHEM ICAL REA CTIO N  ACCOM PANIED B Y  MASS TRA N SFER 
IN  LIQUID-GAS SYSTEM II .

Consecutive F irs t and Second O rder Chem ical R eactions 
A. N. G a r tsm a n , V. V. Ch e r k a s h in , N. I. R a ssad niko va

The authors deal w ith the  consecutive reactions

A gas -V  Aliqu. -P-P-g j». В + Aliqu. > C
taking place in liquid phase. The relationships existing betw een the param eters o f  th e  
model and th e  m ean diffusion flux, the m ean concentra tions and  the selectivity o f  th e  
process are studied. The results are com pared w ith  the  d a ta  presented in th e  p rev ious 
paper [1].

a*
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THE THROUGHPUT AVAILABILITY 
OF A CAPACITY-DIVIDED PARALLEL 

CONNECTION WITH INTERNAL CAPACITY RESERVE

J .  B lE H O T JN E K

(Ingenieurhochschule K öthen , th e  GDR)

R eceived: A ugust 17, 1978.

The th ro u g h p u t availability  o f a parallel connection divided as to  its 
capacity  was examined by  applying the  queuing theory . I t  becam e 
obvious th a t  th e  substitu tion  of a large p la n t by  sm all p lan ts could 
bring abou t an  increase in  the  availability , provided the  p a rtia l 
p lan ts  possess a  capacity  reserve. This reserve m ust, however, exceed 
a  m inim um  value. There exists an  op tim um  num ber of partia l plants. 
I t  is essentially determ ined by the efficiency o f th e  repair shop.

Introduction

In  the chemical industry m any production processes are chains of successive 
transform ations of materials leading from the raw  m aterial to  the final p roduct. 
Thus it is possible to  introduce a rank order of process engineering system s. 
In most cases a distinction is m ade—proceeding from  the simple to  the  com­
posed—between the  process group, the process stage, and the process, etc. [ 1 ]. 
T hat means th a t a process stage involves several process groups. H ere, we 
are interested in the process stages, wich are composed of similar process 
groups in parallel connection th a t  function independent of each other. They 
are referred to  as parallel connections divided as to  their capacity. Such 
connections are widely used. In  individual cases, more than one hundred  
process groups are operated parallelly. Therefore, it  is of some practical 
importance to  examine the reliability of a parallel connection divided as to  its 
capacity.

Most often the throughput availability:

Vd = — (1 )

is used as a param eter in expressing the reliability [2], [3]. In  this connection 
qr means the actual quantity  of production produced during a certain period



370 J .  B ieho iinek Vol. 6.

and  qi the quantity  o f production which could be produced in ideal circum­
stances during the sam e period of time.

Different m ethods are known by which VD can be calculated. Recently it 
was proposed th a t  the  results of the queueing theory should be used for the 
calculation [4]. In  th is  way, connections can be established with a modern 
and  much developed m athem atical dispicline. After Biehounek  [4] had con­
centrated on representing the  m athematical fundam entals, we shall now deal 
w ith the question, in  which the circumstances the division of one process 
stage into several sim ilar process groups will bring about an increased avail­
ability.

Let ma€{0 ,1 , . . ., m} be the number of process groups which are in tact a t 
a  certain instant. D efective groups are repaired. On the other hand, disturbances 
occur on groups which so far had been functioning well. Hence, n.d is time- 
dependent. One of th e  peculiar features of th is  function is its range of values : 
it  is a discrete set, i.e. n d(rt) possesses a constan t value during certain tim e 
intervals [ij_x ; if] (riÇ[ij _ 1 ; f,]). Such functions are referred to  as step functions 
(primitive functions). The capacitiy qQ of a process group is also conceived 
as a step function. I t  is to  be constant during the same intervals as is na.

The capacity qs o f th e  process stage is calculated from n.á and q0 according 
to :

qs(Ti) = n a(Ti)qG(Ti). (2 )

I ts  mean value during interval I  = (t0; t0 + t) is:

№ (t)]í =  — 2  «а(п)го(т|)Л ь  Ah =  h  -  t i - i , 2  Ah = t. (3)
t i - i  i= i

I f  qQN is the (constant) capacity of о process group, by means of which 
th e  m groups produce the  quantity  of production planned in ideal circumstances 
and during the tim e in terval I, Eq. (3) will, together with Eq. (1), result in the 
throughput availability  of :

TD =
[gc(T i )],t 
mqGift

— 2  na(Ti)qG(Ti)/ih
t i= i

«(gGN (4)

Fundam entals of the Queueing Theory

F irst of all we shall consider the special case qa(r) = qaN = const, dealt with 
in [4]. Eq. (4) will th en  come up to:

F r
—  2  M T i) A h  
t 1=1 [ n a(Tj )]i

(5)

The average num ber [na(ri)]/ of the in tac t machines is attribu tab le to  two 
factors: the reliability  of the  process groups and the efficiency of the repair 
shop. In  our connection, the reliability can quantitatively be characterized 
by  means of the average defect-free tim e of running E T t =  Aq1. The efficiency 
o f the repair shop is determ ined a) by the  average tim e needed for the  repair 
[Xq1 (it also comprises th e  skills of the  mechanics and such organizational 
questions as availab ility  of spare parts, etc.), and b) by the num ber 1  of
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repair units (mechanics or work team s working independent of each other). 
The last mentioned factor is rarely considered when calculating the availability 
of a parallel connection which is divided as to  its capacity. However, it  is 
im portant in dealing with our problem. One can see it  when considering a 
process group breaks down a t an instant when all the repair units are engaged. 
This group must wait until the repair work can be started . The result is a 
m utual interference between the process groups. I t  brings about an additional 
decrease of the mean value [№a(Ti)]o Another argum ent which may be used in 
substantiating th a t the average repair tim e is insufficient in order to  express 
the efficiency of the repair shop is the fact which has been established by 
experience th a t p 5 1 cannot be reduced a t will, b u t will be m aintained a t a 
value of /xq1 гг >  0  even if the repair technology is perfect.

R ather, the duration of the defect-free tim e of running of a process group 
and the duration of the repair work are largely determ ined by laws of p rob­
ability. Hence, the figure na(r) depends on uncontrollable variables and m ay 
be conceived as a realization of the stochastic process :

V a r  =  { V a ( T ) ,  r z T ) .  ( 6 a )

The same also applies to  nd(t), the num ber of defective process groups. The 
relevant process is described with:

N iT = {N a(r), t eT}. (6b)

The relationship between the processes is expressed as :
V a (T )  +  V d ( T )  =  w .  ( 7 )

For stationary ergodic processes the mean value [пл{т)], can be approxim ated 
through the expected value EN.d. Eq. (5) is transform ed in to:

у  _ ' Е 7 Л Г а _ 1 EN a  
m m ( 8 )

The introduction of the expected value E N d establishes the  connection with 
the queuing theory, where the num ber of defective process groups is generally 
described as the num ber of demands made on the service system.

The service system consists of a waiting room and the service shop, where 
1 =s independent service units work m parallel. The special system considered 
here is characterized by the fact th a t only a finite num ber of sources of the  
flow of demands exists (the in  process groups) and th a t once a defect has been 
repaired any group may be in need of repair again later on. I t  is described as 
a complete service system [5], [7]. Moreover, it is a pure waiting system. Such 
systems were investigated for the first tim e by Palm [6 ], [8 ] who proceeded 
from the following basis (see also [7], [9]):

a) all process groups are similar regarding the average num ber of defects 
(related to the unit of productive time) and the average expenditure 
on repairs,

b)  all service units are equivalent,
c)  the defect-free tim e of running and the duration of repairs are distributed 

exponentially with the densities :

/r(«) =
J / г , е - ; с< 

1 0
/ « ( 0  —

I /iGe-/'oi
I 0

ta:0
(< 0 («)
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d)  the process groups function independent of each other. Breakdowns 
occur by  chance, they  are not a ttribu tab le  to  system atic causes equally 
effective in all groups (shortage of raw  and auxiliary m aterials, and 
energy etc.),

e)  the service system  is in the s ta te  o f the  statistic equilibrium.
The probability function p 1 (i, r) = P [N ü(r) =  i], i.e. the probability th a t i 

demadns are made a t  instan t т on the service system, will then be expressed by:

Pi(i)= •
(T) eopi(O) 0 = S Í : £ ?

i ! t
ÏH ÏT . (  i  j  ^ ( 0 )  l ^ m

( 10)

я[7]. In  Eq. (10) Q0  =  — , and /q(0 ) is calculated as follows:
Ĵ Q

[pi(O) ] " 1 {?G+ 2
1- 1 + 1

i ! / m  1 i
( 11 )

We explain the  usage of the equations for m = l. In  this case a service unit 
is available for each process group, and E q. (11) can be simplified to  yield:

[**(0)Г1 - 2 о( 7 )  !?° = ( 1  + e6)m- (12)

The expected value E N d is :

m m ( m \  i m (m  — l \
E N d =  2  ijoi(i) =  2  . UeGi>i(0) =  QampdO) 2  . , № (13)

i=o i-o  V 1 )  1- 1 V * — 1)

and, eventually, a fte r the  index has been shifted :

E N a =  о а ш ( \  +  o G)m -1 p i ( 0 ) .  ( 1 4 )

W ith (12) and (14), Eq. (8 ) results in:

Тш =—:— = —r r r -

I f  a service un it is available for each process group, the throughput 
availability of the  process stage is identical with the availability ( 1 + ( ? g )- 1  
of the individual process groups. This result is understandable intuitively.

As opposed to  th e  situation in the  case of open waiting systems, it  is impossi­
ble for the system  considered here to  generally express the  availability as a 
function of qq , ш and l. E irst the probabilities for each special pair of numbers 
(m, l) m ust be calculated according to  the  Eqs. (10) and (11), and then E N d 
m ust be determined. So the  application of the  equations is rather troublesome.

However, E N d yields in a simple way other param eters of the system, for 
example, the  average num ber:

E N W =  (1 +  g o ) E N a  -  gam (16)
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of process groups waiting for repair, and the  average num ber :

F N S = oG(m  -  EN&) (1 7 )

of the  groups being repaired, etc. (see e.g. [7]). The behaviour of the service 
system can then be conceived in greater detail. Among others, one m ay 
discuss the influence of machine interference. Using the equation E N á = 
= E N W + E N S, the deviation N V0 =  1 — Vnn of the  throughput availability 
from the ideal value (i.e. the non-availability) can be split up into the  shares

N V 0s — — QQ(m — E N d) and N F0w =  — ( 1 -f- n0)EN d — oQ. The expression N  Vn
77b 7Tb

expresses the decline of production for process groups which have just been 
serviced, whereas N  F0w takes the machine interference into consideration. 
In  Fig. 1 both shares are contrasted with each other for l = I in order to  illustrate

5 Ю m 15

Fig. 1.
Splitting up of the non-availability into the shares 1VFS and NVy, for l =  1 and Qg = 0.1

their proportions. I f  m increases, the significance of N  F0w will also increase. 
Since the  length of the queue is dependent upon the num ber of service units, 
it  can be expected th a t l exerts a decisive influence on the  throughput 
availability. Fig. 2 confirms this assumption.
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Fig. 2.
T he dependence of th e  expression N V W on l

As a whole, it becomes apparent th a t  th e  throughput availability decreases 
w ith the growing num bers of process groups [4]. This result is in contradiction 
w ith the real behaviour of the th roughput availability in the case of divided 
capacities. W hen searching for the causes o f this discrepancy, an error in the 
basic m athem atical considerations can be ruled out. P a l m ’s model is widely 
used in practice and  generally accepted. R ather, it  m ust be assumed th a t  the 
suppositions used by  us do not fully correspond with the  conditions prevailing 
in practice.

The internal capacity reserve

U p to this point, th e  calculation was based on the specialization of Eq. (4) 
by  assuming th a t  th e  capacity of a process group possessed the constant

value qaN = — <7s (r/s meaning the capacity  of the process stage). In  general,
Tib

plants of the chemical industry may, however, be adapted  to  a certain extent
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to  changing their service conditions. I f  necessary, it is possible to  increase 
the output. The nominal capacity ^0N should, for this reason, be conceived 
only as the minimum admissible value of the capacity of a group, which, 
otherwise, varies in the interval ^Q^ =  (7omin — <7 a 5 5  fenax • Thus a capacity 
reserve is produced, which can be considered as being a special form of m ani­
festation of the hot redundancy [3]. I t  is used in the case of breakdowns of 
individual process groups, in order to  wholly or partially  compensate for any 
decline in production and, eventually, finds its expression in an  increase of 
the throughput availability. Hence, the  supposition qQ = qQN = const, means 
a  considerable lim itation. I t  shall be elim inated in the following. For this 
purpose, we introduce the internal capacity reserve rm of a process group 
corresponding to:

^Gmax — Ç'Gminrm = ------;------------2=0 ,
QG min

Qg  min =  Qg N  • ( 1 9 )

If, a t a certain instant, the share r w ith 0 < г < г Л! is used, one process group 
will possess the capacity :

?G(T)=?Gw[l+r(r)]. ( 20 )

The value of r depends on the num ber n.A of in tact process groups. Hence, 
r is a indirect function r = r\n&(r)] of r, the fundam ental course of which is 
shown in Fig. 3. The transition form r(r) to  r(nAi) is based on the  assumption

Fig. 3.
F undam ental course o f th e  function  r  =  r(nai)

th a t the change of ou tput was possible without any delay. Moreover, the 
capacity reserve should be equal for all process groups.

Eq. (3) with Eq. (20) yields as the mean capacity of the process stage in 
the interval /  =  ( / 0  ; t0 + t):

1 *
[?s(T)]< =  — ?GN 2  nai[ 1 +  r(n ai)]dii - - доМ«ае(т)]( •t j i - 1

(21)
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To shorten the  formula, equation :
1 n

[W a e (T ) ] í  =  —  2  ™ a i[ l  +  r ( « a l ) ]  ( 2 2 )
t  i_ i

introduces the  effective num ber of elements being in tac t in the interval I  :

„  ?СЛ-[Иае(т)](г [Wae(r)]t 4
F d  = ----------------------= --------------  (23a)

q a . N 'm t  m

follows therefrom  as the throughput availability.
The function nae(r) means the realization of the  stochastic process N aeT = 

=  {iVae(r), г GT}, and  [wae(r)]i is the m ean value of th is realization w ithin the 
period t. I t  m ay be approxim ated again by the  expected value, provided —and 
this is assumed here — the  necessary conditions are fulfilled. One obtains :

V D -
E N a e {  T )

( 2 3 b )

According to  E q. (2 2 ) N ae(r)= N a(r)[l +  г(.Аа(т))]. A part from th a t, N a m ay 
be expressed by N d by  means of Eq. (7), yielding:

E N  a E (m  — Na)r E{m  — Na)r
V t > =  1 —  ------ 1-------------- = F do+ --------——m m  m

( 2 4 )

F do is the th roughput availability w ithout the  in ternal capacity reserve. 
Because of A d( r ) < m, the  expression JE(m — N ä)r is no t negative, so th a t:

E ( m  — N a ) r
z1F d =  F d — F p 0= — ----------- - = 0 ( 2 5 )

means the increase in the availability by  utilizing an internal capacity reserve.

Results

The difficulties arising in connection with the  representation of the expression 
for p 1 (0 ) render a  general discussion of the  results impossible, so th a t  the 
dependence of the  throughput availability on qq , m, r and l can only be 
illustrated by  means of examples. This requires an assumption as to  r(nai). 
r is selected so th a t  the  quan tity  of production comes as close to  the  desired 
value as possible, and  independent of the  num ber of in tac t elements, however, 
w ithout exceeding this desired values. So, the capacity  reserve should only 
be utilized if  a t  least on element has broken down. The dependence:

r(wai) =

m
Mai

Гт

0

m
nai =

Wai-

rm + 1 

m
7*771+ 1 

7lai = 0

( 2 6 )

meets this necessity.
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Fig. 4 illustrates the influence exerted by  the capacity reserve on the 
effective num ber of process groups. I t  shows th a t  this num ber increases if the 
reserve is utilized, and resulting therefrom is the increase in the throughput 
availability.

,

! L r— 1
1 1

— 1 Ц

1 1 r 
1 1 1 

,___ 1 L_J
i
1

1
J ,rn T)H"1 * ' Í

• 1 III
Ubl

to 5 10 to*t 15
a.)

>-. 1 1_____ 1_________ H-----------------
 ̂ п Г

______1_____ lU
j -----------------

[na. wit
1_____ 1 1—1

t, 5 10 t0*t 15
b.)

Fig. 4.
Real ( Fig. 4a,) and  effective ( Fig. 4b ) num ber of in ta c t elem ents (calculated for rm — 0.2)

Fig. 5 shows VD as a function of m for different values of the param eter 
r and for the fixed values 1  and 0.05 for l and g0  respectively. F irst of all, 
it becomes obvious th a t if m  is fixed, the  throughput availability increases 
with r. This behaviour can easily be explained. On the o ther hand, attention 
m ust be attached to  the course of VD if m increases. In  this case, and provided 
rm possesses a certain minimum value, an optim um  num ber of partial plants 
is achieved. In  this respect, there is a difference w ith regard to  other calculation 
methods (see e.g. [3]). Fig 6 illustrating the  correlation VD= V D(g0 , m) with 
m  as a param eter explains this difference in detail. For pQ->-0, F d — 1 does, 
however, develop like a (relating to  param eter m) monotonously increasing 
function. T hat means th a t, in general, VD(g0 , mx) >  F D(g0 , m2) is not valid 
for m1 >  m2 and for all oQ. R ather, there exist such values of m, for which in 
certain intervals of the variable (?0 FD is characterized by  a more favourable 
course. Fig. 6 also shows th a t  for large values of gQ the  division of capacities 
will not entail any advantages. As a whole one can say th a t the division 
of the to ta l capacity into m partial capacities does not lead to  better results
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0.05 0.1 0.15
f m

Fig. 7.
O ptim um  num ber of p a rtia l p lan ts as a  function of rm for oo = 0.05. P a ra m e te r : l

if m is increasing. On taking into consideration the limited repair capacity 
and th a t with increasing m also the num ber of the defective partial p lan ts will 
increase, this result seems to  be meaningful.

W ith increasing rm the optimum num ber of the partial plants will, a t  first, 
increase. Later on, the extremum will again be shifted towards sm aller values 
(Figs. 5 and 7). This effect will, however, become apparent only if  th e  value 
of rm is large enough, so th a t it should be of a very great practical significance.

The number l of the repair units exerts a considerable influence. This is shown 
if comparing Figs. 5 and 9. W ith increasing l the optim um  of partia l plants 
is shifted towards larger values, and the maximum value of VD increases. 
All this shows th a t the efficiency of the repair shop decisively determ ines the 
design of the circuit and its availability.

Finally, a comparsion of Figs. 8 and 9 illustrates the effect of a change of oa.
Acknowledgement: thanks are expressed to  Prof. Schultz-Piszachich 

for his critical review of the manuscript and his suggestions for improvements.
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Fig. 8.
7 d as a  fu n c tio n  o f m  for 1 = 2 and oq =  0.1. P aram eter: rm
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Vu as a  function of m  for 1=2  and pG =  0.05. P aram eter: rm
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РЕЗЮМЕ

Исследовалась пропускная способность параллельного включения с разделенной мощностью 
при использовании вспомогательных средств теории массового обслуживания. При этом ста­
новится ясным, что замена одной мощной установки на т установок малой мощности может 
привести к повышению пропускной способности, если, конечно, отдельные установки имеют 
резервы мощности. Эти резервы мощности все-таки должны превысить минимальное значе­
ние. Имеется оптимальное количество отдельных установок. В основном оно определяется 
производительностью ремонтных мастерских,

4





H U N G A R IA N  JO U R N A L  
O F IN D U S T R IA L  C H E M IST R Y  

V E S Z P R É M
Vol. 6. p p . 3 8 3 - 3 9 4  (1978)

STUDIES ON THE LIQUID-PHASE HYDRODYNAMICS IN BUBBLE 
AND SIEVE-PLATE COLUMNS 

EQUIPPED WITH SELECTIVE PARTITIONS I.

LIQUID MIXING PROCESSES IN TH E CONNECTING TUBES AND ON T H E  
SELECTIVE PARTITIONS INSTALLED BETW EEN 
PAIRS OF BUBBLE OR SIEVE-PLATE COLUMNS

L. B a l la  an d  Cs. Sisa k

(Research In s titu te  for Technical Chem istry o f th e  H ungarian 
A cadem y of Sciences, Veszprém, H ungary)

Received: A ugust 30, 1978.

B ubble and sieve-plate colum n cascades equipped w ith selective 
p a rtitio n s can be considered pairs  o f columns connected  by  connecting 
tubes or selective partitions. L iquid mixing processes, tak ing  place in 
these connecting tubes or on these partitions, seriously influence the  
liquid-phase hydrodynam ics in  these system s. T he mixing char­
acteristics presented here have been designed to  m odel these processes. 
The relationships between th e  m ixing characteristics and the m ajor 
bubble and sieve-plate colum n operating p aram eters were determ ined. 
Sim ilarities in th e  m ixing processes, occurring in th e  connecting tubes 
and  on the  selective partitions, were identified.

Introduction

One of the  gas-liquid systems used in chemical technology is the dynam ic 
foam system generated by the passage through a liquid layer of an equally  
distributed flow of gas of 0.5 m/s minimum gas velocity (relating to  the  ovërall 
em pty cross section of the apparatus) [1, 2]. A t gas velocities below 0.5 m /s, 
the commonly known bubble system is obtained. A pparently, the two system s 
are distinguished only by the different gas velocities. However, there is also 
a qualitative difference, as essentially separate bubbles exist below 0.5 m /s, 
while above this value, as implied by the name of the  technique, a dynam ic 
foam structure  is obtained.

Over the  past decade, new and specific types of sieve-plate columns were 
developed a t the Research Institu te  for Technical Chemistry of the H ungarian  
Academy of Sciences, Veszprém, sieve-plate columns w ith selective partitions 
[3, 4, 5]. As described earlier, the fundam ental characteristic of the apparatuses

4*
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equipped with selective partitions is the  in tense mass transfer process taking 
place across the rig id  perm eable partition  (e.g. sieve mesh), installed vertically 
(in general) betw een th e  columns. Mass tran sfer is due to the pulsating move­
m ent, a characteristic feature of the system . The partition is a selective one, 
i.e. there is no m ass tran sfe r with respect to  the  gas phase [5].

The basic unit o f  th e  process consists o f tw o bubble or sieve-plate columns, 
separated by areas o f  stainless steel gauze, installed vertically between the 
columns. Cascade system s are generally arranged horizontally and can be 
created by connecting sequences of the  basic column-partition-column units. 
T he most frequently  used system is the  counter-current sieve-plate cascade 
w ith  selective p a rtitio n  [5, 6].

Due to the cascade system  the flow struc tu re  of the liquid phase is obviously 
ra th e r  complex. A pparen tly  different flow conditions exist in the  columns, 
th e  connecting tu b es  (between the columns) and on the gauze partitions. 
Essentially, the u n its  o f  the apparatus can be considered single-layer bubble 
o r sieve-plate colum ns w ith transversal flows. Mixing in bubble columns was 
extensively studied. M ost papers consider these units to be partially  mixed 
[7, 8, 9]. On the  con trary , previous investigations by the present authors 
proved that system s consisting of cascades with selective partitions were 
alm ost perfectly m ixed , a  fact explained by  their special design and method 
o f operation [4, 10].

In  the course o f fu rth e r  studies on th e  hydrodynamics of these cascades, 
emphasis was p laced  on  the investigation o f backmixing in the  connecting 
tubes and transm ix ing  through the partitions. Since cascade systems are 
composed of pairs o f bubble  and sieve-plate columns, connected by  connecting 
tubes and partitions, such  pairs have to  be studied first. The effects of major 
apparatus design a n d  operation param eters upon transmixing through the 
partition  and backm ix ing  in the connecting tube  were investigated.

Fundam entals

T he same model was applied to both the  transm ixing and backmixing column 
pairs. The one-dim ensional model is shown in Fig. 1.

Wa w+e Wb
Coi
Wi c, c,

9 Cj C(I2
VVî

’c, c2 c2
F ig .  1.

Schem atics o f the colum n-pair model

The major assum ptions of the model are as follows :
— wa — w1 = w2 — w b = w,
— the units are perfec tly  mixed,
— 0  flow rates a re  equal in both directions.

In  steady-state conditions, a balance equation  system describing the model 
can be constructed as :
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Let :

WaCol +  ©C2 =  W l C l  +  W C \  

WbCo2 +  ®Cl =  W 2 C 2  +  0C2

0  =  W *

( 1 )

( 2 )

(3)
when the model is applied to the column pair with connecting tube, where w* 
is the  backmixing flow rate. I t  can easily be shown th a t the backmixing flow 
rate  thus defined is identical with the  param eter of the non-dimensionless form 
of the  internal-recirculation model [11].

0  = w** (4)

in the  case of a column pair with partition , where w** is the transm ixing flow 
rate. The transmixing flow rate is analogous to  the m ultiple ßA, the param eter 
of the transfer model developed for columns with partitions [5] (of. Fig. 2).

4 - W , ß A W„-W2
C01 C,

Cl c 2
Co2

w, ßA W2
C, C2 C2

Fig. 2.
Schematics o f the “transfer” model

Mixing flow rates can be calculated, in both cases, from the balance equations 
o f both units.

Experimental

There were two m ethods available for the  study of mixing processes in pairs 
o f columns :

a)  The first m ethod was based on the  residence tim e distributions of the  
apparatuses.

b)  The second m ethod could be used only in steady-state conditions [4, 
10]. In  short, the  mixing characteristics in steady-state conditions can 
be calculated from  the m aterial balance equations constructed for the  
phase in question, in each unit of the  m ulti-unit system, if the following 
conditions are m et:
— with respect to  the phase in question, the units can be considered 

perfectly mixed, i.e. the mixing characteristics of m aterial flows 
of given directions can be assigned to  “contact surface areas” between 
neighbouring units,

— mixing processes do not change if a steady-state flow of a suitable 
tracer is introduced into the system, while a flow of equal m agnitude 
is taken off from the phase in question.

A fter careful comparison, the second m ethod was selected. The experimental 
setup is shown in Fig. 3.
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The apparatus (1), m ade of Persplex, is a pair of columns with either back- 
o r transmixing. The un its  are 60 cm high, w ith a cross section area of 50 cm2. 
In  the case of the  colum n pair with backmixing, a horizontal tube is installed 
in  the wall separating th e  columns. The length, diam eter and height of the 
tube can be changed. In  th e  case of a column pair with transm ixing, a given 
portion of the separating wall between the  columns is covered w ith fine mesh 
gauze (perforated plate), and  the area and  the  diam eter of the holes on it can 
be changed.

Brine, used as tracer, is fed from a container (7). Tap water is introduced 
v ia the overflow un it (4) b y  pumps (5). L iquid is taken off via openings (2) 
and (3) by pumps (6). P a r t  o f the liquid in Column 1 flows through the partition 
wall or connecting tu b e  in to  Column 2. The am ount of the flowing liquid is 
controlled by regulating the  offtake rates. P a r t of the liquid from  Column 2 
is taken off via an overflow  unit. The liquid level in the system  can be m ain­
tained  by changing th e  vertical position, H 0 of the  overflow unit. Air obtained 
from  a compressed air netw ork is introduced into the saturating column (8) 
after an appropriate relief branch. S atu ra ted  air enters the columns via the 
cyclone (9) and m easuring orifice (10). The air flow rate, kept equal in both  
columns, is regulated by  chokes. Brine flows leaving the column are periodically 
sampled at sampling locations (12). Concentrations are determ ined conducto­
metrically. Sampling is resum ed a few m inutes after the run is initiated and 
i t  is repeated on a  m inu te  basis until steady-sta te  conditions are achieved.

The param eters th a t  varied during the  exam ination of backmixing are as 
follows :

— the am ount of liquid  flowing through the  connecting tube (w),

Fig. 3.
Schem atics o f the  experim ental set-up
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— linear gas velocity w ith respect to  the em pty cross section area (v'),
— level of the liquid leaving the system at the secondary side {H0),
— height of the connecting tube measured from  the sieve-plate bottom

Ы »
— length of the connecting tube (Z),
— cross section area of the connecting tube (q).

The param eters th a t varied during the examination of transm ixing processes 
are as follows:

— the  amount of liquid flowing through the partition  (wP),
— gas velocity calculated with respect to  the em pty cross section area («'),
— concentrations of the  liquid flows entering Columns 1 and 2 (c01 and c02),
— height of the level of the liquid leaving Column 2 (H 0),
— opening size of the partition (dp),
— surface area of the  partition (A).

Results and Discussion

Changes of the backmixing flow rate, w* as a function of the liquid flow rate, 
w  are shown in Fig. 4. A constant decrease can be observed on th e  w* vs w 
curves corresponding to  the fact th a t a higher flow rate  in the connecting tube

Fig. 4.
Changes of the backi nixing flow ra te  th rough the connecting tube  as a  function  of the

liquid flow rate
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increasingly prevents the  m ixing back of liquid elements from Column 2 into 
Column 1. Due to the  lim itations imposed by the  physical dimensions of the 
appara tus, no flow ra te  could be achieved beyond the 4 .4X10~6 m 3/s value. 
How ever, it seems reasonable to  assume th a t practically no backmixing can 
occur a t  sufficiently high liquid flow rates, i.e. tv* approaches zero.

The effect of the gas velocity  upon backmixing is shown in Fig. 5. There is

0.2 03 06

v' [ m / s  I

Fig. 5.
B a c k m i x i n g  f l o w  r a t e  a s  a  f u n c t i o n  o f  g a s  v e l o c i t y

a  sligh t increase in w* w ith  increasing gas velocity, a fact caused by increased 
pulsations brought about by  the  higher gas velocity [5, 6].

I t  can be concluded from  th e  w* vs l relationship (length of the  connecting 
tube) th a t there is an  alm ost linear decrease in the value of w* 
up to  Z<2X10~2 m, while w ith  longer tubes to* approaches a constant value 
(cf. Fig. 6). There is a possible explanation for this characteristic shape, 
which is as follows. The am plitude of the pulsation characterizing the system 
a t  th e  gas velocity applied (0.6 m/s) is some 2X 10~2 m [6], i.e. backmixing 
a t  / <  2 X 10~2 m is due, m ainly, to  pulsation, while a t 2 X 10~2 m it is due, 
prim arily , to turbulent axial diffusion.

Changes of the backm ixing flow rate as a function of the connecting tube 
cross section area are shown in Fig. 7. The relationship becomes unequivocally 
linear only above a tube  cross section area of 5 X 10_ 5 m2, as in narrower tubes 
th e re  is practically no chance for backmixing due to  bubble movement [6].
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Fig. 6. Backm ixing flow  ra te  as a  function  of the length  of the connecting  tube

Fig. 7.
B ackinixing flow ra te  as a function of the  cross section area of the connecting  tube
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The liquid level height in  Column 2 H 0, and foam height proportional to  H Q 
are also linearily proportional to  the backmixing flow rate, w* (cf. Fig. 8).

Fig. 8.
Backm ixing flow  ra te  as a fonction  of the heigh t o f th e  overflow opening

This change of w* can  probably be explained by  the  observation th a t the 
amplitude of the pulsing movement increases w ith the  increasing liquid level, 
while its frequency does n o t decrease proportionally. I t  is also apparent from 
the  figure that the height of the connecting tube, m easured from the  sieve base 
plate y0, has practically  no effect upon the m agnitude of the backmixing.

Changes of the transm ixing flow rate, w** as a function of the liquid flow 
rate, «'F are shown in Fig. 9. The curves are similar to  those shown in Fig. 4 
(w* vs w curves). A pparen tly  the higher l l 0 the  greater w** becomes.

As shown in Fig. 10 th e  transm ixing flow rate  increases with increasing gas 
velocity. This increase is steeper in the bubble-range (w<0.5 m/s), it is more 
moderate in the dynam ic foam range and, in fact, approaches a limiting value 
with fine mesh partitions (25 X 10_e m, 45 X 10_e m). This is in agreement with 
the  earlier results ob tained  with fine mesh gauze partitions [4]. I t  can also 
be seen in Fig. 10 th a t  w** increases with increasing opening size dp though 
the free surface areas of the  partitions with different openings are m aintained 
equal. This phenom ena is probably due to phase boundary effects.

I t  is apparent from  Fig. 11 th a t the transm ixing flow rate is practically 
independent from th e  inpu t liquid concentrations and changes linearily with 
the increasing p a rtition  surface area, A . These results are in agreement with 
earlier findings a t wP = 0 [4, 10].
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Fig. 9. Transm ixing flow  ra te  as a  function o f the  liquid flow  ra te  th rough the  partition

Fig. 10. Transm ixing flow  rate  as a  function o f th e  gas velocity
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Fig. 11.
Transm ixing flow  ra te  as a  function  of the surface a re a  of p a r titio n  wall

I t  is apparent from  the  above results th a t the two mixing param eters are 
not only analogous, b u t th a t  the tw o mixing processes, i.e. backmixing in the  
connecting tubes and transm ixing via the  partitions are in close relationship 
as substantiated by  Figs. 4 and 3, 5 and 10 as well as 7 and 11. The reason 
of the  sim ilarity is, no doubt, the  identical mechanism underlying these 
processes. Both backm ixing and transm ixing are brought about by  pressure 
—dro p —induced pulsations [5], the  characteristic feature of the operation [6]. 
Differences between the  two mixing processes can be a ttribu ted  to  the fact 
th a t  there a gas transfer takes place through the connecting tube, while no 
such process exists through the selective partition  constructed of fine mesh 
gauze.

I t  was assumed th a t  a continuous transition  could be achieved—at least — 
with respect to  transm ixing (backmixing) between a fine mesh gauze partition  
of free surface area A sz and a connecting tube of cross section q = A sz, the 
length of which is equal to  the thickness of the mesh gauze. S tandard mesh 
gauzes up to  3.5 X 10~e m and perforated plates of a thickness of 4ХЮ -4 m 
with openings of (1, 2, 3, 4, 5.5 and 8 )X l0 -3 m w ith free surface areas of 
0.5 X 10“4 m2 both , were used. The results are presented in Fig. 12. I t  can be 
seen th a t the  transm ixing (backmixing) flow ra te  does indeed change 
continuously w ith the  logarithm  of the  bore diameter. Curves pass a maximum 
point a t a bore d iam eter of 2.5 X 10-3 m. The bore diam eter corresponding 
to  this m aximum  can be considered, in all probability, a diam eter above
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Fig. 12.
T ransm ixing  (backm ixing) flow  ra te  as a function  of th e  logarithm  o f th e  d iam eter of

the  opering

which gas transmixing also takes place, i.e. the free surface area available for 
the liquid phase is decreased. The curve series shown in the figure also sub­
stantiates the analogy between the transm ixing and backmixing processes.

SYMBOLS

A  -  
Asz — 
Cl , C2 — 
Col , C02 — 
dp — 
Ho 
l 
Я
v' — 
w  — 
Wa, Wb — 
Wf — 
w>l , W 2  — 
W *  — 
W * *  —
yo
ß

в  —

surface area of the  selective partition , m 2;
free surface area o f the  selective partition , m 2;
steady  s ta te  liquid concentrations in Column 1 and  2, kg /m 3;
inpu t liquid concentrations in Column 1 and 2, respectively, k g /m 3;
diam eter of the  opening of the selective partition , m  ;
height of the overflow  opening in  Column 2, m ;
length of the connecting tube, m ;
cross section area  o f th e  connecting tube, m 2;
gas velocity w ith respect to  the em pty  cross section, m /s;
flow rate  o f the liquid through the  connecting tube, m 3/s;
liquid feed ra te  in to  Column 1 and 2, respectively, m 3/s;
flow rate  o f liquid flowing through the selective partition , m 3/s;
liquid offtake ra te  from  Column 1 and  2, respectively, m 3/s;
backm ixing flow ra te , m 3/s;
transm ixing flow ra te , m 3/s;
height o f the connecting tube from  d istribu ting  b o tto m  sieve plate, m ; 
m ass transfer coefficient characterizing mass flow ra te  th rough th e  selective 
partition , m /s;
flow ra te  between elem ents of the colum n pair in both directions, m 3/s.
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РЕЗЮМЕ

Каскады барботажных и пенных колонн селективными переборками могут рассматриваться 
как комплекты таких колонных пар, которые либо соединены переходной трубой, либо раз­
делены селективной переборкой. На гидродинамику жидкой фазы каскадных установок зна­
чительное влияние оказывают процессы перемешивания жидкости, происходящие в упомя­
нутых трубах и на селективных переборках. В целях моделирования, авторами были состав­
лены характеристики перемешивания, а затем рассматривались зависимости между парамет­
рами перемешивания и наиболее важными параметрами, влияющими на работу барботажных 
и пенных колонн. На основании полученных результатов были выявлены сходные черты между 
процессами перемешивания, характерными для переходных труб и для селективных перего­
родок.
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The authors established th a t  the  so-called counter-current bubble 
and  sieve-plate colum ns equipped w ith  selective partitions ca n n o t be 
considered com pletely coun tercurren t units, ra th e r a  com plex con­
vective flow structu re  is form ed in  them . A calculation m ethod based 
on the principle o f m inim um  energy was developed to  determ ine 
the  m agnitude of the  flow  through th e  connecting tube an d  the  
selective partition , respectively. A cascade m odel was c rea ted  to  
describe the flow  conditions in the liquid phase. The s tead y -sta te  
concentration characteristics in  the cascade system  could be calcu lated  
by the  m ethod presented here using th e  results described in  P a rt 1 
relating to  pairs o f sieve-plate colum ns. Calculated and m easured 
values agreed well.

Introduction

As m entioned in Part 1 studies on pairs of bubble and sieve-plate columns 
are necessery to describe the hydrodynam ical conditions of cascade systems. 
The cascade, in fact, consists of the pairs of columns studied. However, only 
a p a rt of the necessary information could be obtained from the  investigation 
of the  mixing processes in the  column pairs. A closer examination o f convective 
flow system of the cascade reveals (cf. Fig. 1) th a t the results presented in 
Part 1 describe the m agnitude of backmixing in the  connecting tubes and 
transm ixing through the selective partitions only in those cases when flows:

and
m, i.m , 2, .. - , m fa-i

w 2 , 2 , U > 2 , 3 ,---, M>2, n
through the connecting tubes and flows :

W f , ,  w  f 2 WF,
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Fig. 1.
Schem atics o f th e  convective flow  system  of th e  coun ter-cu rren t cascade

through the partitions are also determined along w ith the input and ou tpu t 
flows. Experience has proved th a t  the earlier assum ptions used [1], i.e. :

and consequently:

and :

W F \ , =  W f t  , =  . . . =  W F n  —  0

t»l, 1 = 201, 2 = . . . =  W l ,  n-1 =  W l ,  0 = Wl, n

W 2 ,  2 =  W 2 ,  3 = • • • = W 2 ,  n = 2, 1 = 2, 0

( 1 )

( 2 )

( 3 )

hold only in the case o f specially designed systems. In  the m ajority of cases 
the formal term  “counter- curren t” can be used only because the directions 
of input and ou tpu t flows a t the prim ary and secondary sides of the cascade 
are opposite. The liquid flow inside and between th e  units can no longer be 
considered to  be countercurrent. The experim ental determ ination of the 
components of the  complex flow pa tte rn  is extrem ely difficult.

Computation of the Components of the Convective Flow System

The flow through the  connecting tube, wt j and through the partition, m;f , 
can be calculated due to  the  alm ost obvious realization th a t the form ation 
of the complex flow p a tte rn  is governed by the principle of minimum energy. 
Flows w{ j and wpi assume values determined by  input and ou tpu t flow 
rates, apparatus design and operation param eters which ensure th a t energy 
losses in flows inside the  system are minimum. W hen the overall energy loss 
is the smallest all th e  flows through the connecting tubes and the partitions 
are stabilized w ith respect to  tim e. This stabilized condition can be described 
by energy balance equations in which the energy losses corresponding to  flows 

j and Wpj are the  term s. Energy loss appears as a  pressure drop over the 
connecting tubes and  partitions, i.e. over resistances against liquid flow. 
Thus, changes in th e  pressure drop over connecting tubes and partitions as 
functions of design and  operation param eters have to  be determined to  facilitate 
the construction of the  energy balance. Experim ents were carried out to 
obtain these functions presented as empirical relationships [2].
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The calculation of the pressure drop balance equation of the counter-current 
cascade is shown here for the simplest and most frequently encountered case 
[1, 3], i.e. when:

W l,0-W l,n=W 2,l = W2,0 (4)

Naturally, calculations can be carried out in other cases as well [2]. I f  Eq. (4) 
is valid and  the major design param eters of each cascade unit are equal, then 
due to the  symm etry of the  system the  relationship :

Wl,i = W2,l+l = Wl,n- l  = W2, n-j+1 (6)

relating to  the  flows through the connecting tubes is also fulfilled (cf. Fig. 1). 
The directions of flows w1 -s and w1 0 as well as w2> j and w2< 0 are the  same. I t  
also holds for the flows through the partitions th a t :

=  (6)

but their directions are opposite. I f  j s  n-i 2 (where the symbol -ÿ- is used to  
represent a division operation with integers) then the direction of wP points 
from side i=  1 towards side i =  2.

N aturally, due to Eqns. (5) and (6) the  corresponding pressure drop values 
are also equal :

dpi, 1 =  dp2, j+i =  dpi, n-j — dp2, n—1+1 (7)

A p F s = A p w „ - ,  (8 )

I t  follows th a t the liquid from any un it in which there is a branching (i.e. 
there are flows leaving the  system bo th  through one of the connecting tubes 
and the partition) can reach the exit po rt of the apparatus on no more th an  
two routes. In  steady s ta te  conditions, the  pressure drops along the  two routes 
are equal. In  the case o f 2 the following pressure drop balance equation
can be constructed for the  j th cell a t the  i =  1 side :

dpi, j +  dpi, j+1 +  . . • +  dpi, я—1 =  dpFj +  dp2, 1 +  . . .  +  dp2, i . (9)

Allowing for Equations (5) and (6), Eq. (9) can be rew ritten when the num ber 
of units is an odd number, n :

2(dp i,j+  d p i,i+i-f-. . .  + A pi,„ ^ i)  + d p i,i+  . . .  + d p i,j_ i=  dpFj +  d p i,i+  . . .  + d p i,j_ i . (10)

After eliminations :

2 |  2  dpi,jj =  dpFJ. ( l l )

Thus, an  equation set consisting of 2(n— 1) equations can be constructed 
for a cascade consisting of n  unit pairs. The equation set contains n+  2 pressure 
drop balance equations and i i r  2 flow rate  balance equations. Together w ith 
the empirical relationships [2] the equation system can be solved resulting 
in flow rates w1 j and wPs. For example, if n is an odd number the  equation 
set becomes :

5
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ПЧ- 2
2 2  4p i.i= 4 p*ï 
í =i

n-i-2
2 2  4PCi = /lPFj ]

< 2 А р 1 , п + 2  =  Л р ? п ^ 2 ( 12)

W l, о =  101, 1 +  W F j  

Wl.l =  Wj,8 +  íí)Ft

Wl,l =  M,l,j+ l +  M,Fj+l 

I Í > l ,S i2  =  m , s 4 . 2 + l  +  » F n ^ 2+1

A similar equation set can be constructed when n  is an even number.
A comprehensive physical picture relating to  the  flow conditions in counter- 

current bubble and  sieve-plate columns equipped with selective partitions 
could be derived from  th e  results presented in Part 1 [6] and the determ ination 
o f th e  flow rates th rough  the  connecting tubes and selective partitions.

The countercurrent cascade system consists of pairs of bubble or sieve-plate 
columns separated b y  selective partitions and the  column pairs are connected 
by  connecting tubes. Flow  rates through the  connecting tubes and selective 
partitions are determ ined by  the input liquid flow rates, design and operation 
param eters (as detailed  in Part 1) allowing for the  principle of minimum 
energy. Transmixing and  backmixing processes take place in the  connecting 
tubes and through th e  selective partitions, respectively. (Their properties were 
also detailed in Part 1.)

Model of the Cascade System

A m athem atical model was developed to  describe the  cascade system operating 
in steady state conditions. An im portant prerequisite of the model was th a t  
use could be made o f th e  previous num erical d a ta  as input data. The model is 
based on the so-called internal recirculation model [4] and the column pair 
model described in Part 1 [6].

The schematics o f th e  model are shown in Fig. 2.
The following assum ptions hold :

liquid phase is perfectly  mixed in the  units, 
useful volumes o f th e  units are equal, V, 
г =  1,2; 0^=j^=n+ 1,
flows between th e  units have the following meaning : 
jwj+i: flow from  th e  j tb unit into the  j  + 1th unit in the i th row, 
j+pr®: flow ra te  o f opposite direction between the same units, 
гг®: flow from  th e  j th unit in the  ith row into the  j th unit in the other row, 
the equivalencies :

(1 3 )o)_ (i)_lM’O = n+lUn - ( 2 )OU’l = ( 2 )  nnWn+ 1  =  0
are valid.
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Fig. 2.
Schem atics o f th e  cascade model

The balance equations constructed for the units 1 rs jrsn  form a constant 
coefficient first order linear differential equation set, which in the  case of 
steady sta te  conditions, becomes simply a linear equation set. The vector- 
m atrix  representation of this equation is shown in Table 1.

The coefficients used in the Table 1 are as follows

< M , j  =  -  +  jW j- i  +  u f p )  ;

, o)di.i =  jWj+i ;

(i)e i , i  =  w )

fl.o — avtp'.
t  (2 )J2,n+1  —  n+lW n  •

The model can be advantageously used in this form for computerized 
processing. However, a modified version was also required for input flow rates 
Wj j and wp, and the mixing param eters as initial data. The schematics of 
tbe modified model are shown in Fig. 3.

a)  for the input flows :

w\. о =  oM'i1'1 and w2. о =  n+iwiP (14)

b)  for the output flows :
(i) 1 (i) w i ,n  =  n«<»+i and W2 . l =  l i t ’o (15)

c )  for flows j between the neighbouring units:
if i =  1 then  :

Wl, i =  |j+ ia » j^ -  J«)J+l| (16)
if i =  2 then  :

1 (2) (2) 1 w 2 , i =  [j-lM-’j — j l f j - l  1 (17)
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Schem atics of the m odified cascade model
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m.o
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d) for flow m'Fj between units of the sam e “column” :
,,C2) |W Fj = \w ^ — w] (18)

e) flows w*j are defined as in the model in Part 1 or as the  backmixing 
flow ra te  w* in the  internal recirculation model.
I f  i = 1 then :

I f  i =  2 then :

* jwi+i
= -----------------------------------------------

*  j-lU>í2)+  j№j-l — W2, j
W2,J = ----------- ------------

(19)

( 20 )

f )  flows w** are defined as in the model in Part 1, as the transm ixing flow 
ra te  w** :

( О  (2 )* *  W )  ' - W j  - W Fj 
Щ = --------- Ö-------- ( 21 )

The above cascade model was used for the m athem atical description of the 
flow conditions in the  counter-current cascade system. The criteria for the 
applicability of the system  are as follows :

a) L iquid phase is alm ost perfectly mixed in the  units;
b) Volume differences between the  successive units are negligable;
c) Characteristic dimensions of the connecting tubes and selective partitions 

in the  units are equal.

I t  was mentioned in Part 1 [7] th a t form er observations [1 ,5] substan tia ted  
condition a). With respect to condition b) i t  was determined th a t  liquid
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Fig. 4.
Application of the cascade model for the calculation of the counter-current cascade (Calculations

schematics)

volumes held in th e  un its  of the counter-current cascade were equal w ithin 
± 10  — 15%. This difference can be considered negligable. Condition c) was 
ensured by the appropria te  design of the  apparatus.

The model and th e  apparatus were fitted  as follows :
— cells of the ap p ara tu s  correspond to  units of the  model,
— concentrations c{ ■. m ean the steady sta te  concentrations in the respective 

cells,

Experimental investigation of backmix- 
ing and transmixing in a sieve-plate 
column pair.

■___________ Y________________
Computation of the m ixing parameter,
(w*, w**) from the model of the sieve- 
plate column pair.

! ' f

У

Determination of the m ixing parameters 
vs. design and operation parameters 
relationships for the sieve-plate column 
pair (graphic representation).

^  ^  ~ 

Graphic determination of the mixing 
parameters (wi, j; wj ) of the counter- 
current cascade.

Experimental investigation of the 
pressure drop over baffle openings and 
partitions in sieve-plate column pairs.

Determination of the pressure drop (Ap,  
A p y ) v s . design and operation parameter 
relationships (emprical equations).

V
Calculation of the convective flow system 

wp) of the counter-current cascade 
on the basis of the pressure drop balance 
equation.

Experimental determination of the 
established (with respect to time) cell- 
concentrations in the counter-current

Ж
Comparison of the calculated and measured j 

values (checking the validity of the model).

Calculation of the established (with 
respect to time) cell-concentrations of 
the counter-current cascade based on the 
balance equation set of the cascade mo­
del.
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— flow rates wps and wx< j flow through the partitions and the connecting 
tubes,

— backmixing flow rate w* j , is considered with the quantitative character­
istics of backmixing taking place in the connecting tubes,

— transm ixing flow rate w** is considered with the quan tita tive  
characteristics of transmixing taking place through the selective p a rti­
tions.

The validity of the model was checked as follows :
Based on the equation set describing the model, the  results of pressure drop 

balance equations and mixing studies in the column pairs a t different p a ra ­
m eter settings the equilibrium concentration achieved in the cells o f  the 
counter-current cascade were determined according to  the com putation scheme 
shown in Fig. 4. Measurements were also carried out to  determine the  equi­
librium  concentration series in the cells a t equal param eter settings. Com puted 
and measured values were compared and the adequacy of the m odel was 
determined.

Relative deviations of the calculated and measured value are presented 
in Tables 2, 3 and 4. Concentrations are expressed in a dimensionless form 
by dividing the  successive values with the respective input concentrations, 
Cj 0. Relative deviations also relate to  Cj 0. I t  can be concluded from  the  
comparison th a t  there is a sufficient agreement between the m easured and 
calculated values, so the model can be considered adequate for the m athem atical 
description o f flow conditions in a bubble and sieve-plate column cascade 
equipped w ith selective partitions. Regardless of the complicated n a tu re  of 
the model, its development can be considered a significant step in th e  field 
of the calculations relating to  counter-current cascades.

SYMBOLS

<*i, i , b i,j, di, j , e,, j , / i .  j — algebraical expressions ;
A  — surface a rea  of the selective partition , m 3;
ci, j — liquid phase concentration in  the  (i, j ) th un it o f the  cascade, kg /m 3; 
ci*j — dimensionless concentration  in the ( г ,  j ) lh un it o f th e  cascade, ( — ) ; 
i, j  — n a tu ra l num bers ;
Ac — deviation  between m easured and calculated dimensionless concentra tions, %. 
n  — num ber o f un it pairs in the  cascade;
dpi, j — pressure drop of the liquid flowing from  the (г, j ) tb u n it over the  connecting  tube, 

kg /m s2;
4pFj — pressure drop of the liquid flowing through th e  partitions betw een m em bers 

of the  u n it pairs o f the cascade, kg /m s2; 
q — cross section area o f the  connecting tube, m 2 ; 
v' — linear gas velocity w ith  respect to  the  em pty  cross section, m /s;
V  — useful volum e of the apparatus, m 3;
pCj+i — flow from  the  j th u n it in to  the  ( j + 1 )th un it in  the  i tb row of the m odel, m 3/s ;

— flow from  the  (j+  l) th u n it into the j th un it in the  i tb row of the m odel, m 3/s;
v fp  — flow from  the j th un it in  the ith row of the model in to  the j ib u n it in  th e  o ther

row, m 3/s;
wi,i — flow from  the (i, j ) th un it o f the cascade in to  the (i, j + l  )th unit, m 3/h ;  
wf, — flow betw een the j lb un it pairs of the  cascade, m 3/s;
ív*j — backm ixing flow ra te  corresponding to  flow ra te  wi, j defined in bo th  d irections, 

m 3/s;
tcf * — transm ixing  flow ra te  between the j th un it pairs o f th e  cascade defined in  both

directions, m 3/s;
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Table 2.
Constants v '— 0 . 6  m/s A = 2 x l 0 - 4  m2 2 = 1 . 0 4 x l 0 - 4  m2 

l =  4  X  1 0 - 2  m

n
( - >

Î01,0 =  ̂ 2 , 0
(10-e  m 3/s)

3
( - )

Cl. J (,-> Ac
(%)

ch ( - ) Ac
(%)m e a s u re d ca lc u la te d m easu red c a lc u la te d

1 0 . 8 6 0 0 . 8 4 6 1 . 4 0 . 7 2 4 0 . 6 8 3 4 .1

4 2 . 7 8 2 0 . 6 2 5 0 . 6 6 6 - 4 . 1 0 . 5 1 6 0 . 5 2 6 - 1 . 0

3 0 . 4 2 5 0 . 4 7 4 - 4 . 9 0 . 2 8 6 0 . 3 3 4 - 4 . 8

4 0 . 2 4 0 0 . 3 1 7 - 7 . 7 0 . 1 0 9 0 . 1 5 4 - 4 . 5

1 0 . 9 7 7 0 . 9 3 2 4 . 5 0 . 7 5 8 0 . 6 8 9 2 . 9

4 5 . 5 6 2 0 . 7 2 5 0 . 7 6 0 - 3 . 5 0 . 4 4 7 0 . 4 7 4 - 2 . 7

3 0 . 4 8 7 0 . 5 2 6 - 3 . 9 0 . 2 1 2 0 . 2 4 0 - 2 . 8

4 0 . 2 3 1 0 . 3 1 1 - 8 . 0 0 . 0 2 8 0 . 0 6 8 - 4 . 0

1 0 . 9 9 7 0 . 9 6 5 3 . 2 0 . 7 5 0 0 . 7 0 6 4 . 4

4 8 . 3 3 2 0 . 8 2 9 0 . 8 2 5 0 . 4 0 . 3 6 3 0 . 4 4 7 - 8 . 4

3 0 . 5 6 8 0 . 5 5 1 1 .7 0 . 1 3 5 0 . 1 8 5 - 5 . 0

4 0 . 2 7 0 0 . 2 9 4 - 2 . 4 0 . 0 0 4 0 . 0 3 4 - 3 . 0

1 0 . 8 4 1 0 . 8 0 7 3 . 4 0 . 5 9 7 0 . 5 9 2 0 . 5

3 2 . 7 8 2 0 . 6 2 3 0 . 5 9 9 2 . 4 0 . 3 7 5 0 . 4 0 0 — 2 . 5

3 0 . 3 7 9 0 . 4 0 8 - 2 . 9 0 . 1 3 3 0 . 1 9 3 - 6 . 0

1 0 . 9 5 0 0 . 9 0 5 4 . 5 0 . 5 7 7 0 . 5 6 9 0 . 8

3 5 . 5 6 2 0 . 7 6 6 0 . 6 8 8 7 . 8 0 . 2 7 4 0 . 3 1 3 - 3 . 9

3 0 . 4 1 7 0 . 4 3 0 -1 .3 0 . 0 3 9 0 . 0 9 5 — 5 . 6

1 0 . 9 7 6 0 . 9 4 8 2 . 8 0 . 5 1 9 0 . 5 6 6 - 4 . 7

3 8 .3 3 2 0 . 7 8 4 0 . 7 4 1 4 . 3 0 . 1 9 5 0 . 2 5 9 - 6 . 4

3 0 . 4 4 4 0 . 4 3 4 1 .0 0 . 0 0 7 0 . 0 5 2 — 4 .5

2 2 .7 8 1 0 . 7 7 4 0 . 7 5 1 2 . 3 0 . 4 2 0 0 . 4 6 4 - 4 . 4

2 0 . 5 3 3 0 . 5 3 6 - 0 . 3 0 . 1 4 4 0 . 2 4 9 - 1 0 . 5

2 5 . 5 6 1 0 . 9 2 0 0 . 8 5 9 6 . 1 0 . 3 7 0 0 . 3 9 8 - 2 . 8

2 0 . 6 2 1 0 . 6 0 2 1 . 9 0 . 0 3 9 0 . 1 4 1 - 1 0 . 2

2 8 .3 3 1 0 . 9 4 8 0 . 9 1 9 2 . 9 0 . 3 3 9 0 . 3 8 4 - 4 . 5

2 0 . 6 2 5 0 . 6 1 6 0 . 9 0 . 0 0 8 0 . 0 8 1 - 7 . 3
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Table 3. ,
Constants wi, 0 = 1 0 2 ,0  = 8.33 x 10~6 m3/s n=  5 2 = 3 x l0 ~ 2 m

l = 2 x  10-4 m 2

j
( - )

c r . i ( - ) Ac c$. 5 ( - )
Ac

(m 2 X 1 0 -4 ) (m /s )
m ea su red c a lc u la te d (%) m ea su red ca lcu lated (%)

1 0 . 9 8 6 0 . 9 8 4 0 . 2 0 . 8 2 9 0 . 8 1 4 1 . 5

2 0 . 8 9 5 0 . 9 0 3 - 0 . 8 0 . 5 6 9 0 . 6 3 4 — 6 . 5

0 . 5 3 0 . 3 3 0 . 5 1 6 0 . 6 6 4 - 1 4 . 8 0 . 3 9 6 0 . 3 3 6 6 . 0

4 0 . 2 5 3 0 . 3 6 6 - 1 1 . 3 0 . 0 3 8 0 . 0 9 7 - 5 . 9

5 0 . 1 2 6 0 . 1 9 1 - 6 . 5 0 . 0 0 3 0 . 0 1 6 - 1 . 9

1 0 . 9 7 6 0 . 9 7 3 0 . 3 0 . 8 0 3 0 . 8 2 0 - 1 . 7

2 0 . 8 7 8 0 . 8 9 7 - 1 . 9 0 . 5 6 3 0 . 6 4 3 - 8 . 0

0 . 5 3 0 . 4 3 0 . 4 9 1 0 . 6 5 0 - 1 5 . 9 0 . 3 6 5 0 . 3 5 0 1 .5

4 0 . 2 2 7 0 . 3 5 6 - 1 2 . 9 0 . 0 1 8 0 . 1 0 3 — 8 . 5

5 0 . 1 5 1 0 . 1 8 0 - 2 . 9 - 0 . 0 0 4 0 . 0 1 5 - 1 . 9

1 0 . 9 9 0 0 . 9 8 1 0 . 9 ' 0 . 8 0 6 0 . 8 2 3 - 1 . 7

2 0 . 8 6 0 0 . 8 9 1 - 3 . 1 0 . 5 6 5 0 . 6 4 9 - 1 . 5

0 . 5 3 0 . 5 3 0 . 4 9 0 0 . 6 4 0 - 1 5 . 0 0 . 1 9 3 0 . 3 6 0 - 1 6 . 7

4 0 . 2 1 2 0 . 3 5 1 - 1 3 . 9 0 . 0 2 1 0 . 1 0 9 - 8 . 8

5 0 . 1 4 0 0 . 1 7 6 - 3 . 6 - 0 . 0 0 5 0 . 0 1 8 2 . 3

1 0 . 9 5 3 0 . 9 8 0 - 2 . 7 0 . 8 3 1 0 . 8 2 4 0 . 7

2 0 . 8 5 3 0 . 8 8 7 - 3 . 4 0 . 5 9 4 0 . 6 5 1 - 5 . 7

0 . 5 3 0 . 6 3 0 . 4 5 7 0 . 6 3 5 - 1 7 . 8 0 . 2 2 1 0 . 3 6 3 - 1 4 . 2

4 0 . 2 0 7 0 . 3 4 9 - 1 4 . 2 0 . 0 3 3 0.111 - 7 . 8

5 0 . 1 4 0 0 . 1 7 5 - 3 . 5 - 0 . 0 0 4 0 . 0 1 9 - 2 . 3

1 0 . 9 9 4 0 . 9 7 6 1 .8 0 . 6 7 6 0 . 7 4 4 - 6 . 8
2 0 . 9 3 3 0 . 8 7 5 5 . 8 0 . 4 3 8 0 . 5 5 3 - 1 1 . 5

1 .0 4 0 . 3 3 0 . 6 5 5 0 . 6 7 9 - 2 . 4 0 . 1 6 5 0 . 3 2 4 - 1 5 . 9

4 0 . 4 5 6 0 . 4 5 0 0 . 6 0 . 0 4 3 0 . 1 2 8 - 8 , 5

5 0 . 2 7 7 0 . 2 5 5 2 . 2 0 . 0 0 2 0 . 0 2 7 - 2 . 5

1 0 . 9 7 1 0 . 9 7 2 - 0 . 1 0 . 6 8 1 0 . 7 5 0 » - 6 . 9

2 0 . 9 0 7 0 . 8 6 5 4 . 2 0 . 4 8 2 0 . 5 6 2 - 8 . 0

1 .0 4 0 . 4 3 0 . 6 4 4 0 . 6 6 5 - 2 . 1 0 . 1 9 6 0 . 3 3 6 - 1 4 . 0

4 0 . 4 4 5 0 . 4 4 0 0 . 5 0 . 0 5 7 0 . 1 3 6 - 7 . 9

5 0 . 2 7 7 0 . 2 5 0 2 . 7 0 . 0 0 3 0 . 0 3 0 - 2 . 7

1 0 . 9 7 9 0 . 9 7 2 0 . 7 0 . 6 7 8 0 . 7 5 3 — 7 . 5

2 0 . 9 0 1 0 . 8 6 1 4 . 0 0 . 4 8 3 0 . 5 8 6 - 1 0 . 3

1 . 0 4 0 . 5 3 0 . 6 4 4 0 . 6 6 2 - 1 . 8 0 . 2 0 3 0 . 3 5 5 - 1 5 . 2

4 0 . 4 3 2 0 . 4 3 4 - 0 . 2 0 . 0 6 4 0 . 1 4 2 - 7 . 8

5 0 . 2 6 7 0 . 2 4 7 2 . 0 0 . 0 0 2 0 .0 3 1 - 2 . 9

1 1.000 0 . 9 7 2 2 . 8 0 . 7 1 2 0 . 7 5 5 - 4 . 3

2 0 . 8 9 9 0 . 8 5 9 4 . 0 0 . 5 1 7 0 . 5 7 3 —  5 . 6

1 .0 4 0 . 6 3 0 . 6 3 2 0 . 6 5 4 - 2 . 2 0 . 2 1 8 0 . 3 4 9 - 1 3 . 1

4 0 . 3 9 7 0 . 4 3 0 - 3 . 3 0 . 0 6 7 0 . 1 4 4 - 7 . 7

5 0 . 2 3 9 0 . 2 4 6 - 0 . 7 0 . 0 0 2 0 . 0 3 2 - 3 . 0
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Table 4.
Constants: n — 5 г /= 0.6 m /s g= 1 .04x l0~ 4 m2 

l = 4 X 10-2 m

A wi.o/и-а.о
( - )

j
c *

1, J ( - )
A c

T i ( - )
A c

(Щ2.10-4) ( - ) m easured calculated (%) measured calculated (%)

1 0.982 0.983 - 0 .1 0.475 0.511 -3 .6
1:1 2 0.952 0.945 0.7 0.305 0.331 -2 .6

0.5 3 0.825 0.860 -3 .5 0.140 0.140 0.0
4 0.651 0.669 -1 .8 0.042 0.055 -1 .3
5 0.464 0.488 - 2 .4 -0.003 0.017 -1 .9

1 0.954 0.933 2.1 0.341 0.384 -4 .3
1:2 2 0.814 0.793 2.1 0.200 0.212 -1 .2

0.5 3 0.650 0.599 5.1 0.085 0.083 0.2
4 0.411 0.381 3.0 0.025 0.032 0.7
5 0.263 0.233 3.0 -0.007 0.008 -  1.5

1 0.903 0.991 - 8 .8 0.661 0.768 -10 .7
2:1 2 0.937 0.968 - 3 .1 0.517 0.619 -1 0 .2

0.5 3 0.868 0.916 - 4 .8 0.297 0.401 -10 .3
4 0.768 0.789 - 2 .3 0.145 0.206 -6 .1
5 0.621 0.616 0.5 0.034 0.068 -3 .4

1 0.850 0.828 2.2 0.249 0.297 -4 .8
3:1 2 0.598 0.582 1.6 0.139 0.143 - 0 .4

0.5 3 0.373 0.360 1.3 0.056 0.048 1.2
4 0.231 0.196 3.5 0.015 0.017 -0 .2
5 0.145 0.108 3.7 0.003 0.004 -0 .7

1 0.988 0.978 1.0 0.606 0.643 -3 .7
1:1 2 0.923 0.909 1.4 0.396 0.432 -3 .6

1 3 0.730 0.770 - 4 .0 0.179 0.230 -5 .9
4 0.542 0.568 - 2 .6 0.054 0.091 -3 .7
5 0.348 0.357 - 0 .9 0.007 0.022 -2 .9

9 1 0.913 0.880 3.3 0.423 0.461 -3 .7
1:2 2 0.654 0.605 4.9 0 236 0.238 -0 .2

l 3 0.367 0.340 2.7 0.094 0.091 0.3
4 0.194 0.167 2.7 0.027 0.027 0.0
5 0.106 0.077 2.9 -0.007 -0 .005 -1 .2

1 0.984 0.984 0.0 0.886 0.923 -3 .7
2:1 2 0.961 0.973 - 1 .2 0.797 0.833 -3 .6

l 3 0.892 0.909 - 4 .7 0.591 0.659 -6 .8
4 0.730 0.761 -3 .1 0.332 0.395 -6 .3
5 0.528 0.539 - 1 .1 0.103 0.120 -1 .7

1 0.723 0.696 2.7 0.277 0.327 -5 .0
1:3 2 0.381 0.358 2.3 0.130 0.125 0.5

l 3 0.161 0.134 2.7 0.040 0.035 0.5
4 0.065 0.045 2.0 0.009 0.008 0.1
5 0.031 0.018 1.3 -0.003 0.001 -0 .4
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РЕЗЮМЕ

Согласно экспериментальным наблюдениям авторов т. н. противоточные каскады барботаж- 
ных и пенных колонн с селективными переборками нельзя считать чисто противоточными, 
поскольку в них образуется сложная система конвективных потоков. На основе закона энер­
гетического минимума был разработан расчётный метод для определения количества жидкос­
ти, проходящего по переходным трубам и через переборку. Для описания гидродинамики 
жидкой фазы была построена каскадная модель. Используя метод, разработанный для рас­
чёта системы конвективных потоков, а также результаты, приведённые в предыдущей статье 
касательно пар пенных колонн, были рассчитаны стационарные концентрационные соотно­
шения, образующиеся в установке. Между рассчитанными и измеренными данными было ус­
тановлено хорошее совпадение.
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ERSTEN GRADES IN EINEM DÜNNSCHICHTREAKTOR
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E ingegangen am  30 A ugust, 1978.

Gegenwärtige A rbeit un tersuch t in A nlehnung au f frühere R esu lta te  
die Möglichkeit der annähernden analytischen B eschreibung einer 
R eaktion ersten  Grades in einem D ünnschichtreaktor. D er Fehler 
der A nnäherungslösung im Vergleich zu  der exakten  Lösung wird 
m ittels analy tischer Fehlerschätzung festgestellt.

Einleitung

Wie bekannt, werden die Transportprozesse in der chemischen Verfahrens­
technik im allgemeinen m ittels partieller Differentialgleichungssysteme be­
schrieben. Die analytische Lösung dieser Gleichungen erfordert einem um ­
fangreichen m athem atischen Apparat, die erhaltenen R esultate  sind von 
komplizierter S truk tu r und daher bei — für die Praxis wichtigen — Berech­
nungen nur in beschränktem  Maße anwendbar.
^Aus oben erwähnten Gründen schien es notwendig, eine solche für die 

Anforderungen der Praxis noch genügend genaue, annähernde analytische 
Lösungsmethode auszuarbeiten, deren Anwendung relativ einfach ist, wobei 
die erhaltenen R esultate übersichtlich und  für numerische Berechnungen 
unm ittelbar verwendbar sind. Die Methode haben wir in früheren Arbeiten 
für gewisse Prozeßtypen, und zwar für Fälle von reinem Ausgleichungscharak­
ter [1], sowie für Transportsysteme, die auch Quellen enthielten [2], ausführlich 
beschrieben.

In  gegenwärtiger Arbeit wird auf der Basis obiger Methode die annähernde 
analytische Lösung des m athematischen Modells einer sich in einem D ünn­
schichtreaktor abspielenden Reaktion ersten Grades erzeugt. Es wird gezeigt, 
daß im Vergleich zu den in [1] und [2] untersuchten Prozeßtypen im Gange 
der Berechnungen neue Überlegungen getroffen werden müssen.



410 T . V a jd a Vol. 0.

Das physikalisch-mathematische Modell

Betrachten wir den D ünnschichtreaktor au f Abbildung 1:
Bei der Stelle 2  =  0 t r i t t  die Flüssigkeit und das Gas im Gleichstrom in den 
Reaktor ein. Letzteres wird absorbiert und t r i t t  m it dem entsprechenden

/ C W l l ' O ' .

-г  z - 0

Komponenten der Flüssigkeit in eine Reaktion ersten Grades. Die K onzetration 
des Gases in der Dünnschicht wird von der im Cartesischen Koordinatensystem  
aufgeschriebenen Funktion  C(x, z), im Gasraum m it G*{z) gemessen. Dadurch 
wird zwar die K rüm m ung der Dünnschicht vernachlässigt, was aber wegen 
ihrer im Vergleich m it dem Apparatendurchm esser geringen Dicke zuläßig 
ist. Nehmen wir weiterhin an, daß im Gasraum  in den einzelnen horizontalen 
Ebenen die gleiche K onzentration vorhanden ist (dann ist G* nur von der 
2 -Koordinate abhängig), und daß der Geschwindigkeitsfeld der Flüssigkeit in 
der im A pparat gebildeten Dünnschicht — bei Annahme einer entsprechenden 
Durchschnittsgeschwindigkeit v in R ichtung z — als homogen betrachtet 
werden kann. D er Prozeßverlauf wird nu r in stationärem  Zustand geprüft.

Um das physikalisch-m athem atische Modell aufstellen zu können, muß der 
globale Prozeß in Teilprozeße gegliedert werden. B etrachten wir erst den 
Transport des in der Flüssigkeitsschicht absorbierten Stoffes. Nehmen wir an, 
daß — wie völlig plausibel — der T ransport in der D ünnschicht in R ichtung 
2  nur konvektiv, in Querrichtung jedoch nur diffusiv ist. In  diesem Fall 
bleiben aus der im  Cartesischen Koordinatensystem  aufgeschriebenen E r­
haltungsgleichung folgende Glieder übrig:

SC &C
v — = D ---- + K C .

0z d x 2
( 1 )

Hier ist D  die D iffusionskonstante des in der Flüssigkeitsschicht absorbierten 
Gases, К  die Geschwindigkeitskonstante des die Reaktion ersten Grades 
repräsentierenden Quellengliedes.

Der T ransport des absorbierenden Gases im Gasraum  besteht nur aus der 
Konvektion in R ichtung z, da der innerhalb einer horizontalen Schicht ver­
laufende Ausgleichsprozeß vernachlässigt wird. Hier muß jedoch die Absorp­
tion bei der Innenfläche der Dünnschicht berücksichtigt werden, was das 
Auftreten eines Quellengliedes in der Gastransportgleichung bedeutet. Dieses 
Glied ist notwendigerweise proportional m it dem auf der Innenfläche x  = К г
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der Dünnschicht auftretenden Stofftransport in normaler Richtung. U nter 
Berücksichtigung obiger Gesichtspunkte lautet die Transportgleichung für 
das Gas:

.dC*
dz =  в р )  ,

{dxJx-Ri ( 2 )

wobei V *  die lineare Geschwindigkeit des Gases im A pparat und В  ein P ro ­
portionalitätsfaktor bedeutet.

Das Differentialgleichungssystem (1)—(2) stellt die m athem atische Be­
schreibung des untersuchten Problems dar. Der Definitionsbereich der unab­
hängigen Veränderlichen in den Gleichungen um faßt O sz < + < » , B 1^ x ^ R 2. 
Unsere Aufgabe besteht im weiteren in der Feststellung der zu obigem Gleich­
ungssystem gehörenden Anfangs- und  Randbedingungen. Es ist vor allem 
bekannt, daß das Gas an Stelle z =  0 in den Apparat mit gegebener K onzentra­
tion C* e in tritt, daher ist

<7*(0) =Co. (3)

Anderseits wird angenommen, daß sich zwischen der H auptm asse des Gases 
und der Flüssigkeitsschicht eine Grenzschicht bildet, und dadurch die New- 
tonsche Randbedingung geltend ist:

=  — h\C*(z) — [iC(Ri, г)], (4)

wobei h der Stoffaustauschfaktor, ц die Henrysche K onstante ist.
Es kann weiterhin offenbar angenommen werden, daß die in den Reaktor 

eintretende Flüssigkeit kein Absorbeat enthält, und daher

C(x, 0) =  0. (5)

In  der Dünnschicht ha t der Diffusionsstrom in Querrichtung bei der R eaktor­
wand natürlich den W ert von Null :

( 6 )

Die Zusammenhänge (3)—(6) geben die kompletten Anfangs- und R and­
bedingungen des Differentialgleichungssystems (1)—(2) an. Im  weiteren 
verfolgen wir das Ziel, die annähernde analytische Lösungsmöglichkeit des 
gezeigten mathematischen Problems zu untersuchen.

Beschreibung der annähernden analytischen Lösungsmethode

Die Annäherung besteht darin, daß s ta t t  der Funktion C(x, z) m it zwei V ariab­
len, versucht wird, deren D urchschnitt nach der Variablen x  annähernd au f­
zuschreiben :

Кг

G ( X ' Z ) d X - 
Ri

(J)
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W ir integrieren daher Gleichung (1) nach der Variablen x  zwischen den Grenzen 
R 1 und  R 2 und erhalten  u n te r Berücksichtigung von (7) :

v äC_ D |7 8 0 j  _ f 0 e l  
dz -Кг — Ri \дбж /*-««

In  (8) kann das erste  Glied der rechten Seite unter Berücksichtigung von
(4) bzw. (6) umgeformt werden. Das R esultat ergibt:

dC Dh N
« -7-= - ^ ------  fiG(Bi, z)) + KO. (9)dz В  2 — i t i

Substituieren wir schließlich (4) in (2), so erhalten wir folgenden Zusammen­
hang:

dC*V*----- =  -  Bh(C*.~ цС(В 1, z)). (10)

+ KC. ( 8 )

D as Gleichungssystem (9)—(10) wäre bereits genügend zur Erzeugung von 
C  und  C*, ist jedoch n ich t lösbar, da in ihm auch der W ert der Funktion C 
bei der Grenze J?1 figuriert. Es wird daher folgende Hilfsfunktion eingeführt:

C*(z) — fiC(B\, z) 
G*(z) -  fiG(z)

( 11 )

D ie Hauptmerkmale der Verhaltensweise einer Funktion  dieser Struktur ist 
bereits in [1] ausführlich analysiert worden. Mit Verwendung von (11) kann 
d as  Gleichungssystem (9)—(10) umgeformt werden:

dC Dh — — 
» 5 -  = C(*)(0* - 1*0) +  КС,ах Л 2 — Л\

(12)

dC* -
V * ----- =  -  Bh£(z)(C* -  цС).

dx
(13)

Das Resultat von (12)—(13) ist noch exakt. Das 
besteh t darin, daß die Funk tion  £(z) durch ihren im 
m enen W ert substitu iert w ird:

W esen der Annäherung 
limes z +  °° angenom-

C(z) lim C(z) = • (14)

E s  wird behauptet — und  dadurch wird eben die Annäherungsmethode gut 
anwendbar — daß, wie in den Fällen von [1] und [2], der Grenzwert ohne 
Lösung des ursprünglichen m athem atischen Problems aus den Laplace- 
Transformierten auch je tz t unm ittelbar bestim m t werden kann.

Bestimmung des Grenzwertes Ç»

In  [1] und [2] w ird ausführlich die Frage untersucht, au f welche Weise der 
Grenzwert sowohl bei Prozeßen von reinem Ausgleichungscharakter als 
auch in Fällen von Transportsystem en, die auch Quellen enthalten, bestim m t 
werden kann. In  beiden Fällen erweist sich dazu die Bestim mung der Laplace-
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Transformierten der Lösungsfunktionen — aus denen jene Variable eliminiert 
wurde, nach welcher kein Durchschnitt gebildet wird — als genügend. Obgleich 
in den Gleichungen unseres gegenwärtigen Problems Quellenglieder auftreten, 
kann die in [2] gezeigte Methode doch nicht angewandt werden. W enn nämlich 
die Laplace-Transformierten nach den entsprechenden Variablen aufgeschrie­
ben werden, so ist p  = 0 kein Pol derselben (p ist der P aram eter der Trans­
formation), und so t r i t t  in der Lösungsfunktion keine nur von der zweiten 
Variablen abhängige, additiv separierbare Funktion auf.

Der Grund hierfür ist — aus physikalischen Überlegungen ausgehend — 
klar, da sich ja  der untersuchte Prozeß jetzt nicht in einem  Medium m it 
Reservoircharakter abspielt, und daher divergieren die Lösungsfunktionen 
C und  G* bei einer beliebig kleinen positiven Reaktionskonstante К  im Grenz­
übergang z —+°°, bzw. sie tendieren im Falle eines ähnlichen negativen 
ff-W ertes gegen Null. Die Methode lau t [1] kann jedoch bereits angewendet 
werden, da nun notwendigerweise:

C(x,z)=  2  Ак(х)ер*г, (15a) G*(z) = 2  A*eP**, (15b)

wo nun aus den Polstellen der Laplace-Transformierten festgestellt werden 
kann, daß (im Falle eines positiven К ) :

Substituieren wir (15a)—(15b) in (11). Wenn der Grenzübergang z 
bei £(z) durchgeführt wird, ist auch je tz t einzusehen, daß:

А * — [iA i(IÎi) 
A* -  fiAi

(Hi)

W egen (16) kann jetzt unter Ausnützung der speziellen S tru k tu r von (15a) — 
(15b) die in [1] gezeigte Berechnung durchgeführt werden:

C~ =  lim  
p - p i

F*(p)-fiF{Iit ,p) 
F*(p) — fiF(p)

(17)

wobei F  und F * die Laplace-Transformierten der Lösungsfunktionen darstel­
len :

F(x, p)= J  G(x, z)e-P*dz, (18a) F*(p) = J G*(z)e~Pz dz. (18b)

W ir berechnen nun unter Benützung von (1)—(6) die Transformierten 
(18a)—(18b). Nach Durchführung der Laplace-Transform ation von Gleichung 
(1), sowie unter Anwendung der Anfangsbedingung (5) erhalten  wir folgenden 
Zusammenhang :

d2F К — vp 
dx2 D F = 0. (19)

Durch Transformation der Gleichung (2), sowie Anwendung der Anfangs-
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bedingung (3) und der Randbedingung (4) gewinnen wir den Zusammenhang 
wie folgt:

F* = v*C *  +  H h fiF (R i)  

B h  +  v * p
( 20 )

Die Transformierten der Randbedingungen (4) und (6) sind einfach:

Í - )  —( d x  ) x - R i
h [F *  — f iF ( R i) \ ,  (21a) Í— ) =o-( d x  J x=Rz

Die allgemeine Lösung von Gleichung (19):

F ( x ,  p )  =  P  s h  w x  + Q ch eux,
wobei

I  v p  — К  

D  :

(21b)

( 22 )

(23)

P  und Q sind zu bestim m ende K onstanten. Substituieren wir (22) in (21b), 
so erhalten wir:

P  ch cuRz +  Q sh  a>Rz =  0 , (24)

sodann (20) in (21a), u n d  in das Ergebnis (22) substituierend ergibt sich 
folgender Zusammenhang :

P \c u  ch w R i —
h v * p p  

B h  +  v * p
sh £vRi]+<2[ io sh  w R i  —

hv* f t p  

B h  +  v * p
ch cuR

■ ] -
hv*CÖ 

B h  +  v * p
(26)

D urch Nebeneindarstellen der Zusammenhänge (24) u n d  (25) ergeben sich 
fü r die K onstanten P  und  Q :

hv*Co sh  Ú1R 2
P = ------------------------------------------------------------------------ , (26a)

( B h  +  v*p)a> sh  o.( /l2 — R i)  +  h v * fip  ch о ,(Р ч  — R i)

Q  =
h v* C *  ch (uR-i

( B h  +  v*p)a> sh  cu( R î  — R i)  +  h v * fip  ch cu(Rz — R i)
(26b)

Nach Substituierung von (26a) und (26b) in (22) und  Zusammenziehen des 
Resultats ergibt sich:

F (x ,  p )  =
hv*Go ch üj(R í  — x)

(B h  +  v*p)a> sh  о , ( Р ч  — R i)  +  h v * p p  ch  c u ( i? 2  — R i)
(27)

Schließlich substituieren w ir (27) in (20):

F * (p )  =
V*Co 

B h  +  v * p

B h 2fi ch 0 j ( R ‘i  — R i)

( B h  +  v*p)a> sh  w (IÍ 2  — R i)  +  h v * /ip  ch  œ (R i  — R i) .
(28)

D am it wurden die fü r die Bestim mung des Grenzwertes notwendigen 
Transformierten erzeugt. F ü r  die Substituierung der Ergebnisse in (17) muß 
noch der Durchschnitt von (27) festgestellt werden, der sich einfach als
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F (p )  =
h v* C *  s h w ( R 2  — R i)

[(B h  +  v*p)a> sh  w( Rz  — R i )  + hv* p p  ch w ( R 2  —R i )]oj(R2 —R i )
(29)

ergibt.
Durch Nebeneinanderstellung von (27), (28), (29), sowie (17) ergibt sich für 

den Grenzwert :
1

—  ------ — \( B h  +  v*p)cо sh  ш(Т?2 — R i )  +  hv* u p  ch tu ( i ?2  — 7 f i ) l  +
B h  +  v * p

C- =  lim ---------------------------------------------------------------------------------------J
P Pl ---------—-[ (B h  +  v * p )c o sh a i(R 2 — R i )  +  h v * p p c h c u (R 2 — R i) ]  +

B h  +  v * p

+

+

p B h 2 ch cu(i?2 — R i)  
B h  +  v* p

p B h 2 ch o j ( R 2  — R i )  

B h  +  v* p

— p h  ch  cu(T?2 — R i)

p h  sh  ü)(i?2 — R l) 
Cu(R2 — R l )

(30)

Hier ist p l die größte Wurzel des sich aus der Laplace-Transform ierten bzw. 
aus (23) ergebenden Eigenwertgleichung:

th
v p — К  

D
(R 2 - R l )  =

hv* p p

(B h  + v * p )
I  v p — К

I  D

(31)

[und da die Wurzeln von (31) alle reell sind, kann m an sagen, daß es der 
positivste Pol der Transformierten ist]. Nach Durchführung des Grenzüber­
ganges und unter Berücksichtigung von (31) erhalten wir schließlich:

v * p i ( R 2 - R i ) ( K - v p i )  

hv* p p \ D  — B h ( R 2 — R i) ( K  — v p i)

Der Grenzwert konnte also auch je tz t schon aus den viel einfacher erhalt­
baren Laplace-Transformierten erzeugt werden als P unktion  der Param eter 
des untersuchten Systems.

Generierung der Annäherungslösungen

Unsere Aufgabe besteht schließlich in der Lösung des Gleichungssystems
(12)—(13), wobei die Annäherung (14) angewandt wird. Die zum Gleich­
ungssystem gehörenden Anfangsbedingungen bilden (3), sowie der Zusammen­
hang

C(0) =  0, (33)

der durch die Durchschnittsbildung der Bedingung (5) gewonnen wird. Das 
Gleichungssystem wird vor allem in normale Porm geordnet :

К  DhC~.p  ) — Р А С -

V  ( R 2 — R i )v )  ' ( R 2 — R l ) v
(34a)

dC* B h C ~ p -  В А С -
------ —------------- 0 ------------- 0  .

d z  V *  V *
(34b)

o*
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W ie bekannt (z. В: aus [3]), ha t die Lösung des Gleichungssystems (34a) —(34b) 
folgende Form :

G = a e;i* +  b е;аг, (35a)

C* =  a* eö2 +  6* e’&, (35b)

wobei a, b, a* und  b* K onstante, und  A2 die Eigenwerte von folgendem 
K oeffizientenm atrix sind :

K DhÇ^fi 
V  (R 2  —  R l ) v

BhC^/г

DhÇ~ '  
(R-i — Ri)v 

BhÇ™ (36)

D araus folgt also :

BhG- DhÇ°°fi | [ ( D h^fi  M C» К 1|2 4KBÄC«,]
V *  (R2 —  R i ) v  1 \(R2 — Ri)v ti* V  \ v v *  \

(37)

Die in (35a) —(35b) auftretenden K onstan ten  sind aus den Bedingungen (3) 
u n d  (33), sowie aus den Zusamm enhängen zu bestimmen, die sich aus en t­
sprechender N ebeneinanderstellung von (36) und (37) (siehe [3]) ergeben. 
F ü r  letztere erhalten  w ir nach einigem Rechnen folgende Zusammenhänge:

H ier ist

_  2 Dht-a=--------------(Hz — R  i)t>a

DhÇœfi BhÇ« К
~ ( R 2 - R i )v

(38а)

Bht;~ К rí DhÇ
V *  V  l1 (7Í2 —Ri)v V *

2fiBhÇ- ----------------- b.v*oc (38b)

K  Y  4/vBÄC-]1/ 2
V  ) vv* J (39)

N un wird (38a)—(38b) in (35a)—(35b) zurücksubstituiert, sodann werden die 
gewonnenen W erte G und  C* in (3) und  (33) eingesetzt, und  wir erhalten für 
die K onstanten a* u n d  b:

(i?2 — R\)w* CC2(Jo 
(.Й2 — Ri)vv* a2 + 4D/iBh2̂ L

(40a)
2 Dhv*C^C*

(R2 -  Rx)vv* afi + 4D/uBh2Ci
(40b)

Schließlich ergibt sich also durch die Nebeneinanderstellung von (35a)—(35b), 
(38a)—(38b) und  (40a)—(40b) für die Annäherungslösungen:

C*(z) =

— 2Dhv*a^Go
G(z) = -------------------------------------

( R 2 —  R \ ) v v *  a 2 +  4 D  t i B h 2^

(Rz-Ri)vv*<xKlt ( .
--------------------------------V ePlî +
( i ?2 — R i ) w *  a 2 +  4 1 3 ( i B h 2 Ç „  V

-  (eü* -  e;2z),

4 DfiBhKÍ, 
(В 2 — B\)w*OL2

(41а)

(41b)

Mit den Zusamm enhängen (41a)—(41b) haben wir das uns gesetzte Ziel 
erreicht: Wir haben zu der m athem atischen Beschreibung von Prozeßen, die 
sich in D ünnschichtreaktoren bei Reaktionen ersten Grades abspielen, eine 
A rt einer analytischen Annäherungsformel aufgestellt.
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Schätzung des Fehlers der Annäherungsmethode

Es werden folgende Vektorbezeichnungen eingeführt:

ü - & L  <42-> r - & L  <42b) M S r J -  <42o>

Hier ist U der Vektor der exakten, V  der Vektor der Annäherungslösung, U0 
ist der Anfangswert. U nter Verwendung der Bezeichnungen von (42) kann das 
Gleichungssystem (12)—(13) in folgender Form  aufgeschrieben werden:

—  = C(z)G U + H U ,  (43a) U (0 ) =  U o ,
dz

und (34a)—(34b) in Form  von:

—  =  C«,ffF +  f fF , (44a) F(0) =  Uo,
dz

wobei die Matrizen G und  H  die folgenden sind :

Dhfi Dh '
К
V

0
G  =

(J?2 — Ri)v  
Bh fi

V*

( B 2 - B l ) V

Bh
V*"

$ (45a)
0

0

(43b)

(44b)

(45b)

Die Lösung der im F-ten Teil bereits ausgearbeiteten Aufgabe (44a)—(44b) 
kann je tz t auch in kom pakter Form  aufgeschrieben werden. Da der M atrix 
Ç«,G + H  m it (36) identisch ist, sind die Eigenwerte des ersteren ebenfalls 
unter (37) anzutreffen, die Eigenvektoren aber sind au f Grund von (38a) —(38b) 
und (39) wie folgt:

r 2 D hÇ - 

Lau(Ä2 — #0-1
(46a) S 2  =

— U V *  I

2 /iB h C ~ \
(46b)

Wenn dann die aus den Säulenvektoren (46a)—(46b) zu bildende Transform a­
tion P  eingeführt wird, sowie deren Inverse P _1:

r21%í~ — uv*  l
P = \  , (47a)

U v(lÎ 2 - B i )  2fiBhÇ~\

2 . Г ‘IjiBht,«, uv*  I
P - ^ n , B W l + a 4 B a- B l ) w * r ' [ ! a v{E 2 _ R i)  2 m c J  . (47b)

so erhält man durch Transform ation der Gleichung (44a)—(44b): 

d V  ~
---- =  Ç ~ a V  +  H V ,  (48a) F(0) =  f70. (48b)

Hier sind V = P ~ 1V, Ü = P ~ W 0, G = P~1GP, H  = P ~1H P, und da ÇM + H  
bereits ein Diagonalmatrix ist, ergibt sich für die Lösung von (48a)—(48b), 
bzw. durch deren sofortige Rücktransform ation für die Lösung von (44a) — 
(44b) :

F(z)  =  P e ( f ~ G + H ) z p - i  j j 0 _ (49)
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D urch Umformen der Gleichung (43a) erhalten wir:

d ü
—  =  t-GU  +  H ü  +  (C(z) -  Ç~)GU. (60)
dz

Es kann festgestellt werden, daß beim Abtrennen des letzten Gliedes der 
rechten Seite von (50) die Lösung der erhaltenen homogenen Gleichung gerade 
(49) ergibt. Mit H ilfe der Methode der Variation der K onstanten kann (50) 
un ter Benutzung von (43b) zu folgender Integralgleichung umgebildet wer­
den:

z
f 7 ( z )  =  P e k ~ G + Â P - i c r 0 +  p | e < î - ê + H ) ( i - » ) P - i ( Ç ( s )  -  Ç„)GU(s) d s. ( 6 1 )

0

Führen  wir schließlich die || |[ Norm en der in (51) figurierenden Mengen — als 
die Summe der absoluten W erte der K om ponenten — ein, dann  kann obige 
Integralgleichung in nachstehende Integralungleichung umgeformt werden:

H ier ist

und

M = ||P l|||P -i||! |t7 o |l

Il U 11 M e ™  +  N  j  emO~«> I £(s) -  C-l 11 U\ I ds.
0

[<x(v* + v ( l i 2 -  El)) +  2hÇ~(D +  /uB)]2 -G *

[ai
N = ||P ||||P - i |||!ö || =

4D/zh2£o. +  а2(Дг — Ei)vv*

, ч í  D h  B h  1
:(y* +  v (B z  — P i)) +  2fe£~(-D +  f i B )]2-( 1 +  /t) I —— — — — +  ——

((P 2- P i ) v  V *  )

4 D ß B h K i  +  a 2(P2 -  E i)v v *

(62)

(63)

(54)

Die K onstante m ist um  einen beliebig kleinen positiven W ert s größer als 
der positivste E igenw ert des M atrix G + H .

Man multipliziere beide Seiten der Ungleichung (52) m it e_mz:
2

||r7||e-“*=sM +  lv J  |C(s)-C~| ||V ||e-»*ds, (55)
0

dann folgt aus (55) aufgrund der Gronw all  — L em m a :

N  (  |C(s) —Ceo| OS

||f7]| е~тг ^  M  e . (56)

M ultiplizieren wir beide Seiten des Ausdrucks (56) m it emz, so gewinnen wir 
einen oberen Schätzungswert hinsichtlich der Norm des exakten Lösungs­
vektors U  :

mz+N J líW-feol cls 
0

| | C 7 | | ^ M e ( 5 7 )
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Der Dehler der Annäherungsmethode wird durch die von oben her vorge­
nommene Schätzung der Norm der Menge U — V  angegeben. Durch den 
Vergleich der R esultate (49) und (51) ist zu sehen, daß das zweite Glied der 
rechten Seite von (51) gerade den Fehler ausdrückt. Daher ist es zutreffend, 
wenn man auf die Normen übergeht, daß

IlC7 — F ||ä N J ет <г-*> [ f ( s ) - f ~ | ||{7|| da. (58)
0

W ir erhöhen den W ert der rechten Seite von (58), wenn an die Stelle von ||C7|| 
ein größerer W ert als dieser geschrieben wird. So ergibt sich durch Anwendung 
von (57) für den Fehler der Annäherungsmethode schließlich:

8

l  n \ |C<i)-C-| dt
C °||t7—F II^ A fN e’»* |C(s) —f~ |e  ds. (59)
о

Betrachtet m an die S truktur des Ausdrucks unter (59), so ist es sofort 
offensichtlich, daß das Verhalten desselben entscheidend vom Vorzeichen 
der K onstante m abhängt. Aus diesem Grunde sind vor allem die Vorzeichen­
verhalten der Eigenwerte Я — infolge der physikalischen N atur des ursprüng­
lich modellierten Prozeßes — in jenen Fällen, wenn die Geschwindigkeits­
konstante К  einen negativen W ert, den W ert Null, bzw. einen positiven W ert 
annim mt, zu untersuchen. Aufgrund von (37) ist es leicht einzusehen, daß 
un ter den Eigenwerten folgende Relationen bestehen:

a )  A2-=Ai < 0 , wenn K ^ O ;

b )  Аг <  0, Ai =  0, wenn К  =  0 ;

c )  Яг <  0 <  Ai, wenn 0,

falls die übrigen auftretenden Prozeßparam eter richtige W erte annehmen.
Anderseits kann hinsichtlich des Verhaltens der Funktion |£(z) — f«.| a u f­

grund von (11) und (14), sowie mit Hilfe physikalischer Überlegungen fest­
gestellt werden, daß :

a )  |Í(0)-C ~ | =  1 —f ~ < l ;

b )  lim |£(z) — C~| = 0 ,  
г ~ + ~

und im Hinblick darauf, daß die Ausgleichsprozeße des W ärme- und S toff­
transportes jederzeit exponentialen Charakter haben, ist :

+ 00

c)  J  |C(s) —C-l + ~ .
о

U nter Anwendung obiger Bedingungen beträg t der Annäherungsfehler 
von (59) — im Falle eines negativen W ertes der Geschwindigkeitskonstante 
К  — Null, wenn z =  0, und tendiert zumindest exponential abnehmend gegen 
Null im Grenzwert z-~ daher nimmt seine Größe in irgendeinem inneren 
— in Kenntnis der Funktion Ç(z) aus dem Zusammenhang (59) annähernd
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festellbaren P u n k t des untersuchten In tervalls  notwendigerweise einen m axi­
malen W ert an.

Wenn K =  0 ist, so kann die Porm el u n te r (59) nicht angewendet werden, 
bzw. sie ergibt einen sehr schlechten Schätzungswert. Es ist jedoch einzusehen, 
daß — da in diesem F all H  =  0 ist — das zweite Glied der rechten Seite von 
(51) folgende einfachere Form  annim m t:

z

U - V =  jefc<*-*>(C(s) -  Ç -)G U (s) ds. (60)
0

U nter Berücksichtigung des über die Eigenwerte Я und über das Verhalten 
der Funktion f(z) — t -  Gesagten, sowie in  A nbetracht der Begrenztheit des 
Lösungsvektors U folgt aus (60) sofort, daß sich der Annäherungsfehler auch 
jetzt genau so verhält, wie im vorhin angeführten Fall.

Im  Falle einer positiven Geschwindigkeitskonstante nim m t der Fehler lau t 
(59) vom anfänglichen Null wert ausgehend monoton wachsend zu, und di­
vergiert im Grenzwert z->- +<*>. Diese Tatsache bedeutet jedoch kein Hindernis 
dabei, daß im  Falle eines endlichen R eaktors der Fehler der Annäherung auch 
in diesem Falle geschätzt werden kann.

SYMBOLVERZEICHNIS

Aie —
b  \ ~  
b *  f
в  —
c  -
G* -  
Co -  
G -  
D  -  
F  -  
F* — 
G 
H
G ~  
H
h -  
K  -  
к -
m  I
M  \
N  J
?-■)
P
pu
P
Q
Ri

h

Koeffizienten ;

Koeffizienten ;
F unktionskoeffiz ien ten  ;

Koeffizienten ;
Proportionalitätsfaktor ;
Konzentration des Gases in der Flüssigkeit; 
Konzentration des Gases im Gasraum;
Konzentration des Gases im Gasraum bei der Stelle z =  0 ; 
Durchschnittskonzentration in der Dünnschicht; 
Diffusionskonstante des Gases im Flüssigkeitsfilm ; 
Laplace-Transformierte von G ;
Laplace-Transformierte von C* ;

Koeffizientenmatrizen bzw. deren Transformierte;

Stoffaustauschfaktor ; 
Reaktionsgeschwindigkeitskonstante; 
laufender Index;

K onstanten;

Diagonalisiertransformation bzw. deren Inverse;
Parameter der Laplace-Transformation ; 
Polstellen der Laplace-Transformierten ;
Koeffizienten ;
Radius bei der Innenseite der Dünnschicht;
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Ä2
S
t
S
U

h

Uo 1
Üo /

X —
z —
a —
C -
c- -я -
l“ —cu —

Innenradius des Dünnschichtreaktors;
Integrationsvariablen ;
Eigen vektor des Koeffizientenmatrix;
Vektor der exakten Lösung;

Anfangswert, bzw. dessen Transformierte ;

Vektor der Annäherungslösung bzw. deren Transformierte;

Durchschnittsgeschwindigkeit der Flüssigkeit in der Dünnschicht; 
Durehschnittsgeschwindigkeit des Gases im Gasraum; 
Ortskoordinate in der Dünnschichtdicke gemessen; 
Ortskoordinate entlag der Länge des Reaktors ; 
Parameterkomplex ;
Hilfsfunktion ;
Grenzwert der Hilfsfunktion;
Eigenwerte des Koeffizientenmatrix;
Henrysche Konstante;
Parameterkomplex.

LITERATUR

1. P o l i n s z k y , K. et al.: Acta Chim. Acad. Sei. Hung., 85, 161 (1975).
2. P o l i n s z k y , K. et ah: Hung. J. Ind. Chem., 4, 151 (1976).
3. K n e s c h k e , A.: Differentialgleichungen I., Teubner Verl. Ges., Leipzig, 1965.

SUMMARY

With reference to the previous results the author investigated the possibility o f the 
approximate analytical solution of the chemical reactions of first order carried out in a 
rotary film reactor. The error of the approximate solution — compared to the result o f  
the exact solution—was determined by analytical error estimation method.

РЕЗЮМЕ

В настоящей работе, на основе полученных ранее результатов исследуются возможности 
приближённого аналитического описания реакций первого порядка, происходящих в плёноч­
ном реакторе. Ошибка приближённого метода по сравнению с точным решением была уста­
новлена с помощью аналитического расчёта ошибки.
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The heuristic method described is used for approximate analytical 
study of special processes in nonlinear two-phase transport system s. 
Starting from the usual diffusion model, the method gives a relation­
ship between the input data, the parameters and the output data 
of the system. An analytical estimate of the error is used to  show 
that in the case of the source functions occurring in practice, the 
approximate method does not diverge, and its accuracy is satisfactory  
over the whole range of the independent variable.

Introduction

One of the frequently occurring tasks of the operational science of the chemical 
industry is the m athem atical description of diphasic, one-dimensional, sta tio­
nary transport systems, which can be characterized by axial mixing, and by 
a term  of source of an arbitrary  shape depending only on the  value of the 
relevant potentials. As it is known, this description is carried out, taking the 
mixing into account by the formalism of the  diffusion models, by means of 
common, second order, homogeneous, non-linear systems of differential 
equations with two unknowns and of the pertinent boundary conditions of 
partly  inhomogeneous type. However, the second order na tu re  of the m athe­
matical problem, from  the aspect of the operational science o f the chemical 
industry, which prefers the use of equations of first, order, raises certain 
problems of contem plation and interpretation, whose solution appeared to be 
practical. In  addition, the possibilities of the analytical solution of the problem 
of second order are also essentially more lim ited than  those o f problem of first 
order, which are otherwise commensurable from other aspects.

Although a num ber of authors have already dealt with the  approxim ative 
solution of the m athematical models of transport processes of various chemical 
industry types (e.g. [1 —6]), the performed investigations have not been
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extended to  the above m entioned field of problems. On th e  other hand, certain 
initial investigations [7] allowed us to  assume th a t th e  above discussed aims 
could be fulfilled by means of heuristic considerations. In  the present work, by 
an adequate heuristic rein terpreta tion  of the problem of the second order 
serving for the  m athem atical trea tm en t of diffusion models, an approxim ative 
m athem atical model is developed for the  approxim ative analytical description 
of the examined transport system  in th is sense, which description being carried 
out by means of equations of firs t order. On transform ing the problems of the 
second and of the first order into appropriate systems of integral equations 
and on their comparison w ith each other, it can be proved th a t the solutions 
generated by  the equation system  of first order can be considered in fact as 
approxim ative solutions o f the  equation system of the second order.

• I f  the production of only the  outle t potential values, i.e. of the outgoing 
signals is satisfactory, we shall prove th a t  even the effective solution of the 
differential equation system  of firs t order can be avoided, and ultim ately an 
algebraic equation system  will be obtained for the  determ ination of the 
outgoing signals. On the o ther hand, it follows from the  generalized character 
of the initial model th a t  the  m ethod is suitable for the  approxim ative analytic 
description of not only the  processes o f heat or mass transfer of two interacting 
phases, b u t also for th a t  of the  parallel processes of heat and mass transfer 
of one single phase. Furtherm ore, the  m ethod can be further generalized in 
principle, w ithin the fram ew ork of the  basic model, for the  case of equations 
of any arb itra ry  number.

We shall prove by means of an analytical error estim ation th a t  the  error 
of the approxim ation does not diverge in the case of source functions, bounded 
and satisfying the Lipschitz condition on the set o f potential values .to be 
considered in the course of the  given process. On applying the exact and the 
approxim ative m athem atical models in numerical calculations of the same aim 
and on comparing the obtained results, it  can be seen th a t the  suggested 
m ethod is in the param eter in terval of interest from practical aspects, essentially 
more accurate than  th a t expectable on the  basis of the error formula.

The Basic Model and its Approximation

I t  is known from relevant literatu re  (e.g. [8]) th a t the  transport processes of 
the systems characterized in the  foregoing discussion can be described con­
ventionally by an equation system  transform ed to the  norm al form :

d2Ui dui
~ A i l ^  + ~ d x ~ ^ Ul’ Û  = °’ Í= 1,2 ^

(for the sake of simplicity we deal here only with the  direct current systems, 
bu t it can be seen th a t  the  derivations which will be presented can also be 
carried out in the case of counter-current). In  the above problem (1), the 
generalized mixing factors are 0 <  A { <  +  °°, the norm al co-ordinate x  is 
0 =s a; 1, щ denotes the desired potential functions the  transport of the 
extensive quantities pertaining to  which are examined. W ith regard to  later 
discussions, we presume th a t  on the  set of potential values to  be taken  into 
account during the given process the  source functions are bounded and
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satisfy in their all variables the Lipschitz condition w ith the exponent one. 
These conditions are always satisfied a t the source functions occurring in 
practice.

The boundary conditions pertaining to  the equation system (1), are obtained 
autom atically [9, 10] when the eventual mixing occurring in the environm ent 
of the investigated transport system is also described by a diffusion model :

i=  1, 2,

where the relationships (2) and (3) are also transform ed into a norm al shape 
corresponding to the equations (1), ue, are the input potential values. I t  can be 
seen th a t besides the statem ents concerning the source functions, the existence 
and uniqueness of the potential functions generated by the problem (1)—(2)— 
(3) within the  system are ensured.

The equation system ( 1 ) is denoted as the diffusion model of the investigated 
transport system owing to  its analogy with an equation of the general mass 
transport o f such a shape, when in this so-called continuity  equation th e  mass 
flow generated by the phenomenon of diffusion is represented by  a  term  
proportional to  the gradient of concentration. In  the case of a one-dimensional 
stationary system, on expanding the  continuity equation, this obviously 
denotes the  appearance of a term  proportional to  the  second derivative o f the 
potential present, according to the space co-ordinate. Although a term  of sec­
ond order is similarly applied in the  diffusion model of transport system s 
with axial mixing for the description of the mixing process, this term  has no 
physical meaning whatever. I ts  sole function in the  system is the  form al 
representation of the mechanical and therm al effects inducing the  m ixing 
process. I t  is suitable for this purpose, because these latter effects a fte r  all 
alter the  system in the sense of homogenization in the  same way as common 
diffusion does.

Let us now discuss the equation system constructed on the basis of heuristic 
considerations :

( 1+ A i )  - / ! ( * ! ,  vs) =  0, (4)
( I X

and the boundary conditions pertaining to it:
( l+ A i ) v i ( 0 ) - A 1vi(l) = Me1, * = 1 , 2 ,  (5)

where the  functions vt satisfy the problem (4)—(5), whereas the in terpreta tion  
of the o ther quantities present is unchanged. Our next aim is to  examine 
whether the  above functions vi can be used and a t  which accuracy, as the 
approxim ative solutions of the problem (1)—(2)—(3).

The following formal physical interpretation of the approxim ative m athe­
matical model (4)—(5) is quite obvious. According to  the equations (4) corre­
sponding to  the formalism of the normal forms under (1), the volum e rate 
of the convective flows of the transport system in the approxim ative model 
is taken higher by A t than  the real value. This is attained, as understandable
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from the boundary  conditions (5), as nodal point equations, in a way th a t 
the  surplus is allow ed to  recirculate from  the  outlet of the system  to the inlet, 
meanwhile m ain ta in ing  the volume ra te  o f the  convective flows leaving the 
system at a c o n stan t level. Thus, the basic and the approxim ative models 
differ from each o th er, from formal physical aspects only in the  way of inter­
pretation of m ixing. However, this does n o t obviously determ ine the inter­
relations of the ad eq u a te  mathematical models.

Returning now to  th e  former field of problem s, it is obvious th a t the direct 
comparison of th e  problems (1)—(2)—(3) and (4)—(5) is no t successful. 
However, by th e  fo rm al implicit generation o f the  solutions, integral relation­
ships can be ob tained , which may be considered as integral equation inverses 
of the original d ifferen tia l equations also comprising the boundary conditions, 
and thus they are equivalen t to the basic problem  and to its approximation, 
respectively. On find ing  the basis systems of the  differential operators present 
in the equations (1) an d  (4) respectively, then  applying the m ethod of varying 
the  constant [11], th e  following integral equations are obtained:

x * X—£
Ui(x) =  uei + J /i(y i({), M2(0 ) d£+ J<M ‘ / i ( “ i(£)> “2(f)) (6)

0 X

X  1

vi(x) =  “ e,+ J  fi(vi((), v2(i)) d f+  y - ^ j -  J fi(vi(£), v2(S)) (7)
0 x

t =  1, 2.

The formal s im ilarity  of the results (6) and  (7) is a t once conspicuous. On 
examining the m ultip ly ing  factors of the th ird  term s a t the right sides, which 
factors distinguish th e  tw o equations from each other, it can be sta ted  th a t 
th is  latter appears to  be the analytical approxim ative form of the former. 
Namely, it can be p roved  by a simple functional analysis th a t  the  integral

d-deviation of the term s e Al and   Ц- in the  set of the relevant values x  and
1-M j

I  is very small for a ll A x. Consequently, th e  exact and the approxim ative 
problems are in a s im ila r relation to each other, as this is generally the case 
a t  the  construction o f  approxim ative analytical forms.

Finally, it was n o ted  th a t  the form of th e  boundary conditions (5), which 
differs from th a t o f th e  usual initial conditions of equations of first order, is 
an  essential feature o f th e  approximative model. I t  can be seen in tu rn  th a t 
on considering w hat has been said above regarding the source functions f i, 
th e  approximative p o ten tia l functions, which can be determined from  problem 
(4) —(5) always exist a n d  are unique in cases o f practical importance.

E stim ation  of the Error of Approximation

L e t us now briefly su rvey  the  analytical m ethod of determining the  deviation 
o f the  results obtained on using the two types o f m athematical models. Let 
us characterize the accuracy  of the approxim ative model by estim ating from
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above the quantities:
<5t(:r) = Iiti(x) — Vi(a:)|, i= 1, 2. (8)

Then, on using the results of (6) and (7), we obtain from relationship (8) after 
repeated transform ations :

<5i(cc) ^  J  }fi(ui, U i ) , V í )  I df +  J  | / i ( M i , u2)-fi{v i, V i ) d£ +

u2) d£,

1,  2 .

(9)

Since according to  our presum ptions concerning the  source functions f x, 
values of M , and K x can be given by means of wich in the set of potential 
values relevant in the course of the given process :

fui’therm ore :
itfi = max[|/i(Mi, m2)|],

|/i(Mi, M2)-/i(ri, v2)\^ K i  2  \ j-t
i=  1, 2.

( 10)

( И )

So the system of unequalities (9) can be further transform ed on using the 
relationships (8), (10) and (11):

< 5 ,( 0 : ) ^  f 2  < Ш )й | +  - ^ - f 2  0 № d S  +  <n(x,Ai ,Mi ) ,  (12)
J  j-i 1 + A i  J  j-i

where :
i=  1, 2,

f | XA±<pi(x, At, Mi) = Mi e л.
1 +Ai d | =

M i A i  2 M i A t  (  A i  \
M i A i  \1 +e Ai j + - -----— (1 — «) +  —---- —- In ----- -—  1 ,l+^4i l+ A t V l+ A , )

i f  Os ï â  1 + A i  In
At

1 +Ai

MiA ,(.-.w) MiAi Ai+ —--- — (т — 1), i / l+ ^ i ln -^ ——
1 + A1 1 +Ai

(13)
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On introducing the  denotions :

Г 2 2 К  i
Ф ) =  2«i (í)dí. « = 2 - :— T-.J i = i  i _ i  l  +  A i

2 -4íÍ lí 2
ft = 2  , , . . Ф(ж) = 2  Ы*).

1 - 1  1 + Л 1 1= 1

(14)

we obtain from the  system  of integral inequalities (12) w ith the use of the 
denotions under (14) the  differential inequality:

dA
- í d  +  M l J + Ф  ( 1 5 )dx

to  which the initial condition :
4(0) =  0 (16)

attaches itself. F inally , on finding a solution to  the problem (15)—(16), and 
resubstituting this in (15) we obtained an upper estim ation for the total sum 
o f the  errors under (8) :

X  1

2  ài(æ) «= ae«* J  <2>({)e-“id f+  0(x) + ß& j Ф(|)е-“£ d£. (17)
о о

The estimation (17) is no t the sharpest of those derivable from  the inequality 
(15). Anyhow, it can already be sta ted  from  the relationship (17) th a t due 
to  the  readily understandable properties :

l im  <fi(x, Ai, Mi)= l im  <pi(x, At, Mi) = 0, (1 8 )
Ai~*-0 A\~*  T o o

г =  1, 2

o f  the  functions under (13) the error, i.e. th e  deviation between the results 
provided by the problem s of the second order and those of the first order 
tends towards zero if th e  mixing factors A t tend  according to  any arbitrary 
system  towards the  lim it values zero or infinite. These are just the cases 
w ithou t mixing and w ith  complete mixing, which are both of m ajor pratical 
im portance. The num erical analysis of the  functions cp, allows us to guess 
th a t  the error is in general rather small in the  case of source functions f-t 
w hich are of small value and  do not vary  too quickly.

Use of the Approximation for the M athematical Description 
of Special Heat and Mass Transfer Processes

In  th e  following, the  m athem atical description of some im portant operations 
o f th e  chemical industry  will be carried out by  means of the  approximative 
m ethod. First of all, an  im portant rem ark m ust be made concerning the 
s truc tu re  of the source functions f { present in the equations. Namely, these 
differ from each o ther in general, in cases relevant from  the  aspect of
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applications only in a multiplication factor, and thus a separate m ethod can 
be given for the determination of the potential values in the end point from 
the problem (4)—(5).

On taking into account what has been said above, let us now to deal with 
the case:

v2) = Bf1(vi , v2), (19)

where В  is constant. On comparing the  equations of the equation system  (4) 
and applying equation (19) we obtain:

dv 1 I+ A 2 dv2 
(1 + j4 l)  ~dx =  В l x ( 20 )

Relationship (20) can be a t once integrated between the lim its zero and x. 
Thus:

1 -4“ .A-2
(1 + d i )(n - i>i (0)) =  — - —  («2- r 2(0)). (21)И

«

There is a possibility to use the boundary conditions (5), therefore a novel 
form of (21) will be:

1 -f- A  2 A 2 Uez
(1+ A i)vi-A ivi(l)~uei = — —  V2--- — r 3( l )  — . (22)

J) Л  L>

Let us now create a relationship between the  potential values in the  end 
point, from equation (22) on substituting x=  1 :

г>г(1) =  R r i( l)  -  Bue, +  Mea. (23)

Since (23) can be considered as an independent equation, it can 
be resubstitu ted  into equation (22), affording for the potential function of 
subscript 2:

V2 — B l+ A l 
1+ A 2

Vi + В A 2 — A 1 
1 +  A 2

Vl(l) -  BUel + Uetl = V2(v1). (24)

I t  can be seen th a t  in the case satisfying the condition (19) we obtain a 
linear relationship of the potential functions present, in which relationship 
the end point value of one of the potentials occurs as a param eter.

On applying the formula (24) the first equation of the equation system  (4) 
becomes integrable, and with the use of the adequate one of the  boundary 
conditions (5) an algebraic equation is obtained for the determ ination of the  
value ?q( 1 ) :

»id)

(1+A) Í <25>
M ei+^i«i(l)

l+Ai

The value t>2(l) is obtained by resubstituting r ,( l)  into the  relationship (23). 
Obviously, v2(l) may also be obtained in a  direct way with th e  use of the 
inverse form corresponding to relationship (24) :

1 +  A 2 
B(Y + A i)

A 1 — A 2 Uez
V2 + W T Ä j V2{1)- ( 2 6 )

7
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from the other equation of the equation system  (4) respectively, on using the 
other boundary condition. For tha t, the  algebraic equation is as follows :

(1 + d 2)
Me2 + ̂ 2t’2(l) 

l + Az

d v  2

f 2 ( v i ( V 2 ) ,  V 2 )
-= 1. (27)

Investigation of the Adsorption Process Character izable by the Langmuir Isotherm

Let us consider the  following technical problem. A  gas mixture and a  granular 
mass are fed continuously into an adsorber whose cross section is small in 
comparison to  its length. One of the components of the mixture is adsorbed 
by the grain mass along the  length of the equipm ent (here we m ust assume 
conditions under which the  volume rate  of the gas phase does not change on 
the effect of the  process occurring there along the equipment). We presume 
th a t grains adjacent to  each other change places during their motion and that, 
respectively, the  gas is m ixed up forward and backw ard in an axial direction 
during its flow am ong th e  grains. We assume th a t  the intensity of the ad­
sorption process is proportional to the deviation of the actual saturation degree 
of grains by adsorbate and  of the equilibrium  value, which can be calculated 
on the basis of the  Langm uir isotherm [12].

The m athem atical description of the above transport system can be ad­
equately carried o u t by  the  problem (1)—(2)—(3). The occurring source 
functions Д are in th e  norm al form corresponding to  the problem and are as 
follows :

aiL ( a2U2

Vi 1 a3 +  U2

ai L T

f T
a2u2 

az + U2

(28)

where the subscript 1 indicates the phase of the adsorbent, subscript 2 the 
phase of the adsorbate, values V denoting the  volume rates of the phases, values 
a suitable constants, L  th e  length of the equipm ent and T  a proportionality 
factor. I t  is quite obvious th a t  owing to  the non-linearity of the source func­
tions (28) no analytical solution of problem (1) —(2) —(3) in closed form exists.

On the basis of problem  (4)—(5) let us now determ ine the concentration 
г>2(1) of the adsorbate a t  the  outlet of the equipm ent. In  this case, the values 
и of the source functions (28) are according to  the sense replaced by values v, 
furthermore, on com paring relationships (19) and (28) it  can be seen a t once 
th a t:

T V  1

On introducing the denotions :

<*2 =

\ + A z

B= -

A \  — A 2 U-ez

ß2= W T 2 7 ) M 1)~ l T +l,ei

(29)

'B (l-M i)  ’

and comparing expressions (26)—(30) we obtain the  following relationship:

(30)
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aiTL
»2<1>

F2( l+ d 2)
Г ( azVï )-1

=  - ------------- CI2 V 2  — p 2  dv 2.
J  {CI3+V2 J

(31)
«e 2 + ̂ 2̂ 2(l)

1+A2

In  order to  integrate let us arrange the right side of expression (31) to  the 
usual form:

»2( 1)
aiTL

F 2(l + Аз) - I (»2 4- аз) dv2

Me2 + ̂ 2f2(l)
a2r |  +  (a2a3 4- |ß2 — а 2)г2 +  /?2аз

(32)

On" carrying out the integration under (32) [14] we obtain the  below given 
algebraic equation for the determ ination of v2( 1 ) :

aiTL l
- = -----In  -

0L3v\( 1 ) +  ( а2аз +  ßz — а2)г>2( 1 ) +
F*(l +  Аз) 2а2 а2 Me2 + d 2î)2(l) ]2

+-

1 4- Аз j
а2аз + а2 — ßz

4- (а2«з4- ßz — аз)
Пег 4- d 2r 2(l ) 

1 4- A 3

-+
4" ßzaz

4а2 (а2га34-/32- а 2)2
—  а 2/?2а з

\ 1/2
(33)

2а2г>24- ß2+ а2аз
In

-  а 2 -  2
(а 2аз4-/?2 — яг)2 Л1/2-|»2<П

а 2 /32а з

2а2г>2 4- /?г 4- а2аз — а2 4- 2
(а2«з4- ßz — аз)2

—  а 2 /32о з
11/2

ме2+-̂ 2̂г(1)

since on investigating the possible values of the occurring physical param eters 
it can be seen th a t :

(а2а.з4-/?2- а 2)2 
--------------------- агргяз > 0.

For the sake of conspicuity we did not indicate the  limits of integration in the 
second term  a t the right side.

The solution of equation (33) for the value of v2( 1 ) can be carried out only 
by numerical methods. However, we obtain a direct reply to  th e  question of 
much greater importance from  practical aspects, i.e. which equipm ent length 
is needed in the given case of other process param eters for a  change of de­
term ined extent of the adsorbate concentration.

Investigation of Absorption in  the Case of a Transfer Term of General Form

Let us introduce a liquid continuously a t the  lower end of an absorber of 
longitudinal shape, located vertically, and spray a gas m ixture into it. One 
of the components of the m ixture representing a small portion of the to tal 
volume is absorbed by the liquid. However, under such conditions the volume 
rate  of the gas phase along the equipment cannot change appreciably. From 
the aspect of its volume elements, the liquid is intensively m ixed up by the 
bubbles moving upwards in the liquid. This movement reacts and creates to  
a small extent dispersion of the given bubble front. The in tensity  of the ma­
terial flow from the gas phase into the liquid phase can be determ ined on the

7*
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basis of the two-film  theory  [12], consequently the  diffusion model applied 
for the equipment has th e  following source functions :

a\L
/ 1 = -r— (uz — azui)p, V1

h = -
aiTL

V2
(U2 — Cl2Ul)F ,

(34)

where 1 is the subscript o f the liquid phase, 2 the  subscript of the  gas phase, 
P  the general exponent o f the  transfer term, whereas the interpretation of the 
other quantities corresponds to  those given previously (the particular n^me 
of the  param eter a2 is: H enry  constant).

On the basis of the  approxim ative model, the  algebraic equation obtained 
w ith the use of the  relationships (26), (27), and (29), (30), and (34) for the 
determ ination of the  o u tle t concentration of w2(l) is:

a,TL 
Vг(1 +  Az)

v2(l)

J  (v2 — az(a.2 V2  +  ß zf)~ v dv%.

uez+AzVzil)
(35)

Then, on carrying o u t th e  integration in equation (35) and arranging the 
result, we obtain :

aiTL J r
------------ = -------------------  I ((1 — U.2a2)V2(\) — «2/52)1-i> —
F 2(l + A 2) (1 — a2ffl2)(-P— 1) L '  V '  ’

( Me3 + d.2U2(l)
- 1 ( 1 -  «2Я2)- ~ 1 -  azßz I J .  (36)

In  connection with equation  (36), the same considerations can be made as 
those in the case of the  exam ple of adsorption.

Description of a Reaction of F irst Order on Taking into Account 
the Reaction Heat of the Process

A gas continuously enters an  adiabatic tube reactor packed with a  catalyst, 
a t one of the ends of th e  reactor. The gas is isomerized by an exothermic 
reaction of first order. The increase of the specific volume of the gas mixture, 
due to  the rise of tem perature , is neglected. In  this case, the volume ra te  along 
the  equipm ent is unchanged. Let us assume th a t the  mechanical action of the 
catalyst bed on the flow o f gas is similar to the conditions described in the 
adsorber. The heat and m aterial balance of the process is described correctly 
by  problem (1)—(2)—(3), th e  source functions are according to  the Arrhenius 
relationship [12] as follows:

aiLui
= ---------- e “zJ Pi

aiTLu! _f!
/ 2=---------- e “2
J V2

( 37 )
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where 1 is the subscript of the m aterial balance, 2 the subscript of the  heat 
balance, thus u1 indicates the concentration of the  still not isomerized compo­
nent, whereas u2 is the  tem perature of the gas m ixture.

On the  basis of the  approxim ative model, let us determine the ou tle t con­
centration tq(l) from which we can reach conclusions concerning the  efficiency 
of the reactor. On introducing the denotions :

l + d l  A i— Al
<X1 =  B --------—  , ß i  =  B ------------—  *>i(l) — B u ei +  u e i, (38)

1 +A2 1 +a 2

and comparing the relationships (24), (25), and (37) and (38), we obtain for 
the determ ination of ?>,(!) the equation:

®iU>
a \L  г 1

V i ( \ + A i )  J Vi
дз

e « l » l + f t  dvi .

1+Ai

(39)

In order to carry out the integration let us introduce the new variable: 

w = ---- -——. Subsequently, after repeated transform ations of the integrand
“A  +  Pi

and distribution to partial fractions, we obtain from  equation (39):

a \ L Г 1
V i ( l + A i )

■ e«2w dw - e“2w dw.

t)l
w -----

Pi

1 + A x
-+ßi

1 +  A t -+ßi

On introducing the so-called integral-exponential function [13]:
X  ~ B  X

(• el г Г e* f e 1 1Ei(x)= J y d í= lim j^  J y d i + J —d í j ,

(40)

(41)

whose function values are given in tables, the  final form of equation (40), 
after carrying out the  integration [14], will be as follows:

a\L --Ei
V i ( l + A i )  Ui«i(l) + Pi

j - E i C l2

uei + AiVi(\)
“1— тг~л— + P11 + Ai

+

02
-)- eft Ei ai

uei +  Ai Vi ( l )
<*i----—л--------1 P11 -f- A i

C l2

T
02

- eft Ei ( «2 a 2 ]
(,am (l) +  Pi p j

(42)

Although the numerical determ ination of the potential value in the  end point 
is no t a simple task, the inverse formula can still be well used for the deter­
m ination of the geometrical length of the reactor carrying out the given con­
version.
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РЕЗЮМЕ

В данной работе описывается эвристический метод приближённого аналитического исследо­
вания двухфазных, нелинейных систем переноса. Исходя из традиционной диффузионной мо­
дели, данный метод даёт зависимости медлу входными данными, параметрами системы и 
выходным сигналом. Путём аналитической оценки ошибки показано, что в случае встре­
чающихся на практике функций источников данный метод не расходится, и его точность удов­
летворительна в пределах всего интервала независимой переменной.
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As a starting relation, the general filtration equation was adapted 
for the filtration in centrifugal force. After transforming the equation 
into a appropriate form, the reciprocal rate of filtration was plotted 
against In  (гз/ r i ) .  The slope of the curve gave a(l — e).

To determinate a(l — e), it was necessary to test the tim e changes 
of cake thickness and filtrate output at a constant pressure. “In situ” 
determining the a( 1 — e) one can estim ate the filtrate output of the 
industrial-sized filtration centrifuge at the same filtering suspension, 
filter medium and centrifugal force.

This project was aimed a t the developm ent of an appropiate m ethod to  
calculate the volum etric performance of industrial filtration centrifuges. The 
multiple of the specific resistance and porosity of the filter cake measured on 
a pilot plant centrifuge was used for the  input param eter. In  the case of 
compressible filter cakes, the multiple of porosity and specific resistance 
is measured in situ  in the pilot plant filtration centrifuge.

Calculation s ta rts  with Grace’s equations [1]:

Geometrical d a ta  are shown in Fig. 1.
In  the  case of compressible filter cakes Eq. (1) can be integrated according 

to  the space co-ordinates only when the  specific resistance and porosity are 
known functions o f the  cake layer thickness, and the layer thickness is a known 
function of time. Changes in the cake thickness are assumed to follow the

d V  f l l i m  р ш Ц г г  —  r f )
( l )
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„first order ru le” , i.e. :
d r2
— — =  - a -r 2 +  b 
d t

r2\t-a  =  r2 /•2 ] t = «  =  n
( 2 )

Having allowed for the  boundary conditions, the solution of Eq. (2) becomes:

r2— (rs — n  )e~a t+ r% (3)
where param eter a is obtained by fittin g  Eq. (3) to the m easured cake layer 
thickness as tim e values determined in a  p ilot plant centrifuge.

Grace’s equation can be applied only for incompressible cakes. Let us there­
fore divide the  filtra tion  run into sm all tim e segments, At, during which the 
cake can be considered incompressible.

I f  Eq. (3) is known then  Eq. (1) can be integrated in all these tim e segments 
and dVjdt d a ta  can be obtained:

dV
dt

л 3п 2дк(гз — ri)

302fi |5 j t (  1 — ëAt) ln  j  +  —  j
(4)

Let us introduce two compounded param eters which are constant for any 
given machine and  m aterials to be filte red :

C— л3п2дк(гз — ri) 
302^

Rm
ГЗ

( 5)

Thus Eq. 4 can be rew ritten as:

F i g . 1 .

N o m e n c l a t u r e  o f  t h e  f i l t r a t i o n  i n  c e n t r i f u g e
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So if C.dt/dV  is plotted against In (r:i/r2) then the slope of the line yields 
the multiple of the specific resistance and porosity. I f  the output flow rate 
of the filtra te  is measured and the kinetics of the cake layer thickness increase 
is detected, then the curve corresponding to Eq. 6 can be obtained for the 
filtration period (  Fig. 2):

F ig . 2.
Illustration to Eq. (6)

Based on experiments carried out in a pilot plant centrifuge, the  m ultiple 
of porosity and specific resistance can be obtained for each At interval.

The geometrical (r1, r2 , r3, h) and operational (n ) param eters of an industrial 
centrifuge are known to aid the selection of the appropriate type. I f  geometrical 
and operational parameters, as well as the porosity and specific resistance 
belonging to  a given tim e interval are suitable for Grace’s equation (Eq. 4), 
then the numerical integration can be carried out. I f  the com putation is 
repeated for all the successive time intervals, then the  volumetric performance 
of the filtration is obtained.

The above mentioned com putation m ethod necessitated the development 
of a new experimenthal technique. As regards the model centrifuge, the  main 
requirem ents of the theory are as follows :

The liquid level should be m aintained a t a constant level by a  controlled 
feed ra te  for filtration carried out a t a constant pressure and in the  knowledge 
of dV /dt required for Eq. (6).

The changes of the layer thickness of the filtration cake should be measured 
during the course of filtration with param eter a in Eq. (3) obtained by para­
meter fitting.

SYMBOLS

a  — parameter in eq. (2);
h — height of the filter cake;
t — time ;
lim  — resistance of the filter cloth ;
V  — volumetric performance of the centrifuge; 
n  — distance of fluid above the cake ]
r 2 — distance of cake surface }• from the axis o f the centrifuge ;
гз — distance of filtering linen



4 3 8 G. H alász Vol. 0.

a — relative resistance; 
e — porosity ;
g — density ;
/I — dynamic v iscosity; 
со — angular velocity .
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РЕЗЮМЕ

Взятое за основу общее уравнение фильтрации используется автором применительно к про­
цессу фильтрации в поле центробежных сил. После приведения данного уравнения в соответ­
ствующую форму, обратное значение скорости фильтрации изображалось, как функция от 
I n  (r3/r2). Крутизна кривой даёт значение (1—е).

Для определения а(1—е) необходимо исследовать изменение во времени толщины лепёшки 
на фильтре и выхода фильтрата, при условии постоянного давления. Определив а(1—е) в 
данной модельной пилотной центрифуге, можно оценить выход фильтрата промышленной 
фильтрующей центрифуги для тех же: фильтруемой суспензии, материала фильтра, и центро­
бежного поля сил.
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