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The authors elaborated a technology for the production of vanadium
(IV)-chloride and vanadium (V)-oxide-trichloride, starting from baux-
ite processing. On the basis of the results, model experimental re-
actors were constructed, such as a steel reactor for chlorination and
a salt column for purification, from which impurities can be continu-
ously removed in the form of complex double salts.

The production of vanadium(V)-oxide-trichloride was accomplished
by partial oxidation of vanadium(lV)-chloride with air accompanied
by ignition.

Reactors with high productivity can be constructed inexpensively.
The energy consumption of the process is quite 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-metallurgy—a steadily developing branch of metallurgy—produc-
es metals by entirely new chemical reactions. The main results can be sum-
marized as follows:

a) Various processes on an industrial scale for the preparation of metal-

b)

chlorides are known which can easily be developed and designed for
automatic operation. Such processes cover the preparation of titanium-
tetrachloride, uranium-tetrafluoride, and aluminium-trichloride, etc.,
plus numerous rare metal-chlorides.

A number of processes are used for the separation and purification of
metal-chlorides, the majority of which are dependent on the difference
in the melting and boiling point, and vapour pressure of metal-chlorides,
respectively.

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

e) The construction material problem can be considered as solved. In the
majority of cases this is not relatively cheap, but a small-size, efficient
reactor can be built at a favourable price.

f) The main advantage of halogen-metallurgy processes is that metal is
more easily produced from metal halogenides, than from metal-oxides.
In addition, a better possibility exists for making the processes more
efficient. Tor example, bipolar cells of chloride-electrolysis, different
Kroll syntheses, and reductions by hydrogen, etc.

g) Finally, the energy requirement 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 metallic vanadium starting from bauxite ore goes through
the preparation of vanadium-tetrachloride, vanadium trichloride and vana-
dium sponge. Vanadium oxide trichloride (VC130) might also occur during
the process. The aim of our work was to develop economic and efficient
processes that can be readily developed, which can serve as the foundation
for the development of technology for other 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 parameters of the continuous process were established.

3. On basis of the results obtained in this way, an experimental unit with
a higher capacity was designed and operated for a longer time.

Preparation and Purification of Vanadium(lV)-Chloride

The main phases of the development work were following :

The synthesis was selected for vanadium(1V) chloride production, i.e. the
product was made from primary vanadium produced by alumino-thermic re-
duction (approx. 80% purity) and elemental chlorine. The reaction involved
is satisfactorily exothermic, fast and we can presume an almost complete
conversion.

Based on the literature of the last hundred years, synthesis processes were
summarized in Table 1.

Except for two methods, the processes involved are of laboratory-scale,
carried out in a quartz tube unsuitable for development. The processes of
Foley and co-workers [1] for the preparation of chlorides carried out in a
furnace provided with a heat-resistant lining and that of W. Thiel [2] carried
out in ceramic-lined reactor can already be considered small-scale technical-
size methods. However, these are processes of a small specific output, and a
bigger quantity of material cannot be burnt 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

Construction

Process Initial raw Tempoerature Development material Year and remarks
materials 0 stage of the reactor
Roscoe 1870
Koppel 1905
Ruff 1911
Meyer Vo, 600—1000  aboratory quartz 1924
Voigt 1924
Starr 1940
Stschuckarev 1956
laboratory igg;
Tyczak - semi-continuous .
Foley synthesis 600—1000 technical quartz construction
material
scale
unknown
Freiberg large scale ceramic unrelieligelse4
ENE2 Nb, Ta+ CI2 600—1000 laboratory lining construction
process .
material
large-scale witho&?es
FKI Id synthesis 600—800 laboratory quartz ti
r0Cess continuous
P heat removal
- cooled 1970
FKI1 11 synthesis 800—1000 srgz:}ll—:iczfﬂe steel with continuous
p reactor heat removal
1. FK 1 =Fémipari Kutaté Intézet (Research Institute for Non-Ferrous Metals) Budapest.
2. FNE = Forschungsinstitut f. Nichteisenmetalle Freiberg.

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, the
formation of vanadium(lY)-chloride is more rapid and complete —as can be
seen from Fig. | —if we work above 600° C temperature.

Time, min
Fig. 1.

Quantity of vanadium(1V) chloride formed from raw vanadium at different temperatures
as a function of time
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Below 600° C temperature sigmoid-shape-eurves were obtained, indicative
of autocatalytic processes. The ignition temperature of vanadium in a chlorine
atmosphere was found to be 600° C.

Time, min

Fig. 2.
Quantity of vanadium(1V) chloride formed from raw vanadium at different gas velocities
and chlorine gas concentration respectively as a function of time

In the next series of measurements, according to Fig. 2 the rate of vana-
dium(1V) chloride formation increased depending on the velocity of the chlor-
ine gas stream, which indicated that the.reaction took place in the kinetic
field, and was not hampered by diffusion processes.

Thus, in a continuous process it can be expected that we can work in the
high-velocity range. In addition, the accumulation of a larger quantity of
raw vanadium can be avoided and also the risk of sintering.

The tubular quartz reactor of a vertical arrangement on laboratory scale
was designed on basis of the model test results. Chlorine gas was fed into the
reactor from the bottom and led through the raw vanadium bed. The device
was suitable for the production of vanadium(1V) chloride at the rate of 1kg/h.

Modifications were necessary in two fields, one of them was the separator
operated on the principle of fractional condensation used by Foley and co-
workers [1] in which impurity metal chlorides were separated above the boil-
ing point of vanadium(1V) chloride, at 200° C, and the other was the quartz
reactor which inhibited technical scale operation due to its fragility.

A limitation in the efficiency of the separator is shown in Fig. 3. By this
method it is possible to separate only 80 per cent of the iron-chloride (Fe2ClI6)
and 40 per cent of aluminium-chloride (A12C16). In addition iron-chloride and
aluminium-chloride take part in the undesirable decomposition of vanadium
(1V) chloride occurring during its condensation, which leads to clogging.

A process for quantitative separation was required, which was found in
the formation of the chloride-complex composed of sodium-chloride, with
iron- and aluminium-chlorides. The principle used by Korshunov and Moro-
zov [4] was applied in a vertical column filled with lumpy salt. In this column,
at 300° C, reaction yielded—in quantitative way—a chloride-complex com-
posed of iron and aluminium-chlorides, which in a melted condition drained
out at the bottom of the column.

The replacement of the quartz tube by another—possible metal—construc-
tion material of good thermal conductivity was a major problem. The sug-
gestion was put forward to keep our construction material close to room tern-
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Separation of metal-chlorides in the separator as a function of holding time

perature to prevent its damage as it is subjected to strong corrosion at a high
temperature. This was in complete agreement with our other objective, name-
ly, the increase in efficiency is accompained by a proportional increase in
exothermic heat, which we wanted 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 example a steel tube with a diameter of 100 mm and with a
length of 300 mm, has a heat permeability of 4000 kcal/h. This was com-
pared in Table 2, with the heat formed during the formation of vanadium(1V)

Table 2.
Comparison of reaction heat formed during different outputs with the heat
that can be removed by a 100 mm diameter steel tube*
Heat Removable .
VCu formation ea Difference Remarks
(kg/h) (kcal/h) (kcal/h) (kcal/h)
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 -480 in balance
6 4460 4040 + 410 in balance
6 6340 4040 + 1300 too high overheated
7 6230 4040 + 2190 too high, overheated

Wall thickness: 10 mm; temperature difference: 45—35° C=10° C.
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chloride on a scale of 1, 2, 3 kg/h, etc., minus heat needed for the warming

up of raw materials and removed by metal chloride vapours and chlorine.
Thus, the thermal equilibrium of our imaginary test reactor is reached at

an output of 4-5 kg/h. The accuracy of above calculation was verified by

experiment. The warming up of the cooling water came up to our expectation

and adapted itself entirely to the charging, thus charging could be controlled

by a contact thermometer. Fig. 4 shows the pro-

cess flow sheet of an automatically operated

bench-scale operation unit linked up with a salt

column and condenser.

Process flow sheet of recovery and purification of va-

nadium(lV) chloride on scale of 15 kg/h reactor for the production
1 — chlorine gas cylinder, 2 — rotameter, 3 — contact of vanadium(lV) chloride on
manometer, 4 — indicator bell, 5 — pressure gauge, a scale of 15 kg/h
6 — make-up chlorine, 7 — steel reactor with water

jacket, 8 — water inlet, 9 — salt column, 10 — ther-
mometer, 11 — complex-chloride outlet tube,12 — ther-
mometer, 13 — complex-chloride collector, 14 — cyc-
lone condenser, 15 — water input, 16 — VCl4-collection,
17 — outgoing gas, 18 — contact thermometer, 19 —
indicator, 20 — cooling water outlet, 21 — supplemen-
tary chlorine gas cylinder, 22 — raw vanadium charging,
23 — salt charging

The cooled steel reactor is shown in Fig. 5.

The productivity of the automatically controlled plant is high: 15 kg/h.
The iron and aluminium content of the product is below 20 ppm Due to its
readiness to decomposition, vanadium(l1V)-chloride has to be protected against
light, humidity and heat, and used if possible, within few days.

Preparation of Vanadium(V) Oxide Trichloride (VC13)

A summary of the laboratory processes so far known for the preparation
of vanadium(V) oxide trichloride is given in Table 3.
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Table 3.

Process

Ruff
Lickfett
1911

Ruff
.Lickfett
1911

Ruff
Friedrich
1914

Ruff
Lickfett
1911

Oppermann
Gmelin
Slawish
1962, 1970

Hecht
Janden
Schappman
1947

Scheiden
Tyree
1969

Du Pont
1959

Ruff
Lickfett
1911

Roscoe
1868

Dynamit-
Nobel
1962

New FKI1
process
1970

1FKI = Fémipari Kutatd Intézet (Research Institute for Non-Ferrous Metals) Budapest.

Preparation of Vanadium Chlorides

Comparison of processes for making vanadium (V) oxide trichloride

Starting

materials

v203+c+ci2

V203+S2Cl

VClsa+ 02

v 20 5+ CI2

v2o5+c+ci2

v 5+soci2

v2o05aicis

NHVOs3+
4-air+ Cl2

vci3+o2

VCl4+Na

VCla+ 02

VCla+ air

Temp.
°0

2—300

2—300

600

2—400

2—400

300

300

200—400

5—600

152

300

400—450

Development
stage

laboratory
tests

laboratory
tests

laboratory
tests

laboratory
process

laboratory
process

laboratory
process

laboratory
process

technical
scale
operation

laboratory
tests

laboratory
purification
process

technical scale,
batch process

technical scale,
continuous
process

Construction
material
of the reactor

quartz

quartz

quartz

quartz

quartz

glass

unpublished

unpublished

quartz

glass

unpublished

nickel

Kemarks

contaminated
product

contaminated
product

uncertain, too
much V20s
was formed

not yet ela-
borated

contaminated
product

boiled with
reflux-cooler,
contaminated
product

product con-
tains some Al

at first V20s

is produced by
the fluidising
technique

expensive
procedure

risk of explo-
sion. Earlier
used for puri-
fication

indirect, slow
oxidation,
batch process

direct flame
reaction
continuous
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The unsuccessful experiment of Ruff and Friedeich [5] fifty years ago
was chosen as the starting point of our method among the existing laboratory
processes. The vanadium(IV) chloride was treated with oxygen at red hot
temperature and a lot of vanadium-pentoxide was formed in addition to va-
nadium”) oxyde-trichloride.

During the kinetic measurements carried out at different temperatures and
with different oxygen-nitrogen mixtures in the model unit illustrated in
Fig. 6., it was found that the process takes place under a strong flame forma-

Fig. 6.

Scheme of model reactor

1 — air, 2 — compressor, 3 — VCl4boiler, 4 — heating, 5 —
sealing, 6 — VCl4-inlet, 7 — inspection window, 8 — charging,
9 —transparent model-reactor, 10 — thermo- meter, 11 — cooler,
12 — outgoing gas

Fig. 7.

Formation of vanadium (V) oxide trichloride and vana-
dium-pentoxide as a function of VC14 temperature

tion at 400° C temperature. The formation of undesirable vanadium pent-
oxide can be reduced from 15 per.cent to 5 per cent (Fig. 7.) by the appro-
priate setting of the inlet gas temperature and to a neglible value by the use
of a suitable nitrogen dilution according to Fig. 8.

Fig. 8.
Formation of vanadium (V) oxide trichloride and vanadium-pentoxide as a function of
the oxygen concentration
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Finally, the dilution resulted in a gas mixture corresponding to the 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 not decom-
pose, and can be easily purified by destination. The product is not only used
as a catalyst, but also as an important basic
material for the manufacture of vanadium-pen-

toxide of semi-conductor quality.
In Fig. 9 the flame reactor and in Fig. 10
the process flowsheet of a laboratory unit of 10

kg/h output can be seen.

Fig. 9. Fig. 10.
Scheme of nickel flame Process flow sheet of the manufacture of vanadium
reactor (V)-oxide-trichloride on scale of 10 kg/h
1 — turbo-blower, 2 — rotameter, 3—4 — silicagel
columns, 5 — air preheater, 6 — current inlets, 7 —
thermometer, 8 — flash-distillator, 9 — thermometer,

10 — heater, 11 — pressure gauge, 12 — pressure diffe-

rence, 13 — VCl4-bottle, 14 — feeder, 15 — vacuum

pump, 16 — filter, 17 — feeding valve, 18 — inspection

window, 19 — flame reactor, 20 — thermometer, 21 —

cyclone condenser, — 22 cooling water, 23 — outgoing
gas, 24 — VCLO-eollecting bottle

The above processes and equipments are also suitable for the preparation and
purification of other metal-chlorides, verified by the production of niobium(V),
and tantalum(V) chlorides carried out in this device. Two Hungarian patents
cover these methods. [6, 7]
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PE3IOME

ABTOpaMyn pa3paboTaHa TEXHONOTUS HEMPepbIBHOro MoayveHus xnopuga BaHagua (IV) n Tpéx-
XxnopucToro okucna BaHagmns (V), MICXOAHbIM CbIpbEM 415 KOTOPOU CNY>XMT He06paboTaHHbIA BaHa-
[uiA, nonyyeHHbI B xofe nepepaboTkn 60KcUTa. Ha 0CHOBe pe3ynbTaToB, NOMYUYEHHbIX B X0f4e MO-
[eNbHbIX OMbITOB, GbIIM CKOHCTPYMPOBaHbl HEOGXOAVMMbIE PeaKTopbl. TaK AN8 X10pMPOBaHUs Npu-
MeHSeTCA CTa/lbHOI peakTop, a AN 0YACTKM — COMieBas KOJIOHHA, N3 KOTOPOIA 3arpsisHAtoLLIe KOM-
NMOHEHTbI HEMPepbLIBHO OTBOAATCA B BUAE ABONHbIX KOMNaeKcHbIX conei (NaAICli n NaFeCij).

MonyyeHne TPEXXNOPUCTOro okucna BaHaaus (V) ocyLLecTBNsSeTCS NYTEM NapLManbHOro okucne-
HUA xnopuga BaHagms (1) BO34yXOM, UTO COMPOBOXAAETCS peakuueil B NaaMeHU.

M3roToBNeHNe TaKMX PeakTOPOB BbICOKOW MPOU3BOAUTENLHOCTU He TpebyeT 6GO/bLUMX 3aTpar.
OcyluecTBNEHNE 3TUX CMOCO6G0B MOMYyYeHUss CONPOBOXAAETCA MWUHUMaNbHLIMU 3HEPTeTUYECKUMU

3aTtpatamu.
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The development and testing of the efficiency of a new metal catalyst
for the elimination of air pollutants of different types are described.
The new catalyst contains a very small amount of noble metal in
a highly dispersed form on a solid support. Due to the unique struc-
ture of the catalyst, high efficiency can be achieved at relatively low
temperatures.

The effects and the interrelation of the temperature and space
velocity are demonstrated by virtue of the conversion curves. The
development of catalytic oxidation processes for industrial air pollu-
tion problems by using the new catalyst is discussed. Industrial real-
isation of the process is described and further developments of cata-
lytic reactors are indicated.

Introduction

Various adsorption and absorption processes, thermal and catalytic combus-
tion methods have been developed and introduced for the elimination of harm-
ful and malodorous substances in air and industrial off-gases. The selection
of the most suitable method for a given task mainly depends on the quality
and concentration of the pollutants. For the elimination of inflammable sub-
stances in low concentrations, catalytic oxidation is considered to be the most
suitable method from the 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
guality and concentration of the pollutants involved.

Catalytic oxidation is achieved with catalyst composites containing cataly-
tically active metals or metal compounds on supports. For the elimination
of air pollution in the main noble metal 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 that the efficiency and other characteristics of the catalyst
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composite vary considerably, depending on the quantity of the metal compo-
nent as well as on the operating conditions used in the coating procedure.

On the basis of our experimental results, it was ascertained that by ap-
propriate selection and control of the operating conditions, high efficiency
catalysts can be prepared with a very low metal content. By changing the
operating conditions, the characteristics of the catalysts can be modified
within a certain limit depending on the assignment given [1].

The new catalyst contains about 10 6-10~7 g/g palladium calculated to the
unit weight of the support used. The metal is very highly and uniformly di-
stributed on the surface of the support, making a fast interaction possible
with the pollutants from the air passed through the catalyst bed [2]. Due to
the special structure of the catalyst, high efficiency can be achieved. The high
activity of the catalyst makes it possible to eliminate pollutants in a low con-
centration at relatively moderate temperatures and with high space velocities.
A very important characteristic of the catalyst is its behaviour in the pres-
ence of such compounds which are regarded as catalyst poisons. According to
literature, catalysts prepared in the usual way and containing 10-2-10-3 g/g
platinum metal are very sensitive against sulphur compounds (mercaptans,
sulphides) and the activity of such a catalyst rapidly decreases. The activity
of our catalyst did not show any decrease when working for a prolonged time
with gases containing a considerable amount of sulphur compounds. This ca-
talyst was also successfully applied for the elimination of phosphorus contain-
ing air pollutants (insecticides).

The choice ofthe support depends on the given assignment. Several alumina
and ceramic supports of different types and different surfaces areas were used.

W ith regard to the process, the shape and the size of the support determine
the pressure drop in the catalyst bed. During our experiments, supports of
various shapes were investigated. In Table 1. the main characteristics are
given of the catalysts studied.

Table 1.
Characteristics of the catalysts developed
Shape Baschigrings Balls Honeycomb tubes
(Material) (ceramic) (alumina) (alumina)

Size, mm ) 5—25 6— 10 43x43x100
Bulk density, kp1"1 0.8 1.0 0.9
Temperature range, °C 180— 450 180—450 180— 450
Upper temperature limit, °C 1000 800 900
Space velocity, hr1 10—50 000 20— 100 000 20—200 000

Testing the Efficiency of Catalysts

The efficiency and life duration of catalysts were investigated in reactors
coupled with a gas chromatograph. The flow-sheet of the reactor system is
shown in Fig. 1. The reactor is connected in by-pass to the gas chromatograph
and by switching the appropriate valves, samples can be directly introduced
into the gas chromatograph from the reactor inlet and outlet, respectively.
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Reactor—gas chromatograph system
1 — Flow meter, 2 — Catalytic reactor, 3 — Sampling valve, 4— Sampling loop, 5 —
Switching valve, 6 — Gas chromatograph

Different reactors of 1-100 cm3volume 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 number of air pollutants
were measured as a function of the concentration, temperature and residence
time. The compounds investigated are listed in Table 2.

Table 2. . ) )
Air pollutants investigated
Hydrocarbons Sulphur compounds

Methane 2,2,4-Trimethyl pentane Methylmercaptan Carbonyl sulphide
Ethane Benzene Ethylmercaptan Dimethyl sulphide
m-Pentane Toluene Butylmercaptan Butyl sulphide
n-Hexane Xylene Amylmercaptan
Cyclohexane Tetralene Phosphorus compounds

o-ethyl-S,S-dipropyl dithiophosphate

Oxygen compounds 0,0-diethyl-S-ethylthiomethyl dithiophosphate

Methanol Acetone
Ethanol Ethyl acetate Solvents
Isopropanol Formaldehyde Shellsol-A Mavesol DS

Butanol Formic acid Aromasol Helux



14

K. Szepesy, K. Weither and Zs. Sebestyén Vol. 6.

Conversion of some model substances vs. temperature
Space velocity: 10,000 h“1

In Fig. 2 the conversion curves of some of the investigated compounds are
shown as a function of the reactor temperature. It can be seen in the figure
that for most of the compounds shown an about 95% conversion can be achiev-

ed at about 300° C, however, for cyclohexane the same conversion can be
achieved only at 350° C.

Fig. 3.
Conversion of methanol vs. residence time (4 g/m3methanol in air)
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In Fig. 3 methanol conversion curves are presented as a function of the
residence time measured with air containing 4 g/m3 methanol. As the figure
shows, 98% conversion can be achieved at a 300° C temperature with a resid-
ence time of 0.05 sec, at 270° C with a residence time of 0.1 sec.

The temperature and the residence time are interrelated in a given conver-
sion range. At a higher temperature, lower residence time is sufficient, that
is to say a higher space velocity can be applied in order to achieve a given
conversion.

In Fig. 4 the same types of conversion curves are shown measured with
air containing 35 g/m 3 methanol.

Fig. 4.
Conversion of methanol vs. residence time (35 g/m3 methanol in air)

It can be seen in the figure that the residence time corresponding to 98%
conversion is 0.09 sec at 300° C and 0.13 sec at 275° C, respectively. These
residence times are somewhat higher than that obtained with air containing
4 g/m 3methanol.

By comparing the conversion curves presented in Fig. 3 and 4, it can be
seen that the catalyst can efficiently be applied for the elimination of pollu-
tants that 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 pollutants.

For demonstration purposes, the relationship between the temperature and
the space velocity is shown in Fig. 5 for the elimination of different pollutants
with the same conversion from air containing methanol, 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
at a given temperature, or putting this another way, in order to achieve the
same space velocity a higher temperature is required.

In some cases the selection of operating conditions is also influenced by
other factors. For the elimination of compounds which are harmful or malod-
orous at 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.

Interrelation of temperature and space velocity for the oxidation of some model sub-
stances at 98% conversion

figures representing the conversion curves, such a high conversion can be
achieved by increasing the temperature and decreasing the space velocity,
that is by the appropriate adjustment of these two parameters.

Generally speaking it can be concluded that the optimum conditions of
a catalytic oxidation process can be established on the basis of experiments
in the knowledge of the concentration and quality of the pollutants to be
eliminated and the required purity of the outlet gases.

Development of Catalytic Oxidation Processes

On the basis of industrial requirements, process technologies have been de-
veloped for the elimination of harmful substances in air and industrial off-
gases [3].

The main steps of this development were as follows:

1. Selection of the appropriate catalyst based on laboratory measurements
carried out in the microreactor—gas chromatograph system.

2. Laboratory and bench-scale experiments with model mixtures under dif-
ferent operating conditions.

3. Experiments 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 measurements,
a mobile catalytic oxidation unit furnished with an electrical preheater was
built with a capacity of 60 Nm3h. The flow-sheet of the equipment is shown
in Fig. 6.

Fig. 6.
Flow diagram of the bench scale reactor system
Fan, 2 — Preheater, 3 — Catalytic reactor, 4 — Flow meter, 6 — Pressure gauge,
9 — Sampling points, 10, 11 — Temperature recorder, 12, 13 — Temperature control

1 —
7, 8,

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

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

On the basis of the laboratory model experiments and measurements car-
ried out in the plant, it was demonstrated that the malodorous substances
from the effluents can be completely eliminated by catalytic oxidation. The
catalyst selected on the basis of laboratory experiments can be used for
a longer period without a decline in activity.

It should be noted that some of the malodorous substances, i.e. mercaptans,
have a very low odour threshold value, below 0.1 ppm, which means that
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 at
a temperature of 250° C.

A similar task emerged in a pharmaceutical factory working with the 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 elaborated for the elimination of solvent vapours evolved in
the spray painting unit of a machine factory. The concentration of the solvent
vapours in air varied between 1 and 10 g/m3. As different types of solvents
and solvent mixtures were used, working conditions had to be chosen for the
elimination of the most refractive compound. The appropriate working condi-
tions were determined for the removal of at least 98% of the solvent vapours.
For the industrial scale unit, a reactor working at 330° C was suggested.

In the manufacture of a pharmaceutical product 90 kg/charge methylmer-
captan and some ethylmercaptan are evolved. Due to batchwise production
the amount of the mercaptans evolved varies considerably in time by the
progress of the reaction. The effluent was diluted with air and passed through
the pilot reactor. The mercaptan concentration of the inlet air varied from
0.1 to 5%. On the catalyst selected on the basis of laboratory experiments
working at 280° C temperature, the outlet gas contained 0.001% i.e. about
10 ppm mercaptan. Working at 330 °C mercaptan was not detectable by gas
chromatography and the outlet gas was odourless.

This example illustrates that catalytic oxidation can be applied for the
elimination of pollutants evolved in high concentration and changing in time.

Industrial Application

A catalytic oxidation system was built in a pharmaceutical factory for the
deodorization of the effluent evolved in the spray-drying unit of the plant
producing BR2vitamin. The flow-sheet of the process is shown in Fig. 7.

Flow sheet of the industrial unit for deodorization of a fermentation product
1, 10 — Burner, 2, 11 — Mixing chamber, 3 — Spray drier, 4 — Bag filters, 5, 9 — Fan,
6 — Scrubber, 7 — Heat exchanger, 8 — Pump, 12 — Catalytic reactor, 13 — Stack
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400 kg water containing 15 kg suspended solids is sprayed with 10,000 Nm3
air at 320° C inlet temperature into the drying unit. From the air stream
leaving the drying unit at 130° C the product particles of diameters of a few
microns are recovered by bag filters. The effluent passes through a scrubber,
the temperature of the outlet gas is 50° C and is saturated with water vapour.
This outlet gas is preheated to 320° C and contacted with the catalyst. The
reactor effluent leaves the system through the stack or a larger part 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 amount of polluted air or off-gases, a mobile
catalytic oxidation unit was constructed, with a nominal capacity of
1,000 Nm3/h. The schematic drawing of the reactor is shown in Fig. 8 which

Conversion, (g/g)

Fig. 8.
Schematic drawing of the 1,000 m3h capacity reactor
1 — Burner, 2 — Mixing chamber, 3 — Catalyst

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 intimately mixed with the hot flue gases in the
mixing chamber, then enters the catalyst bed at temperatures between 250
and 400° C, and the clean air leaves the reactor through the stack.

2%
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Preheating the air to the reaction temperature is accomplished by the pro-
ducts of combustion from a conventional gas or oil fired burner. The unit
shown is equipment with an oil fired burner (100.000 Kcal/h).

The temperature of the catalyst bed is measured at two points by thermo-
elements, i.e. at the gas inlet and at the middle height of the bed. Preheating
of the inlet gas is controlled according to the temperatures measured.

The above reactor system can be used for the processing of 500-1000 Nm3/h
polluted air or off-gas. Another feature of the system is that it can easily be
transported and can be used as a pilot reactor for determining design data for
larger units.

With the above system, the deodorization of gases evolved in fermentation
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 requirement of the process.
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PE3IOME

ABTOPbI 3HAKOMAT Hac ¢ pa3pa6oTKO HOBOTO TWMa MeTaNIMYECKOro KaTann3aTopa 1 ¢ U3yyeHnem
ero 3(eKTUBHOCTN C TOUKN 3PEHUS YAANeHWUs 3arpsAsHAIOWMX BO3AYX COEAMHEHUI PasnuHoro
TNa. HoBbI KaTaNM3aTop COAEPXNT Ha HOCUTENE OYEHb Manoe KONMYECTBO 61aropoAHOro MeTan-
na Mnpu BLICOKOW €ro AucnepcHocTu. BceneacTeue creunanbHoi CTPYKTYpbl KaTannsatopa, MOXeT
GblTb OCTUIHYTA BbICOKAsH €70 IPQEKTUBHOCTb, 8 TaKXKe MOANMULIMPYHOTCS 1 NPOUMe ero KauecTsa.

C nomolLbio NPUBEAEHHBIX KPUBLIX KOHBEPCUM UCCeaYeTCs BUAHME TEMNEPaTypbl U 06bEMHOI
CKOPOCTY, a TaKXe 3aBUCUMMOCTM MeXay HUMUW. Mpu 1CMOoMb30BaHWM HOBbIX KaTann3aTopoB MokKa-
3aHa pa3paboTka TeXHONMOTNii KaTaMUTNUeCKOTO OKUCMEHUS ANS PeLUeHUs MPOMBbILLIEHHbIX 3adad,
CBA3aHHbIX C MPO6/IEMOiA 3aLMThl OKPYXKatoLLiei cpeabl. MoKa3aHo Takxke OCYLLECTB/IeHWEe npoLecca
B MPOMbILLINEHHOCTH, N HAaNpaBieHUs AanbHelilero passmMTms KaTaiuTUYeCKUX PeakTopoB.
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A general technological theory complete with definitions and postul-
ates is advanced. The theory is aimed at selecting technological non-
variants by their use during the examination of the technlogical sys-
tems of various materials of biological origin. Raw materials subjected
to processing in the technological system were characterized and the
hierarchy principle as well as the term technological functional group
are presented. Based on the theory developed by Blickle, the in-
ternal and external structures of materials 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. B1iickie developed this method. His publications [1, 2] served as the
main basis of this paper. The author is convinced that the examination of
technological invariances is extremely important because the evaluative and
critical treatment of the vast wealth of experience of the chemical and related
industries may 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. It should be mentioned at this point that neither the method of pre-
sentation nor its content are the sole possible and correct ones, because the
particular field where this theory is used is so special that conscious precau-
tion seems advisable.

The primary goal of this paper is the characterization of the technologies
used to process raw materials of biological origin, a field closely related to the
chemical industries. The author is convinced that by utilizing certain techno-
logical invariances, a direct relationship can be established between the tech-
nological systems used to process chemical and biological raw materials. 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 materials of certain values of use.

Definition 2: The term technological system is used to denote a system by
which certain initial or raw materials can be turned into products of pro-
perties in accordance with the technological objective.

Definition 3: The technological system is composed from materials, changes
and equipment; materials which are artificially transformed in the techno-
logical system ; changes which take place in the materials entering the tech-
nological system and equipment, which cause or promote these changes of
the materials in the technological system or which emerge from the space
and time boundaries of these changes.

This definition of the 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 implicit and explicit definition).

Postulate 1: Various parts of the technlogical system are connected by com-
plex, multilateral relationships. These relationships apply for the various
forms of motion, and in a more general sense, for the information flows
within the technological system.

Thus, relationships relating to the physical forms of motion (such as energy,
force, and momentum), chemical forms of motion (such as the reacting ele-
ments, and balance of charges, etc.) and so forth have to be considered.
Postulate 2: The sufficient and necessary condition for completing any techno-

logical objective is that all the pertaining relationships relating to actual

materials, changes and equipment details are simultaneously fulfilled at
any point of the apparatus.

Definition 4: The technological system is considered to be in technological
equilibrium or technological harmony when all the relationships relating to
actual materials, changes and equipment parts are simultaneously fulfilled
at each point of the technological system.

Thus, in other words, Postulate 2 means that the necessary and sufficient
condition of the completion of the technological objective is that the techno-
logical system should be in technological equilibrium.

At this point, it is important to recognize that the relationships between
various forms of motion relate to dynamical relationships, so technological
equilibrium itself is also a dynamic condition.

Postulate 3: The technological systems as open systems can interact with each
other. In this case, the product of a previous system becomes the raw ma-
terial of a later system.

Postulate 4: Any technological system can be decomposed into a finite num-
ber of technological systems functioning as the system of these subsystems.

Postulate 5: Any part of any technological system is a set consisting of a finite
number of object-classes as elements and these object-classes can be consid-
ered the sets of a finite number of elements.

The relationships between the elements of a technological system are re-
presented by the technological triangle relationship (triangle graph). The
points of this graph are the materials, the changes and the equipment as sets
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while their arrows are the relationships existing among these sets compound-
ed into a single line. This is shown in Fig. 1.

[A]—[B] [A]: materials
technological system= 1\ / where [V]: changes
[V] [B]: equipment
Fig. 1.

Technological triangle relationship

Postulate 6: The triangle relationship of any technological system is the spe-
cial case of a general technological triangle relationship, it is its particular
solution.

It is possible to arrive at the general technological triangle relationship by
an examinantion of the elements of the elements (object-classes) of the parts
of the technological system materials, changes, and equipment, followed by
the detailed examination of the (A)—V), (A)—B) and (V)—(B) relation-
ships. Thus all the mathematically possible combinations of all the possible
properties of all the materials, changes and equipment have to be taken and
reduced by such combinations which, according to undoubtedly correct ob-
servations are impossible. These combination-reducing statements are given
by Brickle (cf. p. 22—28 of [1]) as “Statements of technical chemistry”.
In my opinion there are a number of statements 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 mathematically possible relationship-combinations of the
parts of the technological system reduced by the technological axioms.

The content of Postulate 7 is shown in Fig. 2.

general technological [A]—[B] reduction [A\]'/[B]

triangle relationship X total N axiom

Fig. 2.
The general technological triangle relationship

Statements 1 to 8 of Blickle relate to materials, statements 9 to 33 refer
to equipment, statements 34 to 64 relate to changes (as algebraic mapping) while
statement 65 relates to the relationship of materials and equipment (“opera-
tion units”). A few examples are given to demonstrate their axiomatic cha-
racter.

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

Statement 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 path followed so far is shown in Fig. 3. As it can be seen, both
the technological-material and its value-of-use play central roles in the scheme.
A double arrow is due in-between materials and their values-of-use, since the
value-of-use is a term entirely different from the term of the technological
materials expressed by the object-classes. The value-of-use as a material cha-
racteristic is an economic term, while all the other material characteristics
(object-classes) are the technical characteristics of the materials. The double
arrow represents a specific relationship between value-of-use and technolog-
ical materials. However, this relationship differs from the conceptual deriva-
tion seen in connection with the other terms. This means that the logical
path followed is not plagued by circulus vitiosus.

A — means: term B is derived from term A

value-of-use -»technological objective

1
sooio-economical Technological system

side | | 1
technical side materials changes apparatuses
1 1 1
object classes object classes object classes
1 1
elements elements elements
Fig. 3.

Derivation of the terms of the technological theory

The “elements” shown in Fig. 3 represent the well formulated terms of
a given scientific topic — the arrangement of these elements corresponding
to the present theory is given below. This definitive importance of the value-
of-use of different materials 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 of Materials Entering the Technological Process

When a wide range of materials entering the technological system, such as
the materials of biological origin are considered and the levels of material
organization, the so-called hierarchy levels-at which changes of the characte-
ristics of the materials can take place-are assigned, then the following levels
are found:

4i —organism
g2 = part of the organism
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g3 = organ
g4 —part of the organ
g5 tissue
q6 part of the tissue
q7 cell
part of the cell (e.g. organs within a cell)

0
oo
I L 1 T 1 A VI 0

q9 phase systems
q10 = phase
qu component (molecule)

q12 = part of the molecule (e.g. radical, functional group, etc.)
gl13 = atom
q}4 = part of the atom (e.g. ion, etc.)

The levels of organization in the sphere of materials do not terminate here
towards the micro-sphere-side, but for the purpose of the present study these
levels are sufficient.

Postulate 8: The materials in a technological system suffer many changes at
many hierarchy levels. Nevertheless, there are hierarchy levels in each tech-
nological system at which a finite number of changes characteristic to the
particular technological system take place.

Definition 5: The elementary material flows of the materials taking part in
the characteristic changes of the technological system are the flows of such
material groups (the so-called “functional groups”) in which the change
characterizing the given technological system takes place at and only at
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 at one level and this is the lowest hierarchy level.

Definition 6: The hierarchy levels assigned to functional groups are called
critical hierarchy levels.

In other words, Definition 5 does indeed assign such “undecomposable”
material groups, which act as the atoms of the technological system at any
arbitrary hierarchy level range. In the q9 14 range this definition is identical
to the classical molecule, radical, complex ion and atom or atom-ion terms
of chemistry.

Postulate 8 expresses a statement concerning the existence of the charac-
teristic changes of the technological system, but presents no method to de-
termine this characteristic change. Changes which are significant qualitative
or quantitative changes are termed characteristic changes.

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

2.21 The Hierarchy Principle

Material groups flowing into a technological system represent different levels
of materialistic organization and although some of the changes can alter
these levels, any technological system can be composed of the flows of such
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elementary material groups, the so-called functional groups, which retain
their levels of materialistic organization while passing the given technological
system.

This principle can be easily demonstrated: the elements, or rather their
particular, electrically excited forms remain unchanged in any technological
system which means that the changes brought about in a chemical technolog-
ical system, i.e. the chemical changes cannot alter the chemical elements.

This chemical element principle can well be applied to higher levels of ma-
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 elementary material flows are the consti-
tuents of the material flows studied entering and leaving the technological
system. This convention—in the author’s opinion—is a simple and straight-
forward 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 materials flowing into a
technological system can be described as the sum of the elementary material
flows. Thus, the mathematical treatment-taking the material flows (the sys-
tems of elementary material flows) as vectors composed from the elementary
material flows as basic vectors-seems justifiable.

It follows that all material flows into a given technological system can be
described by equations formed from the elementary material flows of the
system. This equation set is characteristic for the given technological system
and it is invariant with respect to any states of the given technological system.
Accordingly :

a) The material-flow-system set X is a vector space above object T gener-
ated by set/ of the functional groups as linearily independent basis vectors
at critical hierarchy levels determined by the aim of the technological system.
The dimensions of X and / are mass/time.

b) Although basic vectors / have an unlimited set of hierarchy levels, they
cannot be further decomposed because the critical hierarchy levels are de-
termined.

c) The elements of commutative object T are natural numbers obtained as
the ratios of the functional group mass flows and the unit functional group
mass flows of the mass-flow-system.

The guideline set by the hierarchy principle is:

critical hierarchy'
levels and appro-
priate changes

technological
objective

technological
system

The “undecomposibility” of basic vectors f is entirely due to the critical
hierarchy levels, because although the materials subjected to technological
processing could be further decomposed theoretically towards increasing hier-
archy levels, the changes required by the technological objective make this
unfeasible.

This means that there is no direct way from the technological objective to
the technological system, rather there is a step of theoretical importance in
between: the level of materialistic organization at 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 at the q9% 14 hierarchy levels. It was
experienced that the sets of the material-flow-system in a chemical technolog-
ical system can always be produced as vector spaces generated by chemical
elements, but there is no need in a chemical technological system for deeper
decomposition (higher hierarchy level) than that of the ionized element (ql4),
so gmex= 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 maximal hierarchy level is
ql2 Of course, this description mode is not the only advantageous one, but
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 gq12level as
the ciritical level.

The assets of the method outlined above become manifest when it is real-
ized that the usual atomic level cannot be reasonably maintained in the pro-
cessing of certain materialistic formations, such as plant fragments, and or-
gans, etc., because even the most minute morsel of this material contains an
enormous wealth of compounds, and in fact it is not these compounds or at
least not all of them, that one has to work with while these materials are
processed. Thus, no single hierarchy level or the f9 14 chemical range can be
assigned to this material. It 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

Let 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 [Ha] 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 two functional groups

ai,i homogeneous relationship ai.2 heterogeneous relationship
Od.Il'ionic ai,2i coarse suspensions
<xi,iz covalent ati,22 fine suspensions
ai, is biological ) oii, 23 emulsions
ai,1 other relationship oii,24 gels

0ii, 5 aerosols
an :there is no relationship between two functional groups.

Then the technological system studied is unambiguously defined by the
matrix equation ot the technological system:
[+T=X [Her] is set 1)

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

T is an nXm matrix consisting of natural numbers (ratios)
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X is the row matrix describing the material-flow-system set, and the
set has m elements.

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

The other just as well correct and easy to understand way to determine
Eq. 1 is a follows:

— let us examine each material-flow-system of the technological system in
such a manner that their hierarchy levels starting from 1to 14 are noted,
and let the material-flow-systems of different hierarchy levels and qual-
ities thus obtained form the columns of a matrix.

— simultaneously let us exmine the hierarchy levels starting from 14 down
to 1 searching for those material groups whose quantity remains un-
changed in the technological system ;let the material groups thus obtai-
ned form the rows of the same matrix (in fact, once again flows are
concerned here)

— let us fill in the matrix with the ratios of the material-flow-systems and
the material group flows

— let us combine the non-independent rows

— the rows obtained during the row elimination process yield the functional
groups of the technological system

— the matrix obtained during the row elimination process is matrix T of
Eq. 1in which the rows and the columns correspond to / and X, respect-
ively.

Let us complete the quantitative definition of the system by the [a] set
of the system. Thus we obtain the (complete) definition of the system.

Thus, the complete definition of the technological system studied becomes:
/T =X [Ho] and [a] are set dimension n 2

The schematic of this technological system is shown in Fig. 4.

ANCESTOR PICTURE
X ancestob >-  technological system > XpICTTIRE
/ ANCESTOR characteristic matrix T > [ picture

X ANCESTOR + XpiCTURE = X [ner]]

[.T=X

are set
| ancestor + /picture=/ [a]l

Fig. 4.
The schematic of the technological system

Let us examine an easy to visualize example.

Let the material-flow-systems of the technological system be the flows of
the following materials: CO, C02, CH4, HCOOH and CH50H. Without know-
ing anything in particular of the technological system proper matrix Eq. 1



29

1978 Properties of Technological Systems. I.

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 that changes of the chemical systems occur at the atomic hierarchy
levels (q14). This is shown in Fig. 5. It can be seen that the technological sys-

ANCESTOR PICTURE
A ancestor ------------- >a technological system X PICTURE
| ancestor------------- > characteristic matrix T / picture

X = "ANCESTOR+ ApiCTURE
/ =/ ANCESTOR+ / PICTURE

[X]={CO; C02; CH4; HCOOH; C2H50H} [Hcr1=qu

[yl={C; O; H} [a] = determined by formula
CO ©© (CH4 HCOOH CXHS5H

c '1 1 1 1 2

.0 1 2 0 2 1 = [XIX2X3X 4§

H .0 0 4 2 6 .
/i = carbon Xi=CO X2=CO
/ 2= oxygen X3=CH4 X4=HCOOH
/3 = hydrogen X5=C2H50H

Fig. 5.

Description of a B dimensional technological system

tern has 3 dimensions since it is composed of functional groups C, O and H
(elements). It should be noted that the relationships of the functional groups
are also known which means that [a] is set.

2.23 The exact mathematical formulation of the hierarchy principle makes
the definition of the linear independence of the functional groups as basic
vectors indispensible

Thus, the linear combination of functional groups / is:
/ =aili+a2 2+ -* -hanfn ?3)

Various material-flow-systems can be composed from the flows of functional
groups 11, / 2

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

«lli+a2 2+ ... +a,,Jn=0 @

is fulfilled only at al=a2~ ... =an=0.
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2.24 1t 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 multiple set [/] X[/]
of functional group set [/]. If, for example, compound C2H-OH is examined
as shown in Fig. 6 then it can be seen that the three types of functional

The structural formula of The [/]1 X[/] multiple (following the
ethanol : numbering used on the structural
6 5 formula) :
H H
7 Il p 3 4 12 3 456 7 89
H—C—C—O—H
i S L RN
[a] = {a1,12; ai,i4; ai,i5; an} 2t e A et e e et
3 -0 - 0 s
where
4 0 Symbols
[<¥]=U/iai/m S o —t == = = ai,12= covalent= +
(-1 6 + - - - - — _
and 7 s an =-
I,m=Il, 2,..., n 8 o+ — — o _ ai,14=other =p
if I=m=>ai=an 9 _ 7 ai,is=other (2) = ()
Fig. 6.

The [a] set of the relationships among the 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; the chemical structural
formula, a graph representation itself, is much more expressive. Nevertheless,
the matrix representation and the structural formula are equivalent. However,
there are cases when this graph representation cannot be used, as it can be
with chemical compounds. This happens when the possible connection modes
are examined during the hierarchy level changes.

Let us now form the Descartes multiple [qi-i.]Xrql 14 over the set of the
hierarchy levels and let us examine with respect to each pair, which relation-
ship element of [a] is possible at all. Without claiming completeness these
relationships, as | envisage them, are listed here:

(qi-14) ai, u(q9-X4)
(ge-id)ai,i2(q9-i4)
(qi-8)ai,i3(q]_8)

(qi_i4)ai,2(qi_i4).

The heterogenous relationship is not discussed here, it is beyond the scope
of this paper. (Relationship anrelates to the “empty” connections.)
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It is worthwhile noting that while the relationships obtained during the
examination of particular functional groups are symmetrical, the inter-hier-
archy level relationships defining the functional groups are not symmetrical
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 not an easy problem. In principle the
method shown below ensures the success in any technological system, but it
may require several attempts.
Let us define the union U and section Il set operations for the functional
groups.
Definition 8: The union operation as a set-operation with respect to the func-
tional groups means that 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 that one of the functional groups is hierarchy de-
pendent from another one, i.e. it is not a true functional group; the section
operation applied to real functional groups results in an empty set {0}.

Based on Definition 8, Eq. 3 can be rewritten as:

/1= Lpl/d ®)

Based on Definition 9. Eq. 4 can be rewritten as:

where i*j and
i, j=1,2 ..., n (6)

Based on Eq. 5 and 6, the functional groups can be selected. Visualized,
Definition 9 means that 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 that characterizing the given group. Let us
assume that the set of the material-flow-systems of a given technological sys-

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

~u [XdntXjM/], (1)

where i"j
[Her] is set
and
XIEXT;  [XjlelX],

Set [/] thus obtained contains the materials from which all the elements of
the material-flow-system set [V] can be generated. Occasionally Eq. 7 results
in an empty set; in these cases [XJ and [X]] are relatively linearily indepen-
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dent, but from the point of view of the overall system, this only means that
they are generated by such functional groups in which there are no identical
ones.

If set [/] is successfully selected, then we have to make certain that set [X]
can be generated from its elements or not. Generation proceeds as follows:

Ne ]-[N1, fm, (8/a)
X k=Ox/i+ anfm +anfn + ... (8/b)

Eq. 8a and b, together ensure that the 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
Eq. 7, allocates fx k type, i.e. k functional groups to the material-flow-set
element [Xd, but the entire material-flow-system cannot be reconstructed
from this, only a part of it. This means that the functional groups have to
be “completed” by a material fraction /*, i.e.

[Xg]=(u/i)Il/® ©)

Then it has to be examined whether material fraction f® results in a non-
empty set when its sections are obtained with respect to all the other functi-
onal groups of the technological system, i.e. with all the elements of [/]. If
only empty 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:

[/i1€11
where i=1l, 2,...n
(fU [/i]nr/«])=[/f, ff, ee-/I®! (10)
[Hor] is fixed

are not empty sets, then another section operation has to be performed to
test the linear independence. This procedure is continued until linearly inde-
pendent material fractions are obtained at given hierarchy levels.

2.26 Similarity of Technological Systems

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

Characteristics of the first system the other system
dimensions L (N4
functional group set ™ /2
material-flow-system set No ] E\IQ
critical hierarchy level set [Acr(1)] [ffcr(2)]
relationship set l«i] [«2]

1) [#cr(l)]=[Hor(2)] (U/a)

2) [/1]=[/2]=>ni= Ik (11/b)
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Y Ne]=[X3 (11/c)
4)[ai]=[aZ] (11/d)

Definition 10 in fact predicts four cases described by Eq. 11/a—d. If the
technological triangle relationship is recalled then this definition of similarity
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 important properties of material set [A]. The remainder of
the characteristics of the technological system, such as the equipment set,
[B] contain the differences. However, similarity seems more important in this
case than identity, because even the descriptions of similarity contain ambi-
guities which make identity a theoretical rather than practical category.

2.3. Characterization of Material-Flow-Systems from the Technologicalj
Point of 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
primarily determine their relationships to the equipment.

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 :

Chemical structure (c) (if it can be defined)
Crystalline structure (k)

Form (/)

Phase state (h), its elements are: Bx\solid; $2: liquid; Rz: gas
Quantity (G)

Temperature (T)

Pressure (P)

Dispersity, its elemets are:

N: the number of dispersed particles

D: the size of dispersed particles

F: the surface area of dispersed particles.

9. Inhomogeneity, its elemets are:

la: inhomogeneity of quantity

I T: inhomogeneity of pressure

In: inhomogeneity of the number of particles

I D: inhomogeneity of the size of particles

I F- inhomogeneity of the surface area of the particles.

ONOTOA~WNE
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10. Rheological properties, its elements are:
Bv: viscosus
Bpl: plastic
Be: elastic

11. Biological structure (BIO)

The structure graph of the object-classes is shown in Fig. 7. The material-

The structure graph of the object-classes forming the internal structure of the material
flow systems

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 material, it has no biological structure, etc. In such cases we have
to note that these characteristics are missing.

In the case of jointly flowing material-flow-systems the resultant 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 of the other material-flow-system to the governing materi
al-flow-system are depicted by symbols = and —in the homogeneous-
and heterogeneous cases, respectively, and the arrows point towards the
non-governing systems.

a: property: there is no governing material-flow-system. In such cases the
relationships between the systems are depicted by symbols <>and —»in
the homogeneous and the heterogeneous cases, respectively.

Obviously, there is a strong relationship between property a@and relation-
ship-properties @ existing between the functional groups, it is a macroscopic
characteristic, their resultant. Since it characterizes the entire material-flow-
system, it plays a major role in shaping the external structure.

The other symbol of the homogeneous relationship is yx which corresponds
to =>and v> The other symbol of the heterogeneous relationship is y2which
corresponds to “mand

These two symbols can be thought of as the two cases of characteristic .
Then a general relationship (g4 i4)y(qi_14) can be introduced which shows
whether the hierarchy level pairs formed as the Descartes multiples of the set
of the hierarchy levels with itself can or cannot be formed according to .
W ithout claiming completeness, this relationship set is shown here.

Homogeneous relationship yx corresponds to the dissolution in a chemical
sense of covalently bound or ionic materials. Furthermore, the existing bio-
logical structure which is the consequence of the coupling of the compounds
is also classified.
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It should be noted that according to our present knowledge, biological
coupling can be decomposed, but cannot in general be created, except perhaps
in the case of insuline synthesis, where the formation 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

(g4 14) can reflect biological couplings as well

(gi-io) ¥2 (V\~w0)

In compounded material-flow-systems, the following object-classes of the
separate material-flows-systems have to be considered to describe the resul-
tant characteristics of the resultant material-flow-system :

— chemical structure (c)

— phase state (h)

— crystalline structure (k)

— quantity of material (G)

— inhomogeneity (1)

— sensitivity (S)

— biological structure (BIO)

— dispersity, except in dispersing media of characteristic a4.

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

[A-};{j(c,k,h,a,I,BIO)r,(u VvV , D, F)i;f;P;T;R;(U azli (12)
i-X -1 -1

where 1< k<n—1
For this relationship it is assumed that

— there is only one material-flow-system of property 6ilin the system
— the (n—1) material-flow-system of property a2 can be reduced to K 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: Primarily the structure of the equipment of a technological sys-
tem is determined by the phase states and the mutual 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; Bx=solid; 2= liquid and §3= gas) and
their mutual relationships (y4= homogeneous; y2=heterogeneous).

In this case, the following internal characteristics are neglected:

c, k, G 1,S, BIO, N, D, F, P, T.

3*
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The description of the external technological structure is shown in Fig. 8.
It can be seen from Eq. 13 that the mode of contacting (y) and the charac-
teristic feature (o)) are two interrelated facets of the same phenomenon.

bi = Bi-3t\(Ri VBzV Bs) AiViVz)

— if there is 6d then the —if there is axthen the —if there is <4 then the
characteristic of the phase state of the non- contacting mode of the
govering material- governing material- governing and non-
flow-system is entered flow-system is entered governing material-
here here flow-system is entered

here

— if there is ar then the — if there is oG then the — if there is oG then the
charasteristic  repre- phase states occurring characteristic contact-
senting the phase state (with respect to the ing modes in the re-
of the resultant mate- resultant material- sultant material-flow-
rial-flow-system is ent- flow-system) are ent- system are entered
ered here ered here here

Fig. s.

The description of the external technological system

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

bi = BiARIA(yi\Zyz) — homogeneous solid phase or
mixture of solid powders

br=Ri. ABi Nyi — homogeneous liquid phase

b3=RzA (RiVRiVO3) NYr — solid, liquid or gas dispersed in liquid
medium

&4=RzABsAyi — homogeneous gas phase

Bo= /23/1(Bi Va) Y2 — solid dispersed in gas or
liquid phase.

The following important limiting condition should be noted:

In the case of materials of biological origin the possible phase states accord-
ing to the hierarchy levels are as follows:

qt-s : solid (Bx)
g6 9: solid (/1,), liquid (R2)
,ge-:u: solid (Bi)> liquid (B2), gas (R3).

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

The properties of the materials in a technological system can well be de-
scribed in detail by the terms introduced above. The introduction of the set

of changes makes it possible to accentuate in full the significance of the func-
tional groups.
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[ITS]

[ETS] bi = Bi-3 Ri-3 yi2

Fig. 9.
The relationship of the external and internal technological structure
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PE3IOME

B 1-0if 4acTu cepuu cTaTeii aBTOp W3naraeT o6LLYI0 TEOPUI0 XMMWUYECKUX TeXHOMOrUiA, npunaras
K Heli HeobXoanMble onpeaeneHns u nocTynatbl. Llenbto gaHHoi Teopumn sBnseTcs BbIGOP MHBAPW-
aHTOB W MUCCNe0BaHNe C X MOMOLLbIO TEXHOMOTMUYECKUX CUCTEM /11 MaTepuanos B OCHOBHOM 610-
NOTNYECKOT0 MPOUCXOXAEHUS. B MHTepecax OMMUCaHWs TEXHOMOTMYECKUX CUCTEM aBTOpP MPUBOAMT
XapaKTepuCTUKI MaTepuanos, NoABEPratoLLMXCs TEXHONOrMYecKoii 06paboTKe, 3HAKOMMUT Hac C Tak
Ha3blBaeMbIM MPUHLMNOM MEepapXun v onpefenseT MOHATUE TeXHONOrnYeckoit MYHKLMOHANbHOI
rpynnsl. ABTOp, UCXOs U3 TEOPUM BAMKNE, NCTONKOBLIBAET TaK Ha3blBaeMble BHYTPEHHIOK 1 BHELLI-
HIOI0 TEXHO/OTMYECKINE CUCTEMBI MaTepUanos..
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This paper, the second in a series deals with changes occurring in
technological systems, presents the L and Z mapping structures de-
scribing the changes on the basis of Birick1e’s theory and finally it
discusses the principles and the most important relationships of con-
nection-algebra. Then the application fields of the technological
theory advanced are outlined and a general schematic for the design
of the system and its subsystems is presented, the latter being the
adaptation of Briok1e’s theory.

3. Changes Taking Place in Technological Systems

3.1 Object-Glasses of the Set of the Changes

Definition 13: The general form of a changes is as follows
change = vVAOAr = OV Ax
where v:is the type of the change

0: is the characteristic of the change

x:is the mode of the change.

3.11 The modes of changes are as follows:

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

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 (6) can be

straight : »1
uniting : &
decomposing : A3

exchanging : n3
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3.13 The type of change (v) can be:

neutral change: «
change of the standard deviation: 2
change of the size: «a
change of the form : «&
change of temperature : &
change of pressure : @

change of phase state :
change of the ratio of material-flow-

systems: &8
change of the connections of the

material-flow-systems : el
change of the crystalline structure : «0
chemical change: «1
biological change : M2

vI2aims at hierarchy levels (p_8

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

This relationship is given on Matrix 1

4-: there is
direct
connection

empty : there is no
direct
connection

Fig. 10.

Relationship between the type of change and the inner technological structure
(Matrix 1).



1978 Properties of Technological Systems. II. 41
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 that they
contain :

— the type (V) and character (@) of the change and
— the ANCESTOR and the PICTURE of the material-flow-systems in-
volved in the change concerned.

If the changes of the material structure are described by the internal or
the externa] structures then | or z mappings are used, respectively.

3.32 I-mappings. L-mapping structures

The general form of Z-mapping reads as follows:

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

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

faio«2 0. ¢ 0flil

/= (FkA<5m): L ai+io...oa\ J

(16 a)
and

h=(vAOv):\as°as+1° '" ° at 16 b
( Y Ldn O«s+l0... OGh].l ( )

then
e . I (@° eec0ai)°(aze .. 0at)l 16 c
“Ola_MAOD'[(aHio... 0ai) 0 (40 - - . 0at)] (16 ¢)
In general ; if
_(®n6)i_rANCESTORiT
- YpicTurE! J

rANCESTORa I

2= <52y picTURES J
then

ANCESTOR! oANCESTORS]

liol2 = (vA8)i -()A8)2:
. PICTURE!0OPICTURE:z J

17
Small case letter o is used to “separate” the material-flow-systems and pro-
mote comprehension of the notation system.

Operation O is used to represent an operation in which the transformation
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 time element.
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Definition of operation ®:

If
... ANCESTOR!
=0 picTURE! ]
= (<A ANCESTOR2 18 4
(A9 pICTURE? (18 2)
and the condition under which operation ® can be carried out is
[PICTUREI]N[ANCESTOR2]=K"{0) (18 b)
at [ifor] being set then
) [FANCESTOR! o]ANCESTORZA]|
h ®fa= {vAG)i-(v/16)2 : (18 ¢)

| [PICTUREI/A] OPICTTIREa J

For example: let

010a2l L a3 0 aw/l
[ ;2= ("AG)2:
azoadl Laeoo7]
and then [PICTURE!IM[ANCESTOR:2]=K =as"{0)
[aioasoas!
a, oazoa?!

Thus, while operation © is to be visualized as the parallel coupling of ma-
terial-flow-systems, operation ® represents the connection in series of mate-
rial-flow-systems where the connection is ensured by the non-zero-set result
of the section operation, in this case material-flow-system a3. In the course
of operation © the 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, O0,®).

These algebraical structures are not treated here in detail, their properties
can be very varied according to the chemical conditions.

3.33 z-mappings, Z-mapping structures

According to Definition 14 the general form of z-mapping

o= OA<5) ["ancesto r] (19)
t PICTURE J

Over the set of z-mappings operation © and ® define the ~-mapping struc-
tures (algebraical structures), Z—(z, ©, ©). However, only for the 1-mappings
can operations © and © be carried out directly. The result in the ~-structure
can be obtained only after the deduction of the external structure from the
internal structure of the material-flow-system formed. This means that a se-
ries of relatively complicated steps have to be taken. The practical meaning
of ~(-structures is that in them the changes become manifest from the point
of view of the apparatus since it is the external technological structure which
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changes in such cases. These structures have not yet been studied. In my
opinion this study is important because once the change-series, (vA6) multi-
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 the point of ;
view of material- [4ancestor —> 4.picture] =m//-structure connection

-flow-systems N
from the point of
view of the [/ancestor —> Upicture] =>”"-structure
apparatus
Fig. 11.

Relationship of I- and z-mappings

3.4 Algebraical Stucture “K-connection” Defined Over the Set
of the Functional Groups

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

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

1=(Vn y:

Obviously, if all four material-flow-systems (ar_4) are composed from the
flows of the functional groups of the same generator system then other com-
binations of the functional groups must also be possible and material-flow-
systems different from a3 and ai would be founded from ax and a2 Natur-
ally, always the most economical direction of transformation is sought.

The types of the changes can be:

u9: change of the relationship of material-flow-systems
iba: change of the ratio of material-flow-systems.

Obviously, v3can 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

/= «U1+ 022 ...+ <n/mn ?3)
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then
[i=0%i+0*2+ .. .+L/i+...+0m, (15

and except for the coefficient of Jxall the other coefficients are zero. (In fact,
the flows of the functional groups are examined.)

This definition ensures that if change vdis applied to the set of the func-
tional groups then in the course of the operation this set is not left i.e. an
algebraical structure is formed over the set of the functional groups.

However, connections are not that easily concluded because there are se-
veral substeps while a connection becomes established as follows:

Let A and B be functional groups then
— if there is a possibility for connection between A and B then the symbol
(A\B)° is used. Symbol | means “contacting”. Upper-script o 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 1B)° (A IB)H+>
— if homogeneous connection (A]J5)°(+> is dissolved then

(dIE)»(+> fic » (A\B)°
— if heterogeneous connection (A\/i)g+> is dissolved then
(AIB)H+)— * (A IB)°

Thus, in general, a connection-algebraical structure is obtained described
as K=(/, |, Q, (¥), e(+), which means that operations, |, Q(+) and s(%)
can be carried out on the functional group set f and the inverse of the last
two operations can also be carried out.

The inverse of operation | is also defined, it simply means that two func-
tional groups are separated.

Let us now examine the characteristics of the structure thus obtained.

3.41 The characteristics of the contacting operation

At preset Q(+)and e(+ ) the characteristics of the contacting operation, | de-
pend on

— the general properties of the materials contacted
— the maximal hierarchy level of the materials contacted.

Depending on the “degree of decomposition” of the contacted materials
the phenomena which can occur are a-priori determined.

In contacting operation it is always worthwhile to examine whether the
functional groups can form a commutative Abel group or not. If they can
then the task becomes an exclusively chemical task and the behaviour of the
functional groups cannot be determined by algebraical means.
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3.42 Connection-establishing and connection-breaking operations, Q(+ ) and e(% )

The first important statement is that 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:

L B(0).B(+)=B(+) *o)e(+)=¢+) (16a)
20 B(+).B(-)=B(-)  g(+)*e(-)=e(-) (16b)
3 B(o).B(-)=R(0) e(0).e(—) =e(0) (16¢)

Axiom 3 is a convenient convention, not a direct cause of the treatment as
the first two. The Cayley operational matrix corresponding to the axioms is
shown in Fig. 12.

+ -0
+mw 0 +m
0

_ 0 -
0.+ 0 O
Fig. 12.

The Cayley matrix of connection-forming and connection-breaking operations (Matrix 2)

The operational characteristics are: non-associative, commutative; idem-
potent.

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

In general, the characteristics with respect to each other of the three opera-
tions are determined not by algebraical, rather by chemical laws. Let us see
a few relationships to demonstrate this principle:

1) {(A\B)A(C\D)a)a is not necessarily identical with (A\B\C\D)a, because:
NaCl|AgN03= AgCIpNaNOs.

Thus, unexpectedly—unpredictable by algebraical means—a heterogeneous
connection does turn up in the system of homogeneous connections.

2) If operation e is used throughout Example 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 it—then a homogeneous connection is established among these func-
tional groups.

3) The transformations shown below cannot be calculated
[(A IBya\ @\D)ly ; [(A IBy\(C\D)*Y>
and
[(AIB)U|(<7|D)<]G;  [(AB)fI|(C'|D)«P
These transformations can be carried out only by allowing for the laws of
chemistry, otherwise non-real solutions are obtained.
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However, these problems of connection-algebra urge us to consider all the
mathematically 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 mathematically
possible combinations are considered and narrowed down as necessary.

Connection algebra is used to trace the trails of functional groups, and the
path on which the transformation proceeds. Thus connection algebra yields
the trace-graphs of the functional groups.

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

This chapter is entirely based on Blickle’s theory [1], and on his and his co-
workers’ results. To my 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 of the Apparatus

Br-b- the esternal technological structure of the ‘material-flow-system
01-4 phase-form
112> M—4eflow-state of the phases
T-3 run
12 recirculation
mode of connection
?21-3" . .
wsubscript = Order of connection (numerous subscripts)
7T 6: flow conditions

% -3 energy input

Hi-7-- type of energy

ei-6: function of the apparatus element

* 7 positions and relationships of the apparatus elements
M-io: permeability of the material of the apparatus

7i-n - shape of the apparatus element

b-6 motion-possibilities of the apparatus element.

It should be noted that 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 J1 on the set (5x5) cor-
respond to the logical disjunction and conjuction operations.

The structure graph of the operation unit 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 & £} types of material-flow-systems or processes
R={C C, £,a, T, vy, n) operation modes

A3={ft, &1, y, #} chemical unit operations

Ad= fb \& £2, e3) energies

a5={e, X h, /z, 6} apparatuses.
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The graph of the secondary structure of the apparatus-unit is shown in
Tig. 18, p. 90 in [1]. To formulate the relationships the decompositions of

ri_s:run 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 treatment of the structure of the apparatuses by this theory is so com-
plete and extensive that it cannot be presented here in more detail. However,
any question can be dealt with after having mastered these two references.

5. Application Fields of the Technological Theory Presented

Two main fields can be identified :

1) General method for the design of complete technological systems (“tech-
nology-design”)

2) General method for the design of technological subsystems (apparatus
units).

5.1 Design of Complete Technological Systems

Design consists of three main types of activity :

1) determination of the set of the functional groups on the basis of the AN-
CESTOR and PICTURE.

2) Construction of the PICTURE 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 assignment of the hierarchy levels and the deter-
mination of the characteristic technological changes. Then by section-opera-
tion on the sets of the material-flow-systems of the ANCESTOR and PIC-
TURE using Eq. 7 of Part 1, the material fractions which are transfered from
one material-flow-system into the other one can be identified. This operation
is shown by Matrix 3 in Fig. 13. Naturally the “depth of decomposition”,
the hierarchy level until one can proceed while searching for the material
fractions in the section-operation, has to be known.

To help to understand this 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).

It can be seen that functional group E is not decomposed any further, al-
though it can be written as CH 3=. However, there is no technological trans-
formation taking place in this technological system which would warrant the
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ANCESTOR PICTURE
! _ | i
X! technological X
X k system ->Xm
Xi6[X] arbitary
X~s[X] elements

Matrix 3
Xifl X j~{0} =(1) (at present hierarchy
if XinXj={0}=><0) levels)
The result of the section operation can also be entered in Matrix 3.

[X]=[X ancestob] U[X pictuke]
Fig. 13.

Determination of the functional groups of a technological system

m\[X ]
i Cl2 E D T HC1
pt > X pt [X ]\
SR
X technological Xy Cl2 Cl2 o0 Cl2 Cl2 cl
Fg -u system Clrg E 0 E (E-H) Em H-
X\AE e D Cl2 (E-H) D  (E-Ch) HC1
X3 x8 T Cl2 Em (E-CI2) T (HC1)
Cl2, g HClg ey C- H- (HC1) (HCl) (HC1)
D : dichlorethylene Xi=X4, X3=X6; X2=X7
T: trichloroethylene 9- gas (Determined by chemical analysis)
E: ethylene f: liquid
Functional groups:
X-=[C913=]
=[H-]
Cl-=[Cl—]
Construction of the material-flow-system from functional groups:
(Xi=Xi)=E-UCI-UCI- X5=E-uCl-UCI-UCI-(=T)
(X2= X 7= E- UH-(= E) X 8= Cl- UH-( = 11C1)

(X3=Xe)=Cl-uCl-

Fig. 14.
Determination of the functional groups in the case of a particular problem

decomposition of this functional group into atoms, so with respect to the
problem to be solved there is no reason to replace the 3 dimensional techno-
logical system selected with another generator-system consisting also of 3 ba-
sic vectors. It is another question that to ensure uniform handling of the



1978 Properties of Technological Systems. II. 49

chemical systems all the technological systems should be described by the
linear combination of basic vectors, atoms. In this case atoms C, H and ClI
would be the basic vectors.

It is worthwhile noting that if the changes of the technological system dis-
cussed are taken as the possible changes then the presence of carbon atoms
in group E could not be determined and other changes and further reactions
would be necessary to facilitate this determination.

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

D E Cl2 D T Clz E Hct

o T 0 1 1 0 1 o'

[n/2i31-12 1 3 0 1 0 o 3 1 =[ria-2/3"1"52:63:7X8]
/3 2 0 2 2 3 2 0 1.
where

D=x1 T =x5 /i=CzH3s
E=x2 Ch=xg /2 =H-
Ch=Xx3 E =xi
D =xt HCI = xs 13=Cl
and, e.g.

M= (C2H3)1(H_)o(C1)3
It should be noted that the dimensions of/, and x]are mass/time.
5.12 Derivalton of the PICTURE from the ANCESTOR by connection-algebra-
ical means
The procedure is shown in connection with the previous example.

ANCESTOR:

(b W 22/3)a+[(2 0+l al»)*»]}- - SRLA

Df Clz2, g Eg

w {(1/d1/2|2/3)R + [ (2/3)2+ 11/ 113/2)A+P+1[unaltered ANCESTOR]}

D, Clz,, E,

*WIL/A1/212/3)  ALA13/3)A+12/3)A+1(1/i 131 2+ (1/241] HfHA+L[(2/3)0+| (1/i]3 JR+F+b+ P °
Df T, Clg, Ef HCY Cb, g Eg

o LDQUN 172127 3)f+ (1] 3 In+]QH [(2 In+|(1/i |3/ 2sH (U 2] 1/ 3)f+]fl+5c+
Dr T/ Clg, g . Eg HClg

PICTURE

The corresponding process-graph is

liquid -------- > step 1 step 3 —N"  —»-liquid
— 0 - 0— 0—
Clg E _, Clg, E, HCI
gas ARty step 2 = > gas
Fig. 15.

Application of connention-algebra
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Both liquid D and gaseous Cl2and E occur in both the ANCESTOR and
the PICTURE, so only their excesses have to be accounted for. Further trans-
formations are shown in Fig. 15.

The discussion here is naturally much more complicated than in the case
of the conventional method, since the conventional means to discuss chemical
technologies are matched to chemical phenomena.

The characteristic changes of the three technological steps are as follows:

Step 1l:«9 occurs
Step 2:rjii occurs
Step 3:«B, ro occur

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

Obviously, the effects of temperature (v5) and pressure (v6) have to be iden-
tified. It is not impossible that there is a phase-state change (v7) for one of
the components. Common chemical laws and principles should be observed
(equilibrium relationships, etc.). Thus, the essential changes necessary to com-
plete 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 of Technological Subsystems

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

— the type (V) and character (0) of the changes occurring in an apparatus-

unit

— changes of the external technological structure (6() of the material trans-

formed in the given apparatus unit.

Based on the variables occurring in z-mappings all the 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 of an apparatus-unit
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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 K 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].

It should be noted in Fig. 16 that the feed of the information on the mate-
rial-flow-system (b) into R\ and the feed of the information on the changes
(V, 6) into subsets R3 mean that the graph shown in Fig. 16 corresponds to
a technological triangle-graph in which R\ corresponds to material set A,
and Rgcorresponds to the set of changes (V). The remainder rest of the graph
(B) is the apparatus-set. This means that 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
similarity of technological systems. One of the main ideas of the theory was
given in Part 1, paragraph 2.33 expressed by Postulate 9 as “Primarily the
structure of the equipment of a technological system is essentially determined
by the phase-states and the mutual relationships of the material-flow-sys-
tems processed in them.”

This means that the identity based on these features (phase-state and re-
lationship, R and y) renders the technological systems similar (“identical
processes™).

This type of “classification” —in my opinion —can be very fruitful, because
vastly different technologies dealing with different raw materials in different
industries are brought into a similarity relationship. Por example any atom-
ization process proves to be similar to the others.

Thus, this similarity criterion works on the bases of the external technologi-
cal structure of the materials.

However, Difinition 10 in Part 1, paragraph 2.26 stated another kind of si-
milarity: “One of the cases of similarity 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. that brewery technologies — in which the
raw materials and end products are identical and the materials are decomposed
to the same hierarchy level and the characteristic technological- changes are
identical —are similar. Obviously, the internal technological structure of the
materials is called upon in this approach.

In my opinion, these two similarity criteria well demonstrate the two classes
of the similarity of technologies. These can be called

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

— vertical similarity, which is based on the external technological struc-
ture.

4%
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Brewing technologies are horizontally similar. Fermentation technologies
(independently from the application fields) are vertically similar.

A more exacting definition of similarity reads as follows:
Any technological system can be described as

{A, B, C, D}eE

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 of apparatuses
E: is the set of technological systems (to be considered at all for the given
problem).

It can be seen that (A, B) C and D form the triangle-graph of the general
technological system.
Let us now define a few relationships oA, db, oc and oDas follows:
Let exand e2be the two technological systems, then if ellMA=e2lMA then
eloAe2 assumes value 1, in the other case 0.
Similarly, e.g. qab:
| eiEMe2

eiuAei=m; and’
1lezQeez

Relationships ca, gb, oc and gD—used to express the cases of similarity
in technological systems—divide set E into disjunct classes, so-called equi-
valency classes, correspondingly into mappings

B "E etc
are unambiguous.

Then a value-ordering relationship 8c can be defined e.g. in the equiva-
lency class ¢ (Ci)= E(Ci) which yields the optimum technology at the element
which has the maximum value according to oc.

Obviously, the above discussion applies similarily to A, B, G and D as well.
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PE3IOME

Bo [M-0ii yacTi cepuu aBTop yaensieT BHUMAHWE U3MEHEHUSIM, NPOUCXOAALLNM B TEXHOMOTMYECKNX
CuUCTEMaXx, ONMpasich Ha Teoputo BAUKNe, NPMBOAMT CTPYKTYPbl 0TOBPaXEHUI L 1 Z, onucbiBatoLime
3TN W3MEHeHUs, a 3aTeM 06CYXAaeT MPUHLMM 1 B3aMMO3aBUCUMOCTMN anre6pbl NOAKAOUEHNIA. 3a-
TemM aBTOP NepeuncnsieT 067acTu NpUMEHeHNUs 06CYyX/aBLUelics paHee TEOPWUW TEXHONMOTUiA, mpw-
BOAUT OOLLYI0 CXEMY A/15 MPOEKTUPOBAHUS TEXHOMOMMYECKOI CUCTEMbI B LIESIOM 1 €€ NoAcuMcTeM —
3TO MocnedHee ABNSETCS COOTBETCTBYHOLLE afanTauueil Teopun bamkne.
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The paper deals with the measures of mixing. The general conditions
to he fulfilled by the measure of mixing are scrutinized. It is shown
that the appropriately normalized form of the quadratic functional
defined for the concentration functions, the so-called inhomogenity
parameter is a good measure of mixing which, in agreement with the
practical conception, defines a linear ordering relationship between
the concentration distributions occurring in reality. In the general
case, the exact knowledge of the concentration distribution of the
system studied is necessary for the calculation of the inhomogenity
parameter. In practice, however, it can be frequently estimated from
the discrete form of the distribution derived from measurements of
the concentration samples. This is so—among others—in the case of
studies of the homogenization processes.

The inhomogeneity parameter is one of the inhomogeneity moments,
the second order inhomogeneity moment of the inhomogeneity distri-
bution function defined in this paper. They can be used to approxi-
mate the inhomogeneity distribution function to any arbitrary degree
of 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 matter what 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 of both liquids and solids and these are based on various initial con-
ceptions [1-6].

In the course of the system-theoretical treatment 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 requirements of this theory to characterize the above mentioned distri-
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butions, or expressed in a more general way, to approximately characterize
the distribution of the continuous object-classes according to their arguments.
These requirements were, among others, the following ones: to describe the
phenomena of mixing according to the needs of practice; to assign a number
to each such state of agitation which can occur in a real process; its structure
should not be excessively complex, it could be used to formulate certain opti-
mation problems.

The appropriately modified quadratic functional proved to be such a mea-
sure which satisfied most of these requirements. Due to this property, this
functional is the most important of the inhomogeneity moments [7]. This
paper presents the definition of this measure, described as the inhomogeneity
parameter here, and some of its characteristics.

The Range of Concentration Functions and the Measures of Mixing

Let us consider a binary miscible system located in a finite—for the minute
being closed—range of space, (its magnitude being constant in time), where
the distribution of the miscible component in the carrier is characterized by
its concentration.

Let the mathematical representation of the range in space be F c R3, the
compact subset of the three-dimensional Euclidean space R3, and let 12 (F) be
the Hilbert space of the quadratically (Lebesque) integrable functions defined
on set V.

If c=c(x) is the concentration of the miscible medium at an xC V point,
then it can be easily shown that the mathematical representation of any prac-
tically permitted concentration distribution is the element of the subset of
space L2(V)

K(V) ={cEV->-Li{V) :sup c(x) = gmand inf c(x) = 0} (1)
XEV XEV

and it is termed the range of the (permitted) concentration functions.

This is the expression of that natural fact that the concentration cannot be
negative in any point nor can it ever exceed a positive real number, om. The
value of pmdepends on the particular problem, but 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), xC_V, <£[0, °°) are used.
Abstract function c(x) (t) defines, according to this formalism, a mixing
phenomenon if:

t| im c(x)(t) = ce(x) (3)

is true at nearly all the points of set V and cc¢K(V) is a constant function
representing the uniform distribution and where the absolute value of ce is:
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where ¢ 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 that it is true for any mixing process c(x)(t)
that a i2C[0, °°), t2>tx minute can be assigned to any given *€(0, «) minute
that:

Me(an1(1d</e(=)1(h) (6)

then functional f can be used to construct the extent of mixing. (Naturally,
relationship (6) can point in the opposite direction as well).

This, in practice, means that function f defines such a linear ordering rela-
tionship for the elements of the range of concentration functions K (V) which
is in agreement with practical experiences.

Naturally, it follows from the above definition that if there is one such t2
then there are an infinite number of them too and condition 6 is always ful-
filled for any t2>tx in the case of fluctuation-free processes.

The Inhomogeneity Parameter

Let us cinseider the “distance-square-density in unit volume” of an arbitrary
distribution c£K(V) from a uniform distribution ce"K(V), i.e. the quadratic
functional :

dv[c]= j-jii- J [e(x) —Ce(a:)]2 da; (7
\%

which —since |cel =c¢ — can be written 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:

extremum {dv[c] |cC.K(V)) (8)

i.e. those distributions which yield the minimum and maximum values of
functional dy[c] within the range of the permitted concentration functions
are given by the following distributions 1° dy[c] assumes its minimum value
in the case of uniform distribution, i.e.
Oﬁr(a;)ch(x) xeV (9)
and
(MQrin3=0, (10)

2° dy[c] assumes its maximum value in the case of a completely segregated
distribution, i.e.
_(om» if xevi

. . (11)
Cmax_ 10, if XEV\Vi

where |Vx\=c| WId0 and

dv[cmax]=C(e0-C). (12)
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The derivation is shown in Appendix 1.

Thus, it can be seen that functional d2[c] determines the distribution of
minimum and maximum transmixing in range K(V) in agreement with prac-
tice. To establish the relationships among the distributions within these two
extreme states let us examine the linear diffusion process described by bound-
ary-value problem :

dcl(;(l, t)= div [Z>grad c(x, i)], xCV, i>0 (13)
c(x, 0)=co(x) xCV (14)
e O_o xes, >0 (16)

Qn

Let 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 at the initial boundary-value problem :

d{dv[c]() =2 r

~ 'at W\ \]D [grad c(x’ i)]2 dx (16)
D

dv[c](0) = dv[cq] a7

It follows that —since D arO and (grad ¢)2>0 —the linear diffusion process
becomes manifest via such distributions which result in strictly monoto-
nously decreasing d2[c](i) with increasing time from any arbitrary initial distri-
bution ¢0. It is apparent from Eq. 16 that the smaller the rate of decrease,
the smaller diffusion coefficient D and (grad c)2are. Therefore, it follows that
the rate of equalization decreases with decreasing gradients due to equaliza-
tion.

Since this process can be considered the “most typical” equalization pro-
cess, it means that the normalized form of functional dy[c]

/Iv[c]= dv[C] , Cc€A(F) (18)
dV[Cmax]

can be considered a good measure of the extent of mixing.
Let us introduce ordering relationship Bkin set K (V) in such a manner that:
cli?kc2then and only then, if /5[cjs 1y{.cn (29)

Ci, 2EK{V)

which means that distribution cg represents a state more thoroughly trans-
mixed than c2. Relationship Rk orders set K(V) in a linear manner, i.e. cvRkc2
or cA?kg for any arbitrary cx, c2¢K(V) while the minimum element of K(V)
is the uniform distribution cmdetermined by Eq. 9 and its maximum element
is distribution cmex given by Eqg. 11

Elements cmin, craax, and an inner element of K(V) in a onedimensional case
is shown in Fig. 1.
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Elements ctln, cmex of range K(V) along with an arbitrary internal element ¢

It can be concluded that ordering relation Ak called mixing relation relates
the elements of K(V) on the basis of the diffusion process, i.e. if cl=c(x, iX)
and c2=c(x, t2) are the two solutions of initial boundary problem Eq. 16 and
17 and then IM[c< I*[cd, and correspondingly c2Rkcl. Naturally, it can
be seen from Eq. 18 that:

Os1IMs | VceN(F). (20)

If /2[C]=/2[c] then distributions tg 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 mirror image with respect to the normal bisector [0, L]
as symmetry axis of distribution ¢ shown in Fig. 1 is equivalent with c. Simil-
arly, any arbitrary distribution obtained from the original one by cutting
section [0, LA into finite pieces, followed by the arbitrary 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 parameter. However, this is a rather static kind of
equivalency, because as it follows from Eq. 16, dynamic equivalency in any
minute requires the identity of (grad c)2 as well, a requirement most fre-
quently not assumed by these operations, since due to such cutting and mixing
operations, new breakage points are formed and the “environment” of the
elements is also changed.

Certain Characteristics of the Inhomogeneity Parameter

The discrete form of inhomogeneity parameter 1% defined by Eq. 18 —
when it is calculated from a limited number of samples as:

/v=— yt-—-2[«i-eP (21)
where :

c= % * (22)
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is the average value of n concentration samples —is an appropriate qualita-
tive critérium to study the homogenization process [1,8].

It follows from the definition of 1%that the sampling points are set, i.e.
the ith sample i= 1, n is always taken from the same place, and the n sampling
points are distributed in such a way that each represents a space element to
be homogenized of equal |V\jn magnitude.

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

Let us assume that the adequate description of some homogenization pro-
cess c(x)(t) is the simplified model known from the theory of turbulent 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 the case of concentration:

c=<c+cf (23)

Let us substitute this expression into Eq. 18 and assume that due to the
homogenization process, the average value is identical in any point, then the
expression :

O n = | oee- flc'(*)Pcte (24)

"~ Adfcad J

is obtained which is proportional with the standard deviation of stochastic
process ¢’ and in general, its value is not equal to zero.

Thus, it can be seen that the value of the inhomogeneity parameter de-
creases to a minimum value given by Eq. 24, but due to the stochastic nature
of the mixture it cannot assume a smaller value. If the mixture is a perfect
(ideal) one, then ¢’—0 and the inhomogeneity parameter can also assume zero
value.

Let us consider a linear, normal distribution series over range V, charac-
terized by normalized density functions of the form ¥

c(x) = ;—e~bx2 (25)
where :

a= J e~bx*da: (26)

\

and parameter b is a function monotonously decreasing with the standard
deviation of the parameters, a. In such cases, the inhomogeneity parameter
defined in space yields an ordering similar to the standard deviation a of
these distributions, i.e. in the case of two arbitrary distributions of the form
of Eq. 25 cxand c2, where the respective standard deviations are a, and a2,
it is true that:

if <i<<?2 then /v[ci]>lv[cz]. 27)

The details of the derivation are shown in Appendix 2.
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Obviously, this is in agreement with the “measure of mixing” nature of
the inhomogeneity parameter, because in the case of “normal distributions”,
the “flatter” the distribution, the greater is the standard deviation, which
means that it is closer to the homogeneous distribution, i.e. the value of the
inhomogeneity parameter belonging to it is smaller.

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

Let us introduce concentration vector cT= (cl; c2, ¢3, ..., cn) where cp
i=1,n is the concentration of the ith component.

The inhomogeneity parameter characterizing the system is given by:

4AM = dv[Cma>2]||-£/|’ fe- o)L~ 9 dx (28)

where dZcmeq reads as:
dv[Cmax]i::ZICi(em-Si)- (29
Thus, the relationship between the inhomogeneity parameters ly[Cj] of the

respective components and the inhomogeneity parameter of the entire system
containing n components is given by:

Iv[Cmax]= | iv[Ci] (30)
d V]Crax )

The Inhomogeneity Moments

Let us now consider the permitted concentration function c*K(V) and let us

introduce the function :
F(a) = m{x-. ¢(x)~z q) (31)

It can be seen from the definition of F(qg) thatitis a monotonously non-
decreasing and continuous-from-the-left-hand-side function :

lim F(q)=0 and Hmi,(p)=|F| (32)
e-0 e—fm

Fig. 2.
Determination of function F(0)
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The latter, in sum, means that y>0) = F{n)j\ V | is a concentrated distribution
function over the interval [0, ¢m) and it is termed the inhomogeneity distri-
bution function of the permitted concentration function, cEK(V). The deter-
mination of function F(q) in the one-dimensional case is shown in Fig. 2.

It can be shown [10] that if g is a Lebesque-measurable function over the
interval (0, om) then:

j 9 (a) dy(e) = |~j- JslciaOlda; (33)

0 1 v

provided any of the integrals shown in the equivalency exist.

Let us substitute function g(g) —g, i=1, 2. .. into Eq. 33 to obtain
Qm
J eUly«(e)= — Jc‘(x)da: i=1,2, ... (34)
0 \%

From here it can be easily shown that:
om
i=2 3, (35)
v 0

i.e. the ithinhomogeneity moment at the left-hand-side of Eq. 35 is equal to
the ith central moment of the inhomogeneity distribution function ip(g), i.e.
the inhomogeneity moments act as the central moments of a one-dimensional
distribution concentrated over the interval [0, gm). Thus, if a distribution
cEK (V) is characterized by its inhomogeneity moments, then a c-~y>mapping—
mainly a fictious one—is carried out and thus there is no need to examine
the space dependency of the concentration. This, and another very similar
approach [11] as mentioned before, is used primarily to characterize the
quality of homogenization processes and batch-wise operations of the chemical
industry.

The inhomogeneity distribution functions mmax, ymin and y> corresponding
to distributions cmax, cmin, cEK (V) shown in Fig. 1 are shown in Fig. 3.

Fig. 3.

The inhomogeneity distribution functions of concentration functions Cmin, cmax and c
shown in Fig. 1.
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It can be seen from Eq. 34 and 35 that the approximations of the moments
of inhomogeneity distribution function ip(g) can be calculated by expressions

of the form shown in Eq. 21 constructed for the ith, i=1, 2, ... power, i.e.
the calculation is based directly on the concentration sample taken at point n.
Distribution function [12] can be calculated as a good approximation

by the Bernstein polynémes from these samples, or rather from the moments
calculated from these samples. If the c-»ip mapping is mutually unambiguous,
then the original concentration distribution cEK(V) can also be reconstructed
unambiguously.

Final Remarks

In the general case, inhomogeneity parameter /y, 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 important, because it
ensures that the inhomogeneity parameter can be calculated by the discrete
form (Eqg. 21) from measured concentration samples — as, e.g. when homo-
genization processes are examined.

Eq. 16 is a very important 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 permitted concentra-
tion functions.

It can be seen from Eq. 35 that the inhomogeneity parameter is — from
the stand-point of probability theory, the standard deviation of the inhomog-
eneity distribution function ip(g) defined by Eq. 31, where xp() is the proba-
bility of the occurrence of a particle in the system studied at a point where
the concentration is smaller than q. It should also be noted that the third
momentum informs us about the symmetricity of distribution c, i.e. about
the ratio of the areas swept by the function sections above and below the
average value.

On the basis of the above discussion, the simplicity of its structure and its
frequent use as the qualitative criterion of optimation problems, it can be
concluded that the inhomogeneity parameter satisfies all the requirements
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 phenomena connected to components, the
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 parameter also applies in their case.

SYMBOLS USED

a —constant, (Eq. 26)

b — constant

c —concentration, (kgm-3); concentration function
Ce — uniform concentration distribution

Cmin — minimum concentration distribution

Crax — maximum concentration distribution

dv[c] — Eq. 7

D — diffusion coefficient, (m&_1)

/ — functional
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F —distribution function

g —function

iv —inhomogeneity parameter, (Eq. 18)

K(V) — the range of the permitted concentration functions
\ —the length of the system in direction, ai, (m)

Lz(V) — the space of the functions quadratically integrable over V

m —measure of the set

n —normal, natural number

R —the set of real numbers

R3 —three dimensional, Eucledian space

Rk —transmixing relation, (Eq. 19)

S —boundary surface of v

t —time, (sec)

X —space vector

\Y —set

Ei, Vi, E3 — sets

Q — probability variable

gm — maximum concentrationvalue
a — standard deviation

g — inhomogeneity distribution function
P —Lagrange functional

Ai, 5 —Lagrange functions

\Y — Lagrang(j»constanL

a, a’ —constants

y —function

& —empty set

Indices

1,2 — particular value

0 — initial value

Mathematical operations

(*) — average value

(| — measure of the set, absolute value
(*) —probability average

() —fluctuating component

()T —transporation

(*) —vector

(*)/(*) —difference of sets
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Appendix 1

Solution of Problem (8)

This problem is divided into two: the determination of the minimum and ma-
ximum elements. This determination was made with the Lagrange functional
method [13].

Determination of the Distribution Yielding the Maximum Value

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

Let us determine element cnaex minimizing functional :

_dv[c]= - (c- 52 (A1)
under the limiting conditions :
c=|ce] (A.1.2)
c(x)—Qm~0 (A.1.3)
—Cc(x)"0 (A.1.4)

The Lagrange functional of the problem becomes:

h(c, n, Ai, )= -(c-c)2+/i(c-e2+ J AiX)[c(X) —pmldx+ J A(X)[- c(x)] dx (A.15.)

\ \

so the necessary and sufficient conditions become:

grad; d(c, fi, Ai, AR)= —2 [c- c(x)]+u+ Ai(x)- R(X)=0 (A.1.6)
J AI)[e() —Qrl=0; j h(x)[-c(x)]=0 (A17)

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 that constraint A.1.3 is active in the range Tic V, A.14 in
the range V2<zV and there does exist such a set of non-zero-measure V3czV
that none of the constraints is active there. Then, since F, Fj=G1, j=
=1 2, 3and FIUF2U F3=F, Eq. (A.1.6.) can be decomposed as:

—2 \c-c(x)]+u+ Ax)=0, if xCVi (A.1.9)
—2 [c- c(x)]+ft- fa(x)=0, if xC Fa (A.1.10.)

I_le [c-c(x)]+/i=0, if  xC Vs (A.1.11.)
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It follows from (A.1.11) that c{x)—c+ p(F)/2 is constant over set F3and
let this set be @wand O0<a< . Then, however, one can immediately find
such a function to which functional —dy is smaller.

Let us consider Fig. A.1.1 showing—for the sake of simplicity—the one-
dimensional case. Let oc'xx and o |F3j' = a(F3). The difference of the two

oc'IV3r-oc |V3]

WYl Vel X

Fig. A.1.1.
Schematic used for the determination of the distribution acting as the maximum element

functionals is given by a'21F3]'—a2|F 3. If the above values are substit-

uted here then one obtains:
alF3(a'-a)>0 (A.1.12)

If oc=gmthen set F3is bisected and the value c(x)—gmis selected on set
F3. Let c(x)=0 on the set F3/F3. If ranges V1and V2are completed in such
a manner then the value of functional —(d2) decreases. Thus, it follows that
in the case of the minimum element |F3|= 0.

Then let us select mM—O0. Al(x) =2(gm—c)/j F| over range VI and AK) =
= 2c/|F| over range F2. Since om-c>0 for any c£K(V) it follows from con-
dition (A.1.2) that:

=fom xC. Vi
xu =jam XCV2

where \VI\=c\V\IQm and |V2\=| F| - 1Ft|..
The determination of the distribution yielding the minimum value is car-
ried out analogous to the previous procedure (and therefore it is not repeated

here) under the necessary and sufficient conditions resulting in the uniform
distribution :

(A.1.13)

Qrin= G (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~2bx2dx = d-2r, \ = J g—2bx2dx (A.2.1)

\% \%
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The derivative becomes :

d@-2%

da
—2a-3—y+a (A22)
da da

if the derivation rule of definite integrals with respect to parameters is made
use of then:
da: db r,

—= —Xte-hQ da; 2.3
da do-J (A23)
\
dy - db r
-2 - X- X2 (A.2.4)
da daJ

If Eq. A.2.3 and A.2.4 are substituted into A.2.2, then after rearrangement
one obtains:

Jx2e-vx2dx J x22~2bx2d x

d(a-a
(day) ((j:r Ir_Jr Y r Vr (A-25)
v e-b*2da; | e - 2bs2da;
\ \

It is immediately apparent that the sign of the first derivative of (arzy)
with respect to a depends only on the signs of db/der and the term in the
second parenthesis, because the signs of the other terms are always positive.

However, the first term of the difference in the second parenthesis is the
second common moment of a normal distribution of parameter b, while the
second term yields the second moment of a distribution of parameter 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 than zero.

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

d(a-ar)

o (A.2.6)

Eq. 27 directly follows from here.

PE3IOME

TeMmolit JaHHOV CTaTbM SABMISIETCS CTeMNeHb NapemeLlaHHOCTX. B cTaTbe paccMaTpuBaeTcs, Kakum 06-
MM YCNIOBUAM [0/KHA YAOBNETBOPATL XapaKTepucTVKa, NpYMeHsieMast B KauecTBe CTereHu nepe-
MeLLAHHOCTW. BbINo [0Ka3aHo, YTO COOTBETCTBEHHO HOPMa/n3oBaHHas dopmMa KBaapaTUUHOro
®yHKUMOHaa (T. H. NapameTpa HeoA4HOPOAHOCTU), TOMIKYEMOT0 Ha OCHOBE MPYHKLMIA KOHLEHTpaLuu,
SBNSIETCS Upe3BbIyaliHo XopoLLeli Mepoii nepeMeLLIaHHOCTM. STOT NapameTp CBsA3bIBAeT pacrnpegesne-
HUS! KOHLIEHTPaLWIA, UMEIOLLIMX MECTO B [eACTBUTENILHOCTU, NPU MOMOLLM SIMHERHBLIX PeNsLWM, COOT-
BETCTBYIOLLIEN NPAKTUYECKUM NPeACTaBeHnsM. B obLiem ciyuae, Ans pacyéta napameTpa HeoAHo-
POAHOCTM HEo6X0AMMO TOUHO 3HATb pacnpefenieHVie KOHUEHTpauuii B uccnesyemoit cucteMe, of-
HaKO Ha NPaKTVKe 3a4acTyto — TaK W Npy U3y4eHn NPoLLEcCOB FOMOTEHMU3ALIMN — 3TO MOXKET GbITb
onpegeneHo ¢ NOMOLLLbIO AUCKPETHO PopMbl NapaMeTpa, Ha OCHOBe 06pasL|0B KOHLEHTpaLuK, no-
NYYeHHbIX B X0/ie NPOBEAEHS OMbITOB.

MapameTp HEOAHOPOAHOCTU SIBMSIETCS OAHUM M3 MOMEHTOB HEOAHOPOAHOCTU — a UMEHHO MO-
MEHTOM HEeOAHOPOAHOCTU BTOPOro MOPSKa, — KOTOPbIe NPEACTABNSAT CO60i He UTO MHOe, Kak
MOMEHTbI PYHKLMM pacnpeaeneHnst HeoAHOPOAHOCT MOXHO NPUGIN3NTL C 1060 CTemneHbio Tou-
HOCTW.
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This paper deals with the application of the inhomogeneity parameter
used to characterize the steady-state conditions of open systems
(concerning mass transport) to compare different states and systems.

Even microscopic mixing can be characterized in continuous flow-
through systems by the inhomogeneity parameter—although only as
an approximation —resulting in a wealth of useful information.

The relationship of three empirical mixing characteristics—recir-
culation—and the inhomogeneity parameter are scrutinized.

It is concluded that systems can be easily compared by the inho-
mogeneity parameter: at first the approximate value of the inhomo-
genity parameter is calculated from measured data, then the empirical
characteristic sought is obtained by the appropriate equations.

Introduction

The term inhomogeneity parameter was defined in Part 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 environment whatsoever). It was
concluded that the inhomogeneity parameter defined a linear ordering rela-
tion among the true concentration distributions obtained in agreement with
the practical point of view, so it could be used as the measure of the extent
of mixing. In the general case, the concentration distribution of the system
studied- had to be exactly known to calculate the inhomogeneity parameter.
In practice, however, it could frequently be estimated 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 parameter for the characterization
of the steady-state conditions of systems, open with respect to mass transport
and for the comparison of different states and systems, will be dealt with here.

5*
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Micromixing in Continuous Flowing Systems

Let us consider an arbitrary continuous flowing system in which the residence
time distribution spectrum relating to the mixed fluid is F(t). This function
describes the macroscopic mixing in the system. Once the system arrives at
a steady-state condition, the concentration distribution of the fluid mixed
becomes uniform in the system and the inhomogeneity parameter character-
izing the distribution becomes zero, i.e. /y[c] = 0. Since in steady-state condi-
tions, this is time for any such system, the form derived for 1% in closed
systems cannot tell flowing systems from each other.

However, after an appropriate modification, conclusions can also be drawn
with the assistance of the inhomogeneity parameter about the microscopic
mixing in continuous flowing systems in their steady-state conditions.

DakckWerts [2] introduced the term “fluid point” to describe microscopic
mixing. A fluid point is a fluid element of negligible size compared to the
entire system, yet it contains enough molecules to allow for the definition of
the distributions and average values of certain intensive characteristics.

Any fluid stream entering the system is decomposed into a large number
of such elements. During their residence in the system these elements can be
transformed and mixed with each other. Yet independently from these chang-
es, the can be considered perfectly mixed at any moment.

Let a be the age of any arbitrary molecule in the system at a given moment
and let it be equal to the time that has elapsed since the molecule entered
the system [3]. Similarily, let the life expectation of the molecule be A[3] and
let it be equal to the time the molecule will still spend in the system from the
given minute on.

Thus, if the residence time of a molecule is t then:
t— OC+A. (1)

Due 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).

Let the age distribution function belonging to the pthpoint, p CP and where
P is the set of indices used to denote the points, be 0p(a). According to the
above definition this can be defined for each point and let its concentration
be ¢ .

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

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

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

I iYb v €>

\4 \%

where, for the sake of simplicity, summing the operation according to p is
written as the integral according to volume 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(“)=  JcpOp(a)dF O

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

4(«): y A— f[bm«)-@(«)]* d7 (6)

(go—e)|F
QT

Thus, it can be seen that 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 moment
between «and a+ da between the “points” is given by the respective density
functions formulated according to Eq. 5.

The most interesting case during the examination of ly(a) expressed by
Eq. 5iswhen i*(a) =0, i.e. Op(a) = 0(a) for any oc6[0, °°] and all pgP, i.e. the
age distribution function of all the “points” are identical and equal to the age
distribution function of the system.

It will be shown that I\ =0 if and only if the system is perfectly mixed in
both macroscopic and microscopic scale.

It is known from the model given by Zwietering [3] for a microscopically
perfectly mixed system, characterized by any arbitrary residence time dis-
tribution function F(t) that the age distribution function of a “point” of life
expection A reads as:

J
\%
where :

F (lv+ a) —F(otp)
LY e— nrruw— (>

while the same function of the system is calculated by:

0(a) = —J[1—P@)] da’ ®)
0

If the residence time function of a macroscopically perfectly mixed system
F(t) = 1—exp (—tjr) is substituted into Eq. 7 and 8, then the equivalency
Op(6) =0(a) = | —exp (—a/r) is obtained proving the first part of the state-
ment.

To prove the reversed statement let us consider the model shown in Fig. 1.

The model consists of a long tube of constant cross section S divided into
a large number of sections of width Ax moving continuously along the dotted
line.

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

The system is composed from an appropriate number 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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Fig. 1.
Model to study microscopic mixing in a continous flowing system

lowing rule: the first cell of the first section, the first and second cells of the
second section, ... the first, second, ... ith cell of the ithsection and the first,
second, ... nthcells of the nth section, i.e. the system always consists of the
enumerated n(n+1)12 cells.

Let us assume that the flow rate of liquid entering the system is g = const.

Then the system controlled by an appropriate automatism operates through
the following cycles:

1 ) Distributor E distributes the liquid of volume gAt entering the system
during time interval At as equal doses into the n sections between points 0
and L in such a manner that liquid dose of volume gAt/n enters the ith cell

in section i, i=1, n.
2) There is a certain transmixing taking place between the section.

These steps are completed in no time or, at least, during a time period much
smaller than At.

3) Sections move a distance of Ax along the positive x axis at a constant
speed w, while the fluid of volume n(<[At/n) = gAt in the cells of the nth, while
the last section leaves the system mixed to a degree determined by step 2.

As aresult of this step the ith section becomes the (i+ I)thsection (i= 1, n—1)
while a previous section of the “continuous elevator” takes the place of the
first section.

If the volume of a cell is AV then the following relationship is valid :

g-At=n-AV (9)
(10
and:
2t
Tar ()
Let us assume that the model resumed its operation at i=-00 so at i=0

it is in a steady-state condition and let us trace the trail of volume element
gAt entering the system this minute.
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Obviously, the system can be considered perfectly mixed microscopically
only when the fluid entering the system at <=0 during step 2 is uniformly
distributed among the cells, i.e. all cells receive “fresh” liquid as volume
(2gAt)I(n+1) leaves the system during the interval (0, tj) in step 3, uniformly
distributed during this interval according to velocity w= const.

Let us assume that the concentration of a tracer of the liquid flow entering
the system is cOthen the exit concentration becomes:

) _ZcoAt Co At (12)
C(IO)_n+1 T

The amount of tracer left in the system is qcOAt(\ —Atjr), its age becomes
At=o0q and after transmixing it is once again uniformly distributed among
all the cells.

It follows that the value of the next concentration pulse is:
(13)

and the amount of tracer left in the system is JoQAt{\ —At/T)2 Its age is 2At= a2
Let us continue this process. The value of the nth concentration pulse be-
comes:

(14)

and the amount of the tracer left in the system is qcOAt(l —At/r)n+, its age
is (n+1)At=xn+lL

Since a similar process takes place for all concentration pulses cOAt~Cc”"a)
entering the system during all further time intervals, it follows that the equiv-
alency 0p(a)=0(a) is valid for any time interval for all p =1, n(n+1)/2.

Let us substitute th=At-n into Eq. 14. According to the binomial formula,
the following expression is then obtained :

o= (i iz + L Fi-i) _fLfi-Dfi-£)+ .

1e3)\ n)\ n
(- (15)
nita ( nJ{ n) | w /

Let i,=t and let us decrease the duration of intervals At, i.e. let us obtain
the limiting valves At-*Q, while cOshould change in such a manner that
the equivalency cOAt= 1 holds for any At.

Obviously Eq. 15 then becomes the infinite series:

t i2 f3 tn

-1)" 16
T +2IT2 3!t3+"'+( l) n\ Tn (16)

from which it is immediately apparent that:

c(i) = r—e~|ir (17)
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i.e. the density function of the residence time distribution of the system is
entirely identical with the density function of the macroscopically perfectly
mixed system, quod erat demonstrandum.

Let the system characterized by residence time distribution F(t) now be
perfectly segregated microscopically [2, 3]. ly(x) can then easily be obtained
in a closed form.

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

0, if asiotp
@pla) 1, if  a=-ocp 9
It can be easily shown that now:
IFil 17
O(«Q=M\f=7; t1- W ] dot” <9)

where |Fj| is the volume occupied by “points” remaining in the system for
a time greater than a.

Let us substitute Eq. 19 into Eq. 5 then:
ly(a) = —r®(«)[1 —©(a)] (20)
QO-C

It is immediately apparent that 1y(oc) depends only on the residence time dis-
tribution function of the system.

The Inhomogeneity Parameter of the Recirculation Model

The recirculation model is used to characterize the mixing rate of the trans-
ferred material in steady-state systems during the examinations of transfer
processes. Let there be a tube of length L with plug flow in the forward branch
into which the material is transported along length co-ordinate x from a sur-
rounding of concentration ck= const by transfer coefficient a. The concent-
ration of the material entering and leaving the system is cOand cL, respectively.
Thus, the differential equation of the tube with plug flow is:

de =<*K[ck -C(X)] (21)
q ax
and the initial condition is:
gc04-RqgcL = (1+ -K/qc/0] (22)

This states that the concentration in the plane at =0 of the tube is obtained
by the appropriate mixing of initial cL according to mass flow rates q and
q'= Raq.

The solution of Eq. 21 and 22 is:

Ck—Co

C(x)= Ck_|+Ri|-e-“*)e~vx (23)
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or if the term:

Ck—c(x)
G(x)- (24)
Ck —Co
is used then:
C(x)- 1+ 72(1-a-5) ™ (25)
By simple operations one can arrive at:
MO 1A (1-e-m)]2 #)
where :
A= [yL{1- e-2yi)- 2(1 - e-vi)2] 27)

T2y 2

It is apparent from Eq. 26 relating to the inhomogeneity parameter that
function 1%f{li) is a monotonously decreasing one, i.e. the greater the recircula-
tion ratio R, the smaller the inhomogeneity parameter 1%(R) reflecting the
natural fact that the faster the mixing rate, the more uniform the concent-
ration distribution in the system.

Let us not that:

}I/!&r}) ly —O (28)

i.e. a uniform concentration distribution is established in the system when the
transfer rate in infinitely fast. At the same time:

lim 1y = lim A 29
yJ@yy (29)

where A becomes a 0/0 undetermined form during the y-+0 limit test. Ac-
cording to I'Hospital’s rule:

I}}r_neA —I)L@OewL(l—&vL): 0 (30)
)If'_ﬂb 7v=0. (31)
Fig. 2.

The inliomogeneity parameter of the recirculation model plotted against 1/7? (L= 1)
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Since /y is a continuous function of y it passes a maximum value with
incerasing y. This can be seen in Fig. 2, where the changes of the inhomoge-
neity parameter of the recirculation model are plotted against 1JR for various
y values. Ate.g. 1/R—151\ initially then decreases with increasing y and L=1.

The Inhomogeneity Parameter and the Number of Mixing Units

Another frequently used empiric characteristic of mixing processes is the
number of mixing units [4, 5]. In this case the mixing phenomenon occurring
in a system is modelled by a cascade series consisting of n perfectly mixed
systems and n is termed the number of mixing units. The equation of the ith
system in steady-state condition is:

g(Ci- ci_i)= aE (cn- cs) (32)

or, if the concentration simplex:

_ Ck—Ci

¢ &k—D

(33)

is introduced once again then Eq. 32 becomes:
Ci :(Ll r>o i-i (34)

) n+n) (35)

from which:

because (70=1.

If the summation formula of the first n members of a geometric series is
used, then the average value becomes:

(30)

and the square average becomes:

=3

") [*-fen o7

In the case of n= 1 the inhomogeneity parameter is obtained by simple re-
arrangements :

iv(l) =0. (38)
But since wA=exp'(u In u) and I'Hospital’s rule can be used:
_ 1 . .
El—lnlrrg exp (n_lnl_:l_:_fg)j:l-ﬂ' 1- H’[-T"]oi' ™ (39)

|+

e
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and :
lim C2=li —lim exp [2n.-In = ﬂ'& (1—e~B) (40)

*-00 - il-.«»

SO:

lin 1y(n) =5

5 (- e~ oo (I-e-B) (41)

i.e. lim /y is a finite positive number when 0< /?<°°,

Since the general form of the inhomogeneity parameter vs. mixing unit
number relationship :

(42)

is too complicated to draw direct conclusions, numerical calculations were
carried out.
Function Iv(n) is shown in Fig. 3 for a number of B values. The function

Fig. 3.
The inhomogeneity parameter plotted against the number of mixing units

increases strictly monotonously. When n—1 it is equal to zero, corresponding
to the perfectly mixed state of the system, i.e. uniform concentration distri-
bution. 1\(n) increases with increasing n, i.e. the smaller the mixing, the “less
uniform” the concentration distribution and it reaches its maximum value at
n=oo, i.e. when the number of mixing units describing the mixing pheno-
menon in the system is infinite. 1t can be seen that this is also equivalent to
the plug flow model.

Let us consider the plug flow model described by Eq. 25 and le us multiply
both of its sides by length L of the model. Then, after simple rearragements
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the differential equation:

9O | v =0 43)
dz

G(o)=1 (44)
is obtained.
Let us integrate Eq. 43 over the interval [0, 1] and observe Eq. 44. The
average value becomes:
1-<?(1)
B

G= (45)
which, if the solution of Eq. 43 is noted, is identical with Eq. 39. Similarily,
the square average is determined by the expression :
1-C7(i)
= 46
c2 3 (46)
which is identical with Eq. 40.

It follows that the inhomogeneity parameters are identical, that 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. Its boundary conditions depend on the actual problem
[7, 8]. It can be written as:

1 dx dc

be dz2 ,ﬁ:Bl(Ok-c) (47)

and the boundary conditions are:

= 1 de =0 (48)
R P
and:
z=1 (49a)
or:
limc<~ (49b)

Z*

If the boundary conditions are selected and express by Eq. 48 and 49a,
then the inhomogeneity parameter becomes:8

4[d= A2 e2;i—1 (e,cJ.*-l)Zl_'_AI egdf-1 eg—1 +
24 A Coxe Al
o AA, -1 (e/l-1)(e 1) (60)

Al+72 ul/2
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where :
@
Ala en-w
I bl { Pej A&
and
@
i1 i1 &2 PiAp
I Pej 1 Ps) A
and:

7

(61)

(62)

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

The inhomogeneity parameter of the axial dispersion model plotted against the Pe num

her in the case of boundary conditions expressed by Eq. 48 and 49a
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rameter becomes:

I f Pe-*-0 then corresponding to perfect mixing ly-+0 in both eases. If Pe-+°°
then both lim Eq. 50 and lim Eqg. 51 become:

(54)

which corresponds to the plug flow model as it can be seen from Eq. 43 to 46.

Between the two limiting values /y increases monotonously with increasing
Pe numbers (cf. Fig. 4). This means that there is an unambiguous-correspon-
dance between the inhomogeneity parameter and the Pecletnumber. It should
be noted that Jy once again passes a maximum value, while BL increases from
zero to infinity.

Final Remarks

Since the condition c—const is valid in continuous flowing systems in steady-
state conditions, the inhomogeneity parameter as determined previously [1]
can well be used for these systems. The significance of this application is that
thus there is an opportunity to compare various systems. In the case of dif-
ferent systems, equal inhomogeneity parameters mean that concerning this
study, the systems behave identically. If the mixing phenomenon in one sys-
tem is described by the recirculation model and in another one by the number
of mixing units, then a relationship can be established between the two di-
rectly incomparable quantités by making Eq. 26 and 42 equal. The Peclet
number used in the axial dispersion model can be similarily treated.

The determination of the empirical characteristics in question becomes
much more simple with Eq. 26, 42, 50 and 53. If the concentration is measured
at several points in a system in steady-state conditions, then the approximate
value of the inhomogeneity parameter can be calculated by its discrete form.
The recirculation ratio belonging to this value can be easily calculated by
Eqg. 26. The calculation of the number of mixing units or the Peclet number
from Eq. 42 and 50 or 53 is more complicated. They can easily be obtained
graphically.

Microscopic mixing in a continuous flowing system can be characterized
approximately by the inhomogeneity parameter. Nevertheless, even this
yields very useful information. It has been shown that for any arbitrary age
a the condition ly =0 is feasible only for macroscopically perfectly mixed
systems. Since lyS:0 this means that this is the minimum value of the in-
homogeneity parameter.

Naturally, 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.
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Symbols Used

A — constant, Eq. 27
Ai, Az — constants, Eq. 51
c — concentration, (mole-m-3)
G —concentration simplex
Ck — concentration of the environment, (mole-m-3)
Crax — concentration distribution resxxlting in maximum, d2[c]= c—c2
D — axial dispersion coefficient, (m%-1)
E(t) —residence time distribution density function
[& — residence time distribution function

— inhomogeneity parameter
K — circumference
K(t) —residence time distribution density function
L — length, (m)
n — number of mixing units, natural number
Pe — Peclet number (= wL/D)
R — recirculation ratio
S — cross section, (ma)
t —time, (5)
\% — volume, (m3)
ro — linear velocity, (ms-1)
X — axial co-ordinate
\Vj —co-ordinate perpendicular to x
z — dimensionless axial co-ordinate
u,v  — functions
q — flow rate, (m3-1)
a — age of molecules, (s); mass transfer coefficient
R — constant (=F/q)
vV — constant (= K/q)
A — life expectation time, (s)
B — age distribution function
r — average residence time, (s)
02 — standard deviation
AKX —Eq. 62
Indices
p —denotes the “fluid point”
0 — input signal
1 — itb serial number
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PE3IOME

CTaTba KacaeTcs MpUMeHeHUs napameTpa HeoAHOPOAHOCTM AN XapaKTepPUCTUKM CTalUOHapHbIX
COCTOSHUIA CUCTEM, OTKPBITbIX C TOUKM 3peHUs MaTepuanbHoro o6opoTa, a Takke 18 CPaBHEHUS
0T/eNIbHLIXCOCTOSIHWIA U CUCTEM.

C nomoLblo NnapameTpa HeOAHOPOAHOCTU MOXET 6bITb 0XapaKTEPU30BaHO — XOTS NINLLL NPUGN-
3UTEeNIbHO — MUKpPOMNepeMeLIMBaHe CUCTEM C HEMPEPbIBHbIM NOTOKOM, W TEM CaMbiM — MO/YYEHO
3HauMTeNbHOe KONMYECTBO MOME3HON NH(OpMaLUN.

B cTaTbe paccMaTpuBaeTCs CBA3b TPEX IMMUPUUECKNX XapaKTepUCTUK MepeMeLiMBaHns — 07K
PELMPKYASALNK, YMCNa eANHIL, NepeMeLiMBaHns 1 KoadduLmMeHTa NPOA0ALHOW Ancnepcun — ¢ napa-
METPOM HEeOAHOPOAHOCTY, W CAeNaH BbIBOA O TOM, YTO C MOMOLLbLIO MapameTpa HeoaHOPOAHOCTH
MOXHO 6e3 Tpyfla MPOBECTM COMNOCTaBNeHNe CUCTeM, Gnaroaaps TOMY, YTO Ha OCHOBE W3MEPEHHbIX
[aHHbIX CHaYana paccumMTbIBaeTCA NPUBAUXKEHHOE 3HAYeHWe napameTpa HeO4HOPOAHOCTH, a 3aTeM,
C NMOMOLLbI0 COOTBETCTBYIOWLMX YPAaBHEHNI — 3HaueHue NCKOMOW 3MMUPUUECKOI XapaKTepUCTUKMU.
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The knowledge of the extent of transmixing between the cells in a
multicell fluidization apparatus is essential. An experimental tech-
nique has been developed to determine the magnitude of the back-
mixing mass flow rate and the effects of various process and appa-
ratus parameters upon this backmixing mass flow rate.

Experimental results and their evaluation are presented. Relation-
ship were deduced between the backmixing mass flow rate and the
process, as well as the apparatus parameters. Experimental results
are evaluated by a hypothesis that assumes that pressure fluctu-
ations also result in backmixing.

The experimental apparatus and the evaluation method developed
to determine the particle mixing phenomena in multicell fluidized
beds were published in a previous paper [1]. An evaluation of the
experimental results and relationships mixing mass flow rate and
various process and apparatus parameters 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 at height Fk between the
cells upon a backmixing mass flow rate were examined at various input mass
flow rates. The values of backmixing mass flow rate were calculated by Eq.
34 of [1].

From the analysis of the experimental data it could be concluded that the
backmixing mass flow rate depended only on the area of the opening, but not
on its geometrical parameters, so the values obtained with identical opening
aredas2 could be averaged. Averaged values are shown in Table 1 and Fig. 1
and 2.

G
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Table 1.

G=1.95Kkg Ffe=2x 10-2 m 17"=0.175 m/s
X104 -FbXIO* yxio<
(kg/®) (m2) (kg/9)

15 12.8
3.0 21.2
417 45 408
6.0 52.1
15 11.6
3.0 22.3
8.33 45 328
6.0 43.1
15 9.1
3.0 18.0
16.7 45 27.4
6.0 32.6
15 6.4
3.0 12.7
250 45 21
6.0 26.1

+1.5x10-4(m2)

I 50 0 3.0x10™* 1.
[4.5x10y4 -II-
tu  soa
30
a
10
0 10 .20
'0x104 (Kys ),
Fig. 1. Fig. 2.
Backmixing mass flow rate as Backmixing mass flow rate as
a function of the opening area a function of solid material mass
flow rate

It can be seen that a backmixing mass flow rate increases with the enlarged
opening areas. At a given opening area the backmixing mass flow rate decrea-
ses with an increasing input solid material mass flow rate.
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The relationship between the backmixing mass flow rate g, the opening
area Fband the input solid material mass flow rate can be described by the
following empirical function :

. kiFb
9= oo — )
1-tk"G
Obviously, if:
Fb-m0 then (/-.0 and
Fb Ft)max 9 Omax and
ff-.«» 9 0

Fbm stands for the maximum flow-through cross section obtained without
separating baffles between the two cells.

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

Fb 1 lk%
9 — (2)

If the FJg values calculated at various opening areas are plotted against
G (cf. Fig. 3) then it can be seen that the points define a line. In the case

6 5 10 15 20 25~
G104 (kg/s ]

Fig. 3.

Calculated Fb/g values relating to various opening areas plotted against input solid
material mass flow rate

of the model material used (0.2-0.4 mm sand fraction) coefficients kx and fc2
become:
ki= 10.9 kg/sm2

ki=597.6 s/kg.

B»
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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 midpoint
of the opening was examined at a constant input solid material mass flow rate.
Experiments were carried out at four Yk midpoint height values at a given,
constant opening area and input solid material mass flow rate. The calcul-
ated backmixing mass flow rate values and experimental parameters are
summarized in Table 2.

Table 2.
Fb= 3X10-4m?2 G= 195 kg U"=0.175m/s
axlo4 nxio! <TX10*
(kgfs) (m) (kg/s)
0.5 16.5
2.5 16.4
16.7 45 183
6.5 19.0
0.5 13.8
25 10.8
26.0 45 125
6.5 12.2

It can be seen from the figures shown in Table 2 that the changes of the
height of the midpoint of the opening have no significant effects upon the
backmixing mass flow rate.

If the backmixing mass flow rates are plotted against the linear gas velo-
city (cf. Fig. 4) then it can be seen that E7*= 0.075 m/s is obtained for the

Fig. 4.
Backmixing masa flow rate as a function of linear gas velocity (iI7m=0.075 m/s)
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minimum fluidization velocity from the line fitted to the points. It was assum-
ed that only coefficient k1 depended on the linear gas velocity in Eq. 1. Its
value was calculated by the following relationship :

kx=g(l + k2G) %b 3)

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

Ki=bo(U"-i'A) @)
If Eq. 4 is substituted into Eq. 1then it becomes:
1
=(U"-Un)--——- — b 5
9= ( n) oy 0 (%)

The backmixing mass flow rate values (gs) were calculated by Eq. 5. These
values and those calculated from the moments agreed well, so parameter k2
was indeed independent of the linear gas velocity (cf. Table).

Table 3.
M = 7.5X10-2 m/s 0=1.95kg I2=1597.6 s/kg
(7X104 (F"_ 17A)X10» 9X10« 95X10«
(kg/s) (mis) (kgls) (kgls)
4.2 6.7 7.2
83 10.0 21.3 17.8
: 16.9 25.4 27.5
21.5 36.3 37.1
4.2 5.1 5.9
10.0 12.3 14.2
25,0 159 228 226
21.5 322 30.6
A10
jfioo +
& +
60 +
40 +
20
2 3
G (kg)
Fig. 5.

Parameter of 60 as a function of the mass of the fluidized bed
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Further experiments proved that parameter k2did not depend on the mass
of the fluidized bed either. The values of parameter bOin Eq. 4 were calculated
by parameters kx for various amounts loaded into the fluidized bed. It can
be seen in Fig. 5 that parameter b0 increases approximately 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. Measurements were carried out at four different rotation speeds
with two identical openings at different heights. In one case the height of

Fig. 6.
Mechanical agitator elements used in the experiments

the midpoint of the opening was in level with the active height of the agi-
tator, in the other case it was different. In the case of the three-wing agitator
called b in Fig. 6, the active height of the agitator was—by definition—taken
as the height of the midpoint of the opening in level with the horizontal wing.

The backmixing mass flow rate is plotted in Fig. 7 and 8 against the rota-

" S0 k- 10-2(mij
(~ 0Yi<-25«10'2(m)
%0 A02(m)
30
20:
10
0 3
n(1/s),
Fig. 7. Fig. 8.
Backmixing mass flow rate as Backmixing mass flow rate as
a function ofrotation speed of a function of the rotation speed
the two-wing agitator placed of the three-wing agitator

the bottom of the fluidized bed
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tion speed of the agitator. It can be seen that when the midpoint 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, it in-
creases significantly. When the midpoint 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 intensity of the agitation
depends on the type, size, and rotation speed of the agitating element, and
the characteristics of the fluidized bed. Let us consider an agitator of rotation
speed n rev/min in a fluidized bed of diameter 2R and minimum bed height
Ym (cf. Fig. 9). Let the joined lengths of the line pieces in direction z on the

z(r)

Fig. 9.
Definition of the intensity of mechanical agitation

perpendicularly projected picture of the agitating elements be turned into
plane z—r at a given point of radial co-ordinate r be z(r).

Let the circumferential velocity of an elementary part of surface area
z(r)dr of the agitating element at a point of radius r be 2 r n. The volume
element in the fluidized bed ,,swept” by the elementary part of surface area
z(r)dr in unit time is n 2nz(r)dr. If the average density of the fluidized bed is
gthen the mass ofthe solid material moved by the above elementary part of
the agitator is 2rnz(r)drQn. Let us assume that the kinetic energy transferred
to the particles by the elementary part of the agitator is:

1
E= ) v3—n —2rnz(r) (1rgn(n2nr)2 (6)

where 1) is an efficiency factor. Thus, the kinetic energy transferred to the
bed by the agitator can be expressed by the integral of Eq. 6 between limits

r=0and r—R:
R

E =T]*n3n3g” z(r)r3dr @
0

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

1J z(r)r3dr
E

SR O 3
a ir-Ymnn ()
X.e.

TRN2M3j z(r)r3dr

E= Rov, 0)
Let us introduce the term :
i— (10)
and let us characterize the intensity of the agitation by the quantity :
R
h3J z(r)r3dr
i=- (D)

R3Y,,

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 experiments. Then b0 was obtained from Eq. 5 as:

. 1+k2&% 1
b0=¢g (12)
Fb JJ" —Um

The values of parameter W calculated for the two agitators are plotted
against the intensity of agitation (cf. Fig. 10). It can be seen that b0 increa-
ses linearly with increasing agitation intensity.

300
+two-blades agitator
& othree- blades "agitator

5 200 0
+
100 ! ior>
i 302
G -16710M<e
u 100 200 300 I0C
i -105lw/kq]
Fig. 10.

A sine component of the pressure drop as a function of the height of the opening
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Evaluation of the Experimental Results by the Pressure Fluctuation
Hypothesis Causing Backmixing

It was discussed in detail in a previous paper that the driving force of the
solid material flow between the cells was the pressure difference, a statistical
value between the pressure drop values dp in the two cells. Backmixing be-
tween the cells can be explained by this phenomenon, namely a temporary
pressure difference occurs at different points of the opening which forces the
solid material to flow back from the second cell into the first one.

Let us consider an opening of small height and assume that pressure is
constant at a given minute at both sides, but 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
at the height of the opening (cf. Fig. 11).

Fig. 11.
How the bo parameters change with the mixing intensity

Let us assume that the material flows only in one direction through the
opening at a given minute.

Let us consider the changing pressure difference following a sine function:
Ap(t) = ci+ C sin cot (14)

to Jle the driving force of the mass flow. The momentary mass flow between
the cells can be described as a mass transfer phenomenon by function :

Ft=KkFnAp(t) (15)

The sign of the function is negative when the material 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 the (tt, t2)
interval (cf. Fig. 11). Its average over the entire period becomes:

»
-9 =A{E%\kF bAp(t) di (i6)
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Similarly, the average value of the mass flow transferred from the first cell
into the second one during the periods (0, tj) and (t2, c3/2tr) is given by:

!
" G
G+g=  JJ kFtiAp(t) di+ J kFbAp(t) dij (17

After integration and summation, the value of the solid material flow is
obtained as:
Q=kFhCi (18)

The difference of two functions yields the overall mass flow rate:
G f2g~ fcF\) \c1 c3i2 —cos (19)

The relationship between the overall mass flow rate and the opening area
was tested using the experimental data shown in Table 1. It was found that
in the case of small openings, the overall mass flow rate is constant and in-

dependent of the input solid material mass flow rate G. However, in the case

of large openings, the overall mass flow rate was not independent of G (cf.
Fig. 12).

1% 120 4 417x10"W
iloo-*a33*ran-7-

mljioo7Aa8 2 s

0250x10"-- .

n
8. D

o+

*3180
53160

40,

A
1
20

n
1 2 3 4 5 6

FoxKHmM2)
AP

Fig. 12.
Overall mass flow rate as a function of opening area

Fig. 13.
Relationship between overall mass flow rate over unit opening area and gas velocity



1978 Hydrodynamical Studies on Fluidized Beds. V. 91

If a small opening area is selected then it can be seen that the overall mass
flow rate over the unit area is proportional to the gas velocity (cf. Fig. 13).
The backmixing mass flow rate can be obtained by the integration of Eq. 16.

The integration limit can be determined from the condition:
G+ Csin Gii=0 (20)
as:

ii= — arc sin (— (21)
c3 1 ¢

Integration limit t2then becomes:

After integration :

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

Experimental data support the hypothesis that backmixing can be explained
by the pressure fluctuation mechanism. In the case of small opening heights,
this statement is substantiated by experimental data. The deviation in the
case of large opening areas is due to the fact that the pressure difference
along the opening depends not only on time, but also on the height of the
opening.

SYMBOLS USED

g

coefficient of Eq. 4, (kg/m3)

kinetic energy flow, (w/s)

opening area, (m2)

mass of the fluidized bed, (kg)

input solid material mass flow rate, (kg/s)

backmixing mass flow rate, (kg/s)

coefficient of Eq. 1, (kg/sm2)

coefficient of Eq. 1, (s/kg)

notation speed of the mechanical agitator, (1/s)

radius of the bed, (m)

' linear gas velocity over the entire cross section of the bed, (m/s)
m minimum fluidization velocity, (m/s)

YK height of the midpoint of the opening measured from the bed supporting plate, (m)
Ym minimum fluidized bed height, (m)

dp pressure drop in the fluidized bed, (kg/ms2)

£ intensity of mechanical agitation, (w/kg)

Q average density of the fluidized bed, (kg/m3)

o
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PE3IOME

Mpu NpUMeHeHUM cnoco6a MHOToSAYEeUHOr0 NCEBAOOXKMKEHNA OUEHb BAXXHO pacnonaraTb faHHbIMM
nepemelLVBaHNA MeXAy sueiikamu. ABTopaMy cTaTbi pa3paboTaH MeTo ANs OnpefeneHus Macco-
BOrO MOTOKA 06paTHOrO MepemMellMBaHmus, UCCNEA0BaNoCh TakKe BUSHME, OKa3biBaemMoe napameT-
pamu yCTaHOBKM 1 LiPUMEHSIEMOiA YCTAHOBKM Ha MacCOBbI NOTOK 06paTHOTO NepemeLLBaHis.

B AaHHOM paboTe MPUBOAATCA OMbITHLIE AaHHbIE U UX OLEHKA. ABTopamu 6bina ycTaHOB/eHa 3a-
BUCMMOCTb MEX/[y MacCOBbIM MOTOKOM 06paTHOro NepemellnBaHKUs 1 napameTpaMm cnocoba n yc-
TaHOBKM. ONbITHbIE flaHHbIE UCTONKOBbLIBAKOTCS TAKXKe U HA OCHOBE MPEAMNo/oXeHUs 0 TOM, UTO KO-
ne6aHue f1aBneHus sBNAETCS MPUUKMHOK 06PATHOrO MepemMeLnBaHus.
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Major hydrodynamical properties of fluidized beds with and without
conical inserts are presented here (pressure drop vs. air flow rate,
bed expension vs. air flow rate, minimum fluidization velocity, and
void volume fraction of the bed vs. bed height). Local void volume
fraction values are obtained by a method based on the pressure drop
of the fluid phase. Void volume fraction maps based on measured
and calculated data are presented for various air flow rates and three
conical inserts of different geometrical parameters.

Introduction

Ordered motion of the fluidized particulate material within 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 motion can be achieved by the division of the bed holder plate into
two concentric Sections. If air velocity in the outer ring is higher than in the
inner ring, then 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 at du
Pont [3] to produce vinyl acetate. The aim of this solution is the drastic de-
crease of the extent of fragmentation and wear of the catalyst particles. An-
other characteristic application is the coating of particles in fluidized beds.
This process is quite widespread in the pharmaceutical industry, but it can
also be important in food processing, pesticide and fertilizer production [2,
4, 5, 6].

Whe% a conical insert is used, then the fluidizing gas enters the bed through
a reduced annular area. The velocity of the fluidizing gas decreases with in-
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creasing height from the distributing plate according to :

n() 4V
utlz) == (1)
2dI
dk z+LP-dF
Fk

At 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 without conical inserts where large par-
ticles (> 1 mm dia) frequently push each other, hindering free motion.

This paper presents the results of a study carried out to compare the major
hydrodynamical characteristics of fluidized beds with and without conical
inserts. The bed expansion vs. air velocity, and pressure drop vs. air velocity
functions determined are shown together with the changes of the void volume
fractions plotted against bed height for various air velocities and insert sizes
in fluidized beds with and without conical inserts.

Experimental Methods and Apparatus

The fluidized bed of 10.8 cm diameter and the instruments connected to it
are shown schematically in Fig. 1.

There are four measuring points at the bottom of the bed immediately
above the distributing plate. Probes of 2 mm internal diameter covered with
sieve caps were placed at 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 determine the static pressure drop. Its diameter was similar to
that of the particles (2 mm). As it 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 rotameter was used to measure the flow rate of the fluidizing
air. Temperature and pressure data 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 (Fm= 5.4 cm).

A porous metal plate 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 test material.
Experiments were carried out with 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 of the movable probe-pair was changed both vertically and
radically in 1 cm increments.
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Fig. 1.

Experimental apparatus
A — probes, 2 — air distributor, 3 — conical insert, 4 — micropressure gauge, 5 —
flowmeter, 6 — thermometer, 7 — pressure gauge, 8 — ring for probes

Theoretical Foundation of Local Void Volume Fraction
Determinations [7]

It is known that the pressure drop of the fluid phase in a fluidized bed is
approximately equal to the bed weight over unit cross section area:

('j _ "
Np\ F d Qq (2)
The average void volume fraction was determined as:
Vi V*
€ ®3)

v,
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where Vr —is the volume of the bed
V* —is the volume of the material.

Therefore, it follows that:

@
and:

G
=r(1-5"
QF (1-5%) 6)
Thus, the pressure drop in the fluidized bed can be expressed by the following
equation :

b r~T(1-6"XKe-e") )

If a probe-pair suitable for static pressure measurements are placed into
the bed close to each other, but displaced in height by a distance (y), then the
pressure drop over the given y length of the bed can be determined. Accord-
ing to Eq. 6.

4pr~1K1-0 A (e-e™) (?

In principle a void volume fraction could be calculated from measured pres-
sure drop values by this equation. However, according to experimental evi-
dence, the actual measured pressure drop values and those calculated from bed
weight data can differ by as much as +20% in the case of gas-solid systems [9].

Let us divide Eq. 7 by Eq. 6 to arrive at:

G Apy

VOgF Apy @

The local void volume fractions can be calculated accurately enough from
measured overall and local (over the height y) ressure drop values by Eq. 8.
Thus, the void volume fractions at different points of the bed can be deter-
mined by the movable probe-pair.

Result and Discussion

The most important hydrodynamical relationships characterizing the fluid-
ized beds are as follows: pressure drop vs. air velocity, bed expansion vs. air
velocity, and void volume fraction vs. vertical and radial position. The effects
of conical inserts and their shapes upon these functions had to he determined.

a) Overall Pressure Drop vs. Air Velocity

If the logarithm of the overall pressure drop of the bed is plotted against the
logarithm of air velocity then, as it is known, a steeply rising line is obtained
for the stationary bed section and an approximately parallel to axis x line is
obtained for the fluidized bed section (theoretically). The lines intersect at the
so-called minimum fluidization velocity value.
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The experimentally determined overall pressure drop vs. air velocity rela-
tionships are plotted in a log-log scale in Fig. 2 for fluidized beds without
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. Experimental data are summarized in
Table 1.

The minimum fluidization velocity (0.54 m/s) measured in a fluidized bed
without a conical insert, or rather taken from the pressure drop versus air
velocity plot, agrees well with the value (0.56 m/s) calculated by Ergun’s
equation (Eqg. 9) shown below:

_1f 428 1—emfi" 0.679(Q-g")d _ 428(1-8mc”

dg g dg

win

©)

In fluidized beds with conical inserts, lower air velocities than in beds with-
out inserts can fluidize the same charge. Obviously, it is due to the fact
that the velocity of the fluidizing air is higher at the bottom of the bed, so
a special initial momentum is imported to the particles forcing them to move
at 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, but under an otherwise
stationary layer is also explained by the above reasoning. (This phenomenon

7
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Table 1.
Overall pressure drop as a function of air velocity
(T=24°C p~750Hg mm)
" APy V" APY
(m/s) (Kp/ud) (m's) (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) ©=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
with 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) ®=31% 0.74 38.0 bottom 0.61 40.0
0.78' 38.0 (3) & =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
14 39.2 1.15 40.4

cannot occur in fluidized beds without conical inserts, if they are charged
with well fluidizing material.)

In all three fluidized beds with conical inserts, the pressure drop values
proved to be higher than those obtained in fluidized beds without inserts, but
of equal bed weight. This pressure drop increases with increasing base dia-
meter of the conical insert, both in the stationary and in the fluidized sec-
tions. This is caused by the increased flow losses brought about by the de-
creased free cross section areas.

b) Bed Expansion Versus Air Velocity

Ideally, in the case of large spherical particles, bed expansion (the ratio of
the actual and minimum fluidized bed height) increases linearly with increas-
ing air velocities up to a yjym=2-2.5 value [8]. However, interestingly enough,
in fluidized beds with conical inserts, this linear relationship is broken at a
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certain air velocity. Below this air velocity value, the fluidized beds with an
insert, above it those without an insert appear more expanded (cf. Fig. 3
showing all the measured bed expansion versus air velocity curves).

Fig. 3.
Bed expansion as a function of air velocity

The regeysering motion characteristic of fluidized beds with conical inserts
becomes fully developed above this air velocity value ; the pushing, disordered
motion is absent, so the bed appears less expanded and the number of bubbles
seen is also smaller. Under the air velocity, corresponding motion is stochastic,
nonuninform, and pushing, even in fluidized beds with conical inserts.

According to the experimental bed expansion vs. air velocity curves, the
air velocity belonging to the breaking point is twice as high as the minimum
fluidizing velocity for all three inserts.

The minimum fluidizing velocity is determined as follows. The line repre-
senting the bed expansion vs. air velocity relationship is extended to Y/Fm= 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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without conical insert agrees rather well, it is 0.53 m/s. According to these
measurements, an air velocity 30% less then this figure is sufficient to start
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 diameter.

¢) Void Fraction vs. Vertical and Radial Position

To demonstrate the accuracy of the method discussed, a test experiment is
presented here to help judge the method based on the pressure drop measure-
ments 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-
termined by the method shown. Measured data are shown in Table 2. In this

Table 2.
Determination of the void volume fraction
Position of probes
APy AP/Y

Y r (kp/m?2) (kp/m2cm) em
(cm) (cm)

0.7 6.1 35.2 6.98 0.43
1.7 6.1 35.2 6.9 0.43
2.7 6.1 35.2 6.98 0.43
3.7 6.1 35.2 7.1 0.42
3.7 4.0 34.4 7.1 0.41
2.7 4.0 34.4 7.25 0.40
1.7 4.0 34.8 7.0 0.42
0.7 4.0 34.4 7.0 0.41
0.7 3.0 34.4 7.0 0.41
1.7 3.0 34.8 7.0 0.42
2.7 3.0 34.4 7.2 0.40
3.7 3.0 34.4 7.2 0.40
3.7 2.0 34.4 7.2 0.40
2.7 2.0 34.4 7.1 0.41
1.7 2.0 34.4 7.0 0.41
0.7 2.0 34.4 6.9 0.42
0.7 1.0 34.4 6.9 0.42
1.7 1.0 34.4 6.9 0.42
2.7 1.0 34.4 7.2 0.42
3.7 1.0 34.4 7.2 0.42

ém=0,41

case, the pressure drop over a 1 cm long section is determined in such a man-
ner that the maximum value is recorded on the differential manometer con-
nected to the probe-pair around the minimum fluidizing velocity point, while
the air velocity is continuously increased.

The minimum 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 diameter of the spheres. In the case of the spherical urea test
material of size fraction 1.25-1.60 mm, the same figure was obtained by the
method discussed here. This indicates that 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, trustworthy data.

Local pressure drop values in fluidized beds without and with conical in-
serts (three inserts of different sizes) were measured at three different air
velocities at a number of points of different vertical and radical positions.

Void fraction data calculated from measured figures by Eq. 8 are shown
as a map in Fig. 4. To help visualize this picture, void fractions in the bed

V2L (i)

V-24(rrAh)

Fig. 4.
Void fraction as a function of radial and axial position
p~760 Hg mm, T=24°C

are characterized by the number of points in a 10X10 mm square around
a given point of the bed drawn to scale as follows.

If e"=0.40—0.45 then, number of points 160

0.45—0.60 100
0.50-0.65 67
0.56-0.60 60
0.60-0.70 26
0.70—0.80 17
0.80-0.90 12
0.90-0.95 3
0.96—0.99 1
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The following conclusions can be drawn:

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
and dilute layers found in a fludized bed without conical inserts, disappears
in a fluidized bed with an insert when the area covered by the conical insert
increases and the bed becomes more dilute. Due to the momentum imparted
to the particles by the fluidizing air flowing upward along the wall of the bed,
the particles rise up to the top of the cone, then they sink back again.

Nevertheless, the characteristic regeysering motion caused by the conical
insert shown in Fig. 5 can be detected by the void fraction data, because in

V= 21(m3h)

Fig. 5.
Void fraction as a function of radial and axial position

the majority of cases tested the motion is not uniform enough. Only at 30 m3h
and with conical insert No. 3 do the hydrodynamical characteristics become
stable enough, ensuring a bubble-free bed and regular particle recirculation.
If the void fraction maps are considered, then it can be seen that the height
of the bed and along with it, the volume fraction of the particles are the
smallest immediately above the cone. At 30 m3/h and insert No. 3, this sharp
bed height and particle volume fraction decrease disappear.
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This helps to visualize the previous statements about the bed expansion
versus air velocity relationships. It can be seen in Fig. 3 that indeed only
at 0.92 m/s air velocity (corresponding to flow rate 30 m3/h) and at that only
with conical insert No. 3 covering the 55% of the area of the distributing
plate, is one definitely beyond the critical region around the 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 without and with conical inserts.
It was found that fluidization started at a much lower air 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 without conical inserts, the
bed expansion versus air velocity relationship is not linear in beds with in-
serts, rather there is a breaking point at an air velocity twice as high as the
minimum fluidizing velocity. Below and above this value, the bed expansion
of the fluidized bed with and without inserts respectively is seen to be higher.
This is due to the fact that only at u" > 2.~ 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. It can be seen that once the stable regeyser-
ing movement has developed, then the layer becomes extremely homogeneous
and more dilute than the layer in a fluidized bed without an insert at 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 the layer will ensure
a better, more uniform coating of the particles.

SYMBOLS USED

D diameter of the fluidized bed, (m)

d particle diameter, (m)

dk diameter of the base-plate of the conical insert, (m)

F cross section of the bed (m2)

G weight of the bed, (kp, N)

g gravity constant, (m/s2)

Apy overall pressure drop, (kp/m2, N/m?2)

ApY  pressure drop in the bed over a section of length, y, (kp/m2, N/m?2)

Aply pressure drop in the bed over 1 cm, (kp/m2-cm)
radial position of the probe, (cm)

Y /Y m bed expansion

Yk height of the cone, (m)

y length element of the bed, (cm)

|/|'|'_I air velocity, (m/s)

um minimum fluidization velocity, (m/s)

V" fluidizing air flow rate, (m3s)

z distance above the distributing plate, (m, cm)
e void fraction

average void fraction



104 E. Horvath, K. Pataki and Z. Ormos Vol. 0.

th

=

80,0

© N2 hWN R

minimum void fraction

dynamic viscosity of the fluid phase, (kg/ms)

density of the solid material, (kg/m3)

density of the fluid phase, (kg/m3)

fraction of the area of the distributing plate covered ny the conical insert, (%)
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PE3IOME

ABTOpbI CONOCTaBW/N OCHOBHbIE TMAPOAMHAMUYECKME XAPAKTEPUCTUKM (3aBUCUMOCTM TUNa AaBne-
HMe — CKOpOCTb BO3AYLIHOI0 MNOTOKA, 06BbEM €105l — CKOPOCTb BO3A4YLIHOr0 NOTOKA, a TakXe Mu-
HUMasbHYI CKOPOCTb MCEBLOOXKMKEHNS, N3MEHEHME CBOGOAHOIO 06bEMA B C/IOE B 3aBUCMMOCTU OT
NOKanbHON KOOPAMHATbl MECTOHAXO0X/eHMWs) NPOCTbIX MCEBLOOXKMKEHHbIX CNOEB U CNOEB, CHab-
YKEHHbIX KOHYCHbIM BKMafbllieM. [ns onpefeneHns NokanbHbIX 3Ha4eHut 2o cB0O60AHOr0 06bE-
Ma 6bIn U36paH MeTOA, OCHOBAHHBIA Ha U3MepeHMU NafieHus AaBneHus daonaa. 13 samMmepeHHbIX 1
PacyY&THbIX JaHHbIX, ANS Pa3MUYHbIX CKOPOCTel BO3AYLUHOrO MOTOKA U ANA TPEX KOHYCHbIX BK/a-
[blLeR ¢ pa3NMyHol reomeTpueit, 6bIM COCTaBMEHbI KapThbl.
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Die Pyrolyse von Benzin, Gasol, hydriertem und entaromatisiertem
Gasol, aus n-Heptan sowie zyklischen Kohlenwasserstoffen bestehen-
den Gemischen, ferner von mono- und polyzyklischen Naphtenen
wurde in Labor- und Technikums-einrichtungen untersucht.

Die vorbehandelten (aromatenfreien bzw. aromatenarmen) Mittel-
destillate (Gas6le) ergaben bei der Pyrolyse &ahnliche Produktaus-
beuten wie die Benzinpyrolyse und erwiesen sich wesentlich ginstiger
als die unbehandelten Rohdestillate.

Untersuchungen an verschiedenen zyklischen Kohlenwasserstoffen
ergaben einen wesentlichen EinfluR der chemischen Konstitution auf
die Ausbeute der Zielprodukte.

Einleitung

Ausgangspunkt dieses Beitrages sollen folgende bekannte Feststellungen sein:

1. Die Pyrolyse von Kohlenwasserstoffen ist seit vielen Jahren Kernstick
der Erzeugung organischer Grundstoffe, das heilt von niederen Olefinen und
Aromaten.

2. Athylen stellt gegenwértig den mengenméaBig organishen Grundstoff auf
Erddlbasis dar und ist Ausgangsprodukt fur ca. 30% aller erzeugten Petro-
chemikalien und

3. die Olefinerzeugungsanlagen haben hinsichtlich Kapazitdt und Anzahl
standig zugekommen.

Es ist bekannt, dalk der Bedarf an organischen Grundstoffen in den néchsten
Jahren stérker steigen wird als die Verarbeitung von Erddl. Bei Beibehaltung
der derzeitigen Struktur der Erddlverarbeitung wiirde daraus unter anderen
eine starke Diskrepanz zwischen dem Aufkommen und dem Bedarf an Benzin-
kohlenwasserstoffen erwachsen. Dieser sich abzeichnenden Situation kdénnte
prinzipiell auf mehreren Wegen begegnet werden. So z.B.
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— durch eine vermehrte Spaltung von Mittel- und Schwerdestillaten zu
vorzugweise Benzinkohlenwasserstoffen oder

—durch den Einsatz von Mittel- und Schwerdestillaten anstelle von Benzinen
fur die Erzeugung organischer Grundstoffe.

Fir den ersten Weg ist der Bau von sogenannten ,Konversionsanlagen*
fur Mittel- und Schwerdestillate zur Erhéhung des Aufkommens von Benzin-
kohlenwasserstoffen sehr kostenaufwendig und stellt nicht von vornherein die
technisch-6konomisch giinstigste Variante zur Lésung der volkswirschaftlichen
Probleme dar.

Der zweite Weg erfordert nach dem derzeitigen Stand fir den Bau von
Anlagen zur Erzeugung organischer Grundstoffe durch Pyrolyse von Mittel-
destillaten beziehungsweise Gasdl hohe spezifische Investitionskosten, die um
ca. 25% (Uber denen von solchen Olefinerzeugungsanlagen liegen, welche auf
der Grundlage von straight-run-Benzinen betrieben werden. Dabei muR man
allerdings beriicksichtigen, dall diese Kostenberechnungen in den meisten
Fallen fast ausschlieRBlich auf 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 PyrolyseprozeR steigen nach der derzeitigen Betrachtungsweise die
Investitionskosten weiter an und dirften Mehraufwendungen von nahezu 30%
erfordern. Hinzu kommt, daB die Verarbeitungskosten bei der Verarbeitung
von Mittel- und Schwerdestillaten auch steigen!

Die bisher gemachten Erfahrungen mit dem Betrieb von Anlagen, die fur
die wahlweise Verarbeitung von Benzinen und Gasol ausgelegt sind, flhren
uns zu der Einschdtzung, dall die Verarbeitung von straight-run-Mitteldestil-
laten zu niederen Olefinen und Aromaten durch Pyrolyse und anschlielende
Zerlegung des Spaltproduktes durch Tieftemperatur-Mitteldruck-Destillation
heute zwar als technisch, nicht aber als dkonomisch und erst recht nicht als
wissenschaftlich geldst angesehen werden kann.

Es wird im allgemeinen eingeschdtzt, dal die bei der Verarbeitung von
straight-run-Mittel- und straight-run-Swerdestillaten durch Pyrolyse und an-
schlieBende Zerlegung der Spaltprodukte auftretenden Schwierigkeiten in
erster Linie auf den hohen Anteil an Kohlenwasserstoffen im Einsatzprodukt
zurickzufihren sind, denen aromatische Strukturelemente zugrundeliegen.
Das sind in der Regel zwischen 20 und 30 Vol.-%. Die daraus resultierenden
Schwierigkeiten kénnten auf folgenden Wegen tUberwunden werden:

— durch eine der Pyrolyse vorgeschaltete Abreicherung der aromatischen
Kohlenwasserstoffe mit Hilfe physikalischer Trennmethoden (Adsorption;
Losungsmittel-Extraktion ; Extraktiv-Destillation) oder

— durch Uberfithrung der aromatischen Kohlenwasserstoffe in Naphthene
mittels katalytischer Hydrierung.

Untersuchungen zur Pyrolyse vorbehandelter Mitteldestillate

Uber orientierende Untersuchungen zur Vorbehandlung und Pyrolyse von
Mitteldestillaten wurde von uns bereits zum letzten Welterdélkongref3 in
Tokio vorgetragen [1].

Die Ergebnisse haben gezeigt, dall aromatenfreie beziehungsweise aromaten-
arme Mitteldestillate mit &hnlichem Erfolg der Pyrolyse unterworfen werden
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Tabelle 1.

Charakteristische Ausbeuten bei der Pyrolyse technischer Destillatfraktionen
aus Komachkino-Erdoll

. L hydriertes entaromat.
Spaltprodukte (Ma-%, Roh-Benzin Roh-Dieselél faseld el
(bezogen auf Einsegtzprm)iukt) 39-148 °C 189-318 °C 4 peseldlz Loeselols
Spaltgas HC4 70,3 59,1 70,9 68,9
Athylen 24,5 21,4 28,3 25,4
Propylen 17,0 13,8 15,1 16,5
Butadien 4,9 4,4 6,2 55
Pyrolysebenzin< 200 °C 27,6 23,6 22,5 23,3
Benzol 3,4 2,5 5,8 4,0
Pyrolysedl =200 °C 2,1 17,2 6,5 78
Spaltbedingungen:
Austritfcstemperatur 830 °C
Verweilzeit 0,22 s
Dampf/Kohlenwasserstoff
!'Hydrierbedingungen 0,6 (Gew-Teile)
Katalysator NiO und WO3 auf Alumosilikat
Belastung 1,5—5 v/vh
Hydriertemperatur 320-380 °C
H2-Partialdruck 100 200 at

H2/K W -V ol.-Verhiltnis
1Durch Extraktion mit Kattwinkelsdure (H25044—Pr06)

kdnnen wie straight-run-Benzine. Der in Tabelle 1 an wenigen charakteristi-
schen KenngréRen vorgenommene Vergleich fihrt zu dem SchluB, daB die
Spaltung derartig vorbehandelter Mitteldestillate zu einer mit der Benzinspal-
tung vegleichbaren Produktausbeute fihrt und gegeniber der Spaltung von
Rohdieseldl wesentliche Vorteile bietet.

Bei der Pyrolyse hydrierter Dieselole steigen nicht nur die rohstoffspezi-
fischen Ausbeuten an Athylen und Propylen, sondern {iberraschenderweise
auch die von Butadien und Benzol. Dementsprechend vermindern sich die
Ausbeuten an Pyrolysedl.

Die Entfernung der im Roh-DK vorhandenen Heteroatome Schwefel und
Stickstoff mit dem Hydriergas (als H2 bzw. NH3) entlastet die Gaswésche
den Trennteil der Pyrolyseanlage und fihrt zu umweltfreundlicheren Flssig-
produkten (Pyrolysebenzin, Heiz6l). Inwieweit die genannten Vorteile aller-
dings den Bau und den Betrieb der Vorbehandlungsstufen rechtfertigen, kann
nur durch eine detaillierte Kosten-Nutzen-Analyse ermittelt werden. Im Falle
einer Aromatenentfernung durch Ld&sungsmittelextraktion erhebt sich die
Frage nach einer sinnvollen WeiterverWendung des aromaten- und schwefel-
reichen Extraktes.

Auller der Siedelage unterscheiden sich die von uns untersuchten Mittel-
destillate insbesondere hinsichtlich der Stofftypenzusammensetzung. Aus der
Gegenuberstellung in Tabelle 2 geht unter anderen hervor, daR im Falle der
Aromatenabreicherung durch physikalische Stofftrennprozesse, das heift
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Tabelle 2.
Stofftypenzusammensetzung technischer Destillat-fraktionen
aus Romaschkino-Erdél
. . hydriertes entaromat.
Stofft Ma-% Itoh-Benzin Roh-Dieseldl iacelil* incald |+
(bezogen aunyirgsatz;)rodukt) 39-148 °C 189-318 °C L eselol Ty T
Paraffine 70,6 37,4 53,6 51,4
Naphthene 19,2 35,3 41,3 48,6
Aromaten 10,1 27,3 51 0
davon Alkylbenzin 10,1 45 0,2 0

* Siehe FuBnoten Abbildung 1.

durch die ,ersatzlose” Entfernung der aromatischen Kohlenwasserstoffe, der
Gehalt an Paraffinen von 37 auf 51 und der der Naphthene von 35 auf 49
Vol.-% steigt. Bei der katalytischen Hydrierung werden zunéchst die konden-
sierten Aromaten in Cycloalkylaromaten und diese schliesslich zusammen mit
den Alkylbenzolen in mehr-u. monocyclische Naphthene umgewandelt (Abb.I),

m CO—CO

Abb. 1.
Hydrierung der aromatischen Inhaltsstoffe am Ni/Mo-Katalysator bei 350 °C und 200 at

so daR hieraus Einsatzprodukt fiir die Pyrolyse resultiert, das zu 54% aus
Paraffinen und zu 41% aus Naphthenen besteht [2]. Die Naphthenkohlen-
wasserstoffe haben somit fur das Ausbeutespektrum eine nicht mehr zu ver-
nachlassigbare Bedeutung.

Wir haben deshalb die Frage gepruft, welche Produkte man nach dem vor-
liegenden wissenschaftlichen Erkenntnisstand bei der Verarbeitung solcher
Fraktionen unter den Bedingungen der Pyrolyse erwarten kann. Dabei mul3-
ten wir feststellen, daR so gut wie keine wissenschaftlich gesicherten Erkennt-
nisse uUber das Verhalten von Cycloparaffinen unter den Bedingungen der
Pyrolyse vorliegen.

W ir wissen heute im groBen und ganzen recht gut Bescheid Uber die beim
thermischen Kracken von Paraffinen ablaufenden Reaktionen und deren Bee-
influssung durch die dabei gebildeten Zwischen- und Zielprodukte und wir
sind demzufolge in der Lage, die beim thermischen Kracken von Paraffinen
ablaufenden Vorgédnge zu modellieren. Unsere Kenntnisse uber die Vorgénge
beim thermischen Kracken von Benzinen sind schon viel unvollstandiger.
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Die Erfahrung lehrte jedoch, daB diese Kenntnisse zur Auslegung von Pyro-
lyseanlagen fiir Benzinfahrweise flur praktische Zwecke ausreichen, weil die
Auslegung in diesem Falle in der Regel so erfolgt, als wiirde es sich bei Roh-
benzinen um Pseudoparaffinkohlenwasserstoffe handeln. Eine solche Vor-
gehenweise ist zwar wissenschaftlich in keiner Weise befriedigend, sie 1&4BRt
sich jedoch aus dem praktischen Erfolg rechtfertigen sowie aus dem Tatbe-
stand, daR die zur Olefinerzeugung eingesetzten Rohbenzine zu etwa 70% aus
Paraffinen bestehen.

Fir die Spaltung von straight-run-Mittel- oder -Schwerdestillaten ist eine
Behanglung als Pseudoparaffin nicht mehr gerechtfertigt, weil der Anteil an
cyclischen Verbindungen (Aromaten, Naphthene) bei oberhalb 50% liegt. Wir
haben uns deshalb zum Ziel gestzt, die Grundlagen fir eine wissenschaftlich
gesicherte Auslegung von Pyrolysereaktoren zur Spaltung von Mitteldestillaten
mit hohen Naphthengehalten zu erarbeiten. Wir haben unsere Forschungs-
arbeiten aus diesem Grunde auf die Verarbeitung von straight-run-Mittel-
und straight-run-Schwerdestillaten durch katalytische Hydrierung und Pyro-
lyse der hydrierten Fraktionen orientiert, wobei unser wissenschaftliches Inte-
resse insbesondere auf mechanistische und Kinetische Untersuchungen des
thermischen Zerfalls der Cycloparaffine gerichtet ist.

Noch 1966 berichteten Purnell und Quinn in einer Monographie [3], daR
Cycloparaffine ausschliel8lich nach einem Radikalkettenmechanismus zerfallen.
Inzwischen wissen wir, dal die thermischen Zerfallsreaktionen von Cyclo-
propan- und Cyclobutankohlenwasserstoffen keinen ausgeprdgten Radikal-
ketten-Charakter besitzen [4]. Mechanismus und Kinetik der thermischen
Kracken von Cyclopentan und Cyclohexankohlenwasserstoffen wurden bischer
nur vereinzelt untesucht. Die Interpretation der meRtechnisch erhaltenen
Ergebnisse ist weitgehend spekulativ geblieben.

Neuere und bisher unvergffentlichte Untersuchungen von Kalinenko und
Shevelkowa vom Institut fur Erddlchemische Synthese der Akademie der
W issenschaften der UdSSR [5] deuten darauf hin, daR die Spaltung von Cyclo-
pentan von molekularen Fragmentierungen begleitet ist, wéhrend die Spaltung
von Cyclohexan vorwiegend nach einem Radikalkettenmechanismus erfolgt.

Ist Uber das Spaltverhalten monocyclischer Naphthene wenig bekannt, so
liegen tber das Reaktionsverhalten mehrcyclischer Naphthene unter Pyro-
lysebedingungen praktisch keine gesicherten Ergebnisse vor. Es ist deshalb
zur Zeit nicht moglich, die mit der Spaltung hohersiedender Erddlfraktionen
verbundenen Besonderheiten hinreichend zu deuten. Nachdem es uns zusam-
men mit Becker und Mitarbeitern aus dem VEB Leuna-Werke ,Walter
Ulbricht* [6] gelungen ist, die in straight-run-Dieselélen enthaltenen Aroma-
ten an Ni/W- beziehungsweise Ni/Mo-Trégerkatalysatoren bei einer Belastung
von 1,5—5 v/vh, einem Gas-Produkt-Verhéltnis von 500 und Wasserstoffpar-
tialdricken zwischen 100 und 200 at bei einem minimalen Hydrospaltanteil
von etwa 10% bis zu einem Restgehalt von 2—5 Vol.-% in Naphthene zu
uberfihren, haben wir nunmehr die Aufkldrung des Reaktionsverhaltens von
Cycloalkylaromaten und Naphthenen unter den Bedingungen des thermischen
Krackens in Angriff genommen. Erste Ergebnisse wurden von Zimmermann,
Bach und Ginschel bereits auf dem Symposium Alken 77 in Bdhlen [7] vor-
getrangen.

Die in Abb. 2 zusammengestellten Kohlenwasserstoffe wurden als Modell-
substanzen zur Untersuchung eingesetzt. Sie wurden in reiner Form bezie-
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Abb. 2.
Eingesetzte Ringkohlenwasserstoffe

hungsweise zusammen mit n-Heptan bei unterschiedlichen Temperaturen in
einem Laborreaktor aus Edelstahl (02 mm, L&nge 3 m) beziehungsweise
einem Technikumsreaktor (08 mm, Lange 18 m) gespalten und die Umsétze
sowie die Reaktionsprodukte gaschromatographisch bestimmt. Zur Analyse
setzten wir 4 Trennsaulen ein:

— H2, CH4 und die C2Kohlenwasserstoffe wurden an einer 2 m langen
Porapak-N-Séaule aufgetrennt,

— die C2—C5KohlenWasserstoffe analysierten wir an einer 6 m langen
Sdule mit Oxydipropionitril auf A120 3,

— die im Gasprodukt mitgerissenen C5Bestandteile trennten wir an einer

10 m langen Silikongumisdule und
— die Flussigproduktanalyse erfolgte an einer 120 m langen Glaskapillare
mit Carbowax 20 M als Trennflussigkeit.

Der Parameterraum, in dem die Pyrolyseversuche durchgefiihrt wurden,
ist in Tabelle 3 zusammengestellt.

Tabelle 3.

Parameterraum 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

Die erhaltenen Ergebnisse und die daraus abgeleiteten SchlufRfolgerungen
kénnen wie folgt zusammengefal3t werden:

1. Die Zerfallsgeschwindigkeiten der mehrcyclischen Naphthene liegen
durchweg hdher; die der Cycloalkylaromaten niedriger als die Zerfallsge-
schwindigkeit des n-Heptans (vergl. Abh. 3).

2. Mono- und mehrcyclische Naphthene fihren zu Spaltprodukten mit zum
Teil signifikant anderen Zusammensetzungen als wir sie bei der Pyrolyse von
n-Heptan fanden (Ahb. 4).
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Abb. 3.
Simultaner Umsatz von cyclischen Kohlenwasserstoffen und n-Heptan
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Diese allgemeinen Aussagen sollen durch einen Vergleich des Anfalls wich-
tiger Inhaltsstoffe des Spaltgases fur die Cyclohexan- und Dekalin-Spaltung
bei 825 °C belegt werden. Bei diesen Versuchen wurden beide Kohlenwasser-
stoffe in jeweils reiner Vorm in Gegenwart von Wasserdampf gespalten (Ta-
belle 4).
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Tabelle 4.

Vergleich der Spaltproduktzusammensetzung bei der Cyclohexan-

und Dekalinkrackung
Spaitbedingungen: Spaltrohr (18 m lang, 08 mm); iA=825°C; r=0,5—1,0 s; !7=20 at;
mH 20 / mElnaat2Storf —96
Cyclohexan Dekalin
Methan 5 12
Athylen 31 22,6
Butadien 24,6 4.5
Benzol 4,5 17
Toluol 1 10
(Angaben in Ma-% vom Einsatz)
3. Cycloalkylaromaten werden erwartungsgemal bevorzugt dehydriert. Aus

Tetralin entsteht Naphthalin, daneben als Reaktionsprodukt einer stufen-
weisen Dehydrierung Dihydronaphthalin und als Isomerisierungsprodukte 2-
und 3-Methylindene (Abb. 5).

Abb. 5.

Reaktionsprodukte des Tetralins unter Pyrolysebedingungen. Einsatzgemisch: n-Heptan/
Tetralin; Mengenverhéltnis 70:30.
ja= 776 °C; Pa=26 at; pwr=1,1 at; T=0,4 s; wiHb:mKw= 2,8

4. SchlieRlich entstehen aus mehrcyclischen Naphthenen mehr Benzol und
Benzolhomologe (C6—C9) als aus Cycloalkylaromaten. Zu diesem Ergebnis

Ring-KW in Spaltgas Olefine fRiss. Prod. Aromaten

n-Heptan c+C3 9 ¢5 ~6 _C9

00 30% 45.3 24.6 54.7 2.9

00 30% 52.3 27.7 477 147

QU 30% 40.6 23.1 59.4 22

rn  30% 60.7 33.2 39.3 126
Abb. 6.

Ausbeuten bei vergleichenden Spaltversuchen mit verschiedenen

Ring-KW (in Masse-%)
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fuhrten Versuche zur vergleichsweisen Spaltung der von uns untersuchten
Verbindungen, die unter einem H 2Partialdruck von ca. 15 atm durchgefiihrt
wurden, um der Dehydrierung etwas entgegenzuwirken (Abb. 6).

Mit diesem Erkenntnisstand miissen wir es vorerst bewenden lassen. Mecha-
nistische Deutungen der hier vorgestellten ersten Ergebnisse sind verfriht;
sie muften zwangsldufig zu viele Spekulationen enthalten. Weitere Unter-
suchungen sind im Gange, Uber deren Ergebnisse wird zu gegebener Zeit
berichtet.

SchluBfolgerungen

Wir sind der Meinung, daR der Einsatz von zumindest Mitteldestillaten zur
Herstellung organischer Grundstoffe eine Alternative zur Verarbeitung von
Benzin darstellt, wenn zwei Probleme durch systematische Arbeit positiv ge-
16st werden kdénnen:

1. Die hydrierende Vorbehandlung von Mittel- und unter Umstdnden auch
Schwerdestillaten zur Uberfiihrung der Aromaten in Naphthene unter 6kono-
misch tragbaren Bedingungen und

2. die Abtrennung und die 6konomische Verwendung aller bei der Pyrolyse
anfallenden Grundstoffe fiir die Ausweitung des Sortiments an organischen
Zwischenprodukten als entscheidende Basis flir die dynamische Entwicklung
der chemischen Industrie.

Nach unserer Meinung ist die Bearbeitung dieser Probleme fir die Ent-
wicklung der chemischen Industrie bedeutungsvoll.

Wir mdéchten an dieser Stelle allen Mitarbeitern Dank sagen, uber deren
Arbeitsergebnisse hier berichtet wurde. Es sind dies insbesondere De. H.
Giunschel, Dr. R. Rehm, Dr. W. Zychlinski, Dr. G. Bach sowie eine
Reihe ungenannter Mitarbeiter, die uns geholfen haben, die zahlreichen, zum
Teil recht schwierigen analytischen Probleme zu l6sen.
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SUMMARY

Laboratory and pilot plant scale experiments were carried out for the pyrolysis of gaso-
line, diesel oil, hydrated and dearomatised diesel oil, the mixture of n-heptane and cyclic
hydrocarbons moreover of mono- and polycyclic naphthenes.

The pyrolysis yield of pretreated (dearomatised) middle fractions (diesel oils) is similar
to the same one of the gasoline and this value is more favourable than the yield obtained
at the pyrolysis of untreated, crude distillates.

The yield of the desired product is influenced by the chemical structure of the raw
materials, this was proved by the data of the experiments carried out with cyclic hydro-
carbons.
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PE3IOME

Ha na6opaTopHbIX U MUAOTHLIX YCTAHOBKAX MCCNe0BanuCch CMECU, COCTOsALLNE U3 BEH3NHA, ra3oii-
N8, TMAPATMPOBAHHOTO ra3oins W rasoiins, 0CBO60XKAEHHOIO OT COAEPXKaHUS apOMaTUUYECKMX CO-
eVHEHNA, U3 H-TenTaHa U LUMKINYECKUX YrNeBOJOPOAOB, a TaKKe MUPONM3 MOHO- U NOMULMKIN-
UeCKMX HathTeHOB.

Mpu nuponuse npeasapuTenbHO 06paboTaHHbIX (63 COAEPXKaHUA apoMaTUHECKUX CoeavHeHMi
WU C Ma/biM COflepXKaHMeM UX) CPeaHUX AeCTUNATOB, BbIXOA WX AOCTUraeTcs NoA06HO TOMY, Kak
370 Habnoaanock Npu 06paboTKe NpeaBapuTenbHO He 06pabaTbiBaBLINMXCS, ChIPbIX AECTUNNATOB.

Pe3ynbTaTbl ONbITOB, NPOBEAEHHBLIX C PA3INUHLIMU LMKINYECKUMU YTNeBOA0POAaMU, MOATBEp-
XAAKT TOT (PaKT, UTO XMMMUYECcKas CTPYKTYypa COeAMHEHNI OKa3blBaeT 3HAUMTeNbHOE BAUSHUE Ha

BbIX0/ LieN1eBOr0 NpoayKTa.
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Received: November 2. 1977.

Vapour phase dehydration of ethyl alcohol was studied in a flow
reactor under isothermal conditions over heat treated alumina and
molecular sieve catalysts, in the 250—350° C temperature range.
The validity of a parallel-constructive reaction scheme for the de-
hydration of ethyl alcohol was demonstrated.

Introduction

Most aliphatic alcohols yield the corresponding ether and olefin on dehyd-
ration. The resulting products have a large number of industrial applications.
Ethyl alcohol is dehydrated to ether and ethylene, depending on the tempera-
ture range and catalysts employed. The texture of the catalyst also signi-
ficantly influences the product distribution. Reported studies on dehydration
of ethyl alcohol were mainly conducted over conventional alumina and silica-
alumina catalysts (1-4). In view of their precise pore size characteristics,
molecular sieves are now being used as catalysts for the dehydration of al-
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 most probable reaction

scheme for the dehydration of ethyl alcohol.

Methods
The experimental 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

Present Address: B.A.R.C., Bombay.
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Fig. 1.
Lay out of apparatus used for dehydration studies
1 — dry calcium chloride bulb, 2 — aspirator bottle, 3 — needle
valve, 4 — capillary flow meter, 5 — preheater, 6 — reactor,
7 — condenser, 8 — product receiver, 9 — thermocouple,
10 — thermowell

conditions in the reactor. The liquid product consisting of ether, water 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
ammonium hydroxide to a solution of aluminium nitrate. The hydroxyde pre-
cipitate was thoroughly washed and dried in a oven at 110° C for 24 hours.
The texture of the alumina catalyst was changed by subjecting the same to
a heat treatment at different temperatures, viz., at 500, 630 and 730° C for
48 hours. A Linde molecular sieve 10z supplied by M/s. Union Carbide was
used.

The specific surface area of the catalyst was measured by the BET method
and the surface acidity by non-aqueous titration using Te-butyl amine. The
catalyst properties are given in Table 1

Table 1
Properties of Heat Treated Alumina
Temperature L
Catalyst of heat treatment Surface area Acidity
(°C) (sg-m/g) On moles/g)

Alumina 500 226.5 0.498
Alumina 630 160.6 0.427
Alumina 730 126.6 0.337

Molecular sieve 10g; 500 615.5 0.597
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Results

Initially conditions were established by following the methods suggested by
Yoshida et al (10 under which bulk and pore diffusional resistances were at
a minimum. Having established these conditions, kinetic data were collected
by determining the conversion of ethyl alcohol to ether and ethylene as a
function of contact time and reaction temperature.

The following range of variables was employed :

Temperature .. 350—350° C

Contact time W/F .. 0.37—1.87 g. cat. hr/g. mole
(W is the weight of catalyst in g. and

F is the feed rate in g. moles/hr.)

A representative plot is presented in Fig. 2. In general, it was found that at

Fig. 2.

Effect ot time factor on conversion
Catalyst: 10 x molecular sieve. Temperature: 300° C

lower temperatures conversion to ethylene and ether increases as a function
of contact time. However, at higher temperatures, conversion to ether passes
through a maximum as a function of contact time, while the conversion to
ethylene increases continuously. This suggests that apart from ethylene form-
ed directly from alcohol, ether which forms first as an intermediate is also
subsequently converted to ethylene.

Probable Reaction Schemes

Dehydration 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:

2CHOH — (CHB5H2D +H20 ... 0)
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C2HsOH A - c2h 4+ H20 (i)
(C2H5)20 -V 2CsHa+H (iii)
In the present investigation, since both diethyl ether and ethylene are found
in the products, the possible reaction schemes can be postulated as:
I. Consecutive Reaction Scheme:

In this scheme, it is assumed that the direct dehydration of alcohol to ethylene
is negligible, and that ethylene is formed only by the dehydration of diethyl
ether.

Ethyl alcohol —V- diethyl ether + water

ethylene + water

The stoichiometry is given by reactions (i) and (iii).

Il. Parallel Reaction Scheme:

In this scheme, ethylene is assumed to essentially form by the direct de-
hydration of alchohol and that the dehydration of ether to ethylene is negli-
gible.

R
Ethyl alcohol —> Ethylene + water

Ether -fwater

The stoichiometry is given by reactions (i) and (ii).

I11. Parallel-Consecutive Reaction Scheme:

In this scheme, it is assumed that ethylene is formed by both the routes, i.e.,
by the dehydration of alcohol, as well as by the dehydration of ether

Ethyl alcohol u Ether + water

Ethylene + water

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 later case alone. However, the rate expressions for
the 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 first 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 that all the reactions are first order, the rate expressions for
the parallel-consecutive reaction scheme can be written as:

For alcohol diappearance:
ACa

d(W/F) —(8&.+ kI)CA (1)
For ether formation :
K-{-W'/-'-__-SZ |/.2k|CA—K3CB (2)
For ethylene formation :
ACc .
d(W/F) =kiCa+2x3Cs (3)

where CA, Cs and Gc are the concentrations of alcohol, ether and ethylene
and kIt k2 and k3 are the specific reaction rate consistants for reactions (i),
(i) and (iii) respectively.

The above equations (1-3) on integration give:

Ca=Cpoexp [—(ki+ k2) (W/F)] (1)

kimCAo{exp[- (ti +ki)W/F]- exp [- *3(W/F)])
2[*3-(*! + &)] ®)

Gc=CrO K= [- (ki+ ki) W/F]+ ki b (T /P i
= ex - | 1 -

SO i+ ki) 3 4-kiy ZP1PTIPI®
where CADis the initial concentration of ethyl alcohol. Eq. (4) can be rewritten
aa:

in S%= (ki + ki)W /F (7)
Ca

Determination of rate constants:

According to g. (7) a plot of In (CM/CA) Vs. (W/F) should yield a straight
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. From
the scopes of these straight lines, the values of (kt+ k2) were evaluated at all
the temperatures studied. Individual values of kv k2 and k3 were determined
making use of eq. (5) and (7), by linear regression analysis. The individual
values of kv k2 and k3 for the different catalysts are given in Table 2. The
reaction velocity constants are reported, based on the unit surface area of the
catalyst in Table 2. It can be seen that kr and k2 values are initially higher
than k3 values. However, at higher temperatures the k3 values increase very
sharply. The reaction velocity constants were related to the temperature by
means of the Arrhenius equation. A representative plot is presented in Fig. 5.
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Determination of K\ +K:
Catalyst: 10 xxmolecular sieve

Fig. 4.

Determination of K\ +if2
Catalyst: Alumina heat treated at 630° C

The calculated values of the activation energy and the frequency factor are
reported in Table 3. Heat treatment does not appear to have a significant in-
fluence on the activity of the catalysts. This may be due to the fact that the
intrinsic acidity (acidity per unit surface area) is more or less the same for
the different alumina catalysts. The molecular sieve 10x was found to be an
active catalyst for the dehydration reaction.
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Reaction velocity constants for the parallel consecutive reaction scheme

Alumina heat treated at

500 °C

5.44
8.73
3.68

12.06
16.67
14.91
22.37
26.54
32.24
40.35

44.74
105.26

3.98

4.79x103

4.37x102

9.33x102

630 °c

8.53

5.75

5.50
17.93
15.46
19.17
30.92
27.52
38.24
53.18

59.36
123.07

Frequency factor
(1/sq.cm hr.)

Ao

52.48

6.08 x 102

3.80 x 103

1.15x 103

1978 Dehydration of Ethyl Alcohol
Table 2
Reiaction
Reacti it !
temp:?actl:?(g °C coxztgr?tzm M]&
(I/sgq*cm*lir)
fei 3.47
276 fe2 4.19
fes 2.32
fel 6.10
300 ® 7.18
7.63
fel 8.52
325 2 10.73
15.81
fel 15.00
360 ® 15.97
fes 26.62
Fig. 5.
Arrhenius plot Catalyst: Alumina heat treated at 500° C
Table 3 o
Values of the activation energy and frequency factor
Activation energy, E
(k cal/g mole)
Catalyst
JSi E% E3
MS 10* 10.07 1281 22.89
Alumina heat treated
at 500° C 17.40 1465 30.21
Alumina heat treated
at 630°C 1419 1693 21.98
Alumina heat treated
at 730°C 1464 1687 181

730 °C

10.04
19.22

8.55
22.75
27.45
17.25
43.14
36.86
40.78
65.88

48.63
128.63

As

3.58 x105

4.21 x 10»

3.47 x 105

1.35x 104
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Conclusions

In conclusion, it can be said that the dehydration of ethyl alcohol proceeds
by a parallel-consecutive reaction scheme over alumina and related catalysts.
The heat treatment of alumina 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

Ca, Cb, Cc Concentrations of alcohol, ether and ethylene respectively moles/litre.
Feed rate, g. moles/hr.

. xr, k3 Reaction velocity constants, litres/sq. cm. hr.
mAbsulute temperature °C
Weight of catalyst, g.

=4z
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PE3IOME

MapodhasHan fermapataymsa aTUA0BOrO CNUPTA M3y4vanacb NpU U30TEPMUYECKUX YCNOBUSX, B TeM-
nepatypHom nHTepBane 250—300 °C, B NpUCYTCTBMM TePMUYECKM 06pabOTaHHOI OKUCK alOMUHNSA
N KaTannsaTopoB-MOMeKYNAPHbIX (DWUbTPOB, NPU MCNOMb30BaHUW peakTopa HEemnpepbiBHOrO Aeit-
cTBMA. ONbITHbIE AaHHble MOKAa3blBAKT, YTO peakuus gerugpaTtaumm 3TU0BOrO CAMpTa MMeeT na-
pannenbHo-nocnefoBaTeNlbHbIA XapakTep.









CONTENTS

VARHEGYI, Gy.,, MISKEI, M. and IVAN, L.: Intensive Methods for the Prepar-
ation of Vanadium Chlorides from BauXit€ O I'€ ...ccccoceieiiieeeiieiceee e

SZEPESY, K., WELTHER, K. and SEBESTYEN, Zs.: Efficient Catalytic Oxid-

ation Process for Air Pollution Abatement ... 11
MOHOS, F.: General Properties of Technological Systems. L.......ciiininnneininnnns 21
MOHOS, F.: General Properties of Technological Systems. Il ....cccceevviciiinisicieneicnnnn, 39
LAKATOS, B. and BLICKLE, T.: The Inhomogeneity Parameter and its Proper-

tieS. 1. ClOSEA SYSTEMS ittt 53
LAKATOS, B. and BLICKLE, T.: The Inhomogeneity Parameter and its Proper-

TIES. I1. O PN SYSTEM S uiiiiiiiicee ettt ettt s s e et e e e s et ene e nnn 67

SZENTMARIJAY, Z., CSUKAS, R. and ORMOS, Z.: Hydrodynamical Studies on
Fluidized Beds. V. Determination of the Particle Mixing Characteristics in
Dual-Cell Fluidized Beds by Isotope Tracer TEChNIQUE ....ccoveeierreieiereerciiisiienns 81

HORVATH, E., PATAKI, K. and ORMOS, Z.: Hydrodinamical Studies on Fluid-
ized Beds. VI. Studies on the Hydrodynamical Properties of Gas-Fluidized
Beds With CONCIAl TNSEITS .o 93

NOWAK, S.,, KEIL, G. and ZIMMERMANN, G.: Zur Pyrolyse hohersiedener tech-
nischer Erddlfraktionen. (The Pyrolysis of High Boiling Point Oil Fractions) 105

GUPTA, P. K. and RAVINDRAM, M.:Vapour Phase Dehydration of Ethyl Alcohol
over Alumina and Related CatalysStS ..iciiiiieiiiscie e 116

S

78.2724 Egyetemi Nyomda, Budapest. Felelds vezet6: Simeghi Zoltan igazgato



THE FOLLOWING ARE PLEASED TO ACCEPT SUBSCRIPTIONS

TO THIS JOURNAL:

AUSTRALIA

C.B.D. Library and Subscription Service

Box 4886 G.P.O.

Sydney 2000

Cosmos Book and Record Shop
145 Acland Street

St. Kilda 3182

Globe and Co.
694 —696 George Street
Sydney 2000

AUSTRIA

Globus (VAZ)
Hochstadtplatz 3
A —1200 Wien X X

BELGIUM

“Du Monde Entier” S. A.
Rue du Midi 162
B — 1000 Bruxelles

Office International de Librairie
Avenue Marnix 30
B — 1050 Bruxelles

CANADA

Pannénia Books

P.O. Box 1017

Postal Station “B”
Toronto, Ontario M5T 2T8

DENMARK

Munksgaard’s Boghandel
Norregade 6
D K—1165 Copenhagen K

FINLAND

Akateeminen Kirjakauppa
Keskuskatu 2, P.O.B. 128
SF —00 100 Helsinki 10

FRANCE

Office International de Documentation et

Librairie
48 Rue Gay Lussac
75 Paris 5

GERMAN FEDERAL REPUBLIC

Kubon und Sagner
Pf 68
D —8 Miinchen 34
BED

GREAT BRITAIN

Bailey Bros and Swinfen Ltd.
W arner House, Folkestone
Kent CT 19 6P H England

HOLLAND

Martinus Nijhoff
Periodicals Department
P.O. Box 269

The Hague

Swets and Zeitlinger
Keizersgracht 487
Amsterdam C

ITALY

Licosa
P.O.B. 552, Via Lamarmora 45
50121 Firenze

JAPAN

Igaku Shoin Ltd.

Foreign Department

Tokyo International P.O. Box 5063
Tokyo

Maruzen Co. Ltd.

P.O. Box 5050

Tokyo International 100—31
Nauka Ltd.

Yasutomi Bldg. 5F 2—12 Kanda
Jinbocho, Chiyoda-ku

Tokyo 101

NORWAY

Tanum —Cammermayer
Karl Johangt. 41—43
Oslo 1

SWEDEN

Almqvist and Wiksell Forlag A. B.
Box 2120

S —103 13 Stockholm 2
Wennegren—Wi illiams AB
Subscription Department Fack

S —104 Stockholm 30

SWITZERLAND

Karger Libri A. G.
Petersgraben 31
CH —4011 Basel

USA

Ebsco Subs. Services
1 st Ave North at 13th street
Birmingham, Ala. 35201



HUNGARIAN

Journal of

INDUSTRIAL
CHEMISTRY

Edited by

the Hungarian Oil & Gas Research Institute (MAFKI),
the Research Institute for Heavy Chemical Industries (NEVIKI),
the Research Institute for Technical Chemistry of the
Hungarian Academy of Sciences (MUKKI),
the Veszprém University of Chemical Engineering (VVE).
Veszprém (Hungary)

Volume 6. 1978 Number 2.

HU ISSN: 0133—0276
CODEN: HIJICAI



Editorial Board:

R. CSIKOS and GY. MOZES

Hungarian Oil & Gas Research Institute
(MAFKI Veszprém)

A. SZANTO and M. NADASY

Research Institute for Heavy Chemical Industries
(NEVIK1 Veszprém)

T. BUCKLE and O. BORLAI

Research Institute for Technical Chemistry
of the Hungarian Academy of Sciences
(MUKKI Veszprém)

A. LASZLO and L PECIIY

Veszprém University of Chemical Engineering
(VVE Veszprém)

Editor-in Chief: Assistant Editor:
E. BODOR J. DE JONGE

Veszprém University of Chemical Engineering
(VVE Veszprém)

The ,Hungarian Journal of Industrial Chemistry” is a joint publication of the Veszprém scientific institutions
of the chemical industry that deals with tlie results of applied and fundamental research in the field of chemical
processes, unit operations and chemical engineering. The papers are published in four numbers at irregular in-
tervals in one annual volume, in the English, Russian, French and German languages
Editorial Office:
Veszprémi Vegyipari Egyetem
»Hungarian Journal of Industrial Chemistry”
H —8201 Veszprém, P. O. Rox: 28.

Hungary

Subscription price S 45.— per volume/per year. Orders may be placed with
KULTURA
Foreign Trading Co. for Books and Newspapers
Budapest 62. POB 349
or with its represenatatives abroad, listed on the verso of the cover

FELELOS SZERKESZTO: DR. BODOR ENDRE
KIADJA A LAPKIADO VALLALAT, 1073 BP. VII., LENIN KRT. 9—11.

TELEFON: 221-285. LEVELCIM: 1906 BP. PF. 224
FELELOS KIADO: SIKLOSI NORBERT IGAZGATO



HUNGARIAN JOURNAL
OF INDUSTRIAL CHEMISTRY
VESZPREM

Vol. 6. pp. 125-130 (1978)

SOME LINEAR RELATIONS IN HIERARCHIC MODELLING OF
MULTIPHASE REACTORS

J. Holderith
(Edtvds L. University, Laboratory of Chemical Cybernetics, Budapest)

Received: November 2, 1977.

It is shown that in multicomponent mass transfer processes, the
locally averaged diffusive fluxes through the unit interfacial area are
linear functions of locally averaged concentration of both phases.
This relationship can be used for the development of mathematical
models with the hierarchic structure of the multiphase reactors.

Introduction

In an earlier paper [1] the basic principles of the hierarchic development of
multilevel mathematical models of multiphase chemical reactors were treated
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 that if the gas-phase of a two-phase elementary 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 elementary 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:
Lx =aiv\y¢r)'x —Z)(r)-grad x\
where :

v(r) is a three-dimensional velocity field, i.e. a preset vector function of the
three-dimensional vector of the independent variables r,



126 J. Holderith Vol. 6.

D(r) is a dispersion field, i.e. a preset tensor function of r,
X is an operator argument, i.e. a function, a vector of functions or a ma-
trix of functions.

Let us consider a singly connected domain F of the three-dimensional space
confined by the surface F divided by a surface F 3in two parts, i.e. the a-phase
and the s-phase. In the following the value of any variable in the a-phase and
s -phase will be denoted by indices a and s respectively.

The surface F may be divided in two parts :

F- Fi+F2

on the basis of the velocity field v(r) :
if n(r)-v(r)-z0 then Tr£Fi, and
if nfr)r>r)*"0 then rC.F3,

where n(r)is the normal vector of the surface F. The following equations exist:
jP[= Fiat Fib and F —Fa+ Fb of course F=Fa+Fb. All preset functions
constructed on the domain F may have jumped on the surface F3with except
of the normal component of the velocity field v(r), which is continuous on all
point of the surface F3 and agree with the move velocity of the surface F3.

Let us consider in the domain F the following system of transport equations
with 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 XA’ ’matrix of the preset functions ofr,
s is an A-dimensional vector of the preset functions off,

with the boundary conditions:

r€ Fu :c=c¢j-t-C-m-gradc; j—a,b 2
reEF 2 :Uz-i>(f)-grad c=o ©)
where :
n,, i=1, . ;are the normal vectors of the corresponding surfaces Fit

C is a (generally diagonal) AX A matrix of the preset functions on F1,
cf, j=a, «;are A-dimensional vectors of the preset constants,
0 is an A-dimensional zero vector.

Let us suppose that the diffusive fluxes:
jk(r)= -xf(r)-grad & k=1, ..., N

are continuous functions of the positional vector r inside the domain F, hence
also on the surface F3 and let us consider the following vectors of functionals
determined from the solution of problem (:)—(3):

J~~F3 M3-D-grad cdF: 4)
R
3-4: fcha () Jb:Fb cdFb (6)

r. Vb
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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 oftype (5) and (s ) can be interpreted as concentrations of the com-
ponents, averaged locally in space inside the single phases. Below it will be
shown that 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)— ).

LetUjand U.two N X N matrices of the functions of r, and van ~-dimension-
al vector of the functions of r satisfying the following =N . 1 systems of equa-

tions :
LUj=A-ui, i=1, 2;, ~=A-v+b

with the following boundary conditions :

r€EFia:Ui=E+C-ma-grad Ui} Uz=0; v—0
r€EFit>:Ui=0; U2= E + C<mb-grad.,U2; v=0

a *
rC.F2:n.'G'grad Ui=0, i=1 2; m'-D-grad v=10

where E is a unit matrix, 0 is a zero matrix.

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 statement is also
valid for the corresponding functionals:

Ji= -

i n3-5-grad UsdF, t=1, 2;
J

F3

Jo3

3n=y- J UidFj, »Z1,2; j=a,;
M

| RVJEE—— [ p3-To-grad VdF
v = 33 gra a

S F3

jjv=-"-jvdVu j=a,s6;
M
I't will be shown that the solution of problem (1) —3) can be represented as:
c=Ui.c2+U2Ch+ v (7)

For this purpose it is sufficient to verify that the vector of 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-Ch+ Zi>= A-Ui»Ce +A-U 22+A-V + b=

= A-(Ul-Ca+ Uz2-Cb+ V) + b= A-c+b
2. r€ Fin :c= Ui*Ca-f- U2*b+ v= (E + Cenia-grad Ui)-Ca= Ca+ C*nja-grad c
3. r€Fib:c=Ui-Ca+U2*Cb-M>= (E + C*nib-grad U2)-Cb= b+ C-nib-grad c

4, 7tF2:m-D-grad c= 0-Ca+O-cS+ O=0
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From equation (7), and from the linearity of the functionals it follows that:
J =J1-Co+ J2-C°+ (8)
Jj= Jji‘Qa+ Jjo*Co+ Jjv; j=a,b; 9)

where by definition, the functionals forming the N x N matrices and J,
(j=a, b; i=1, 2) and the A-dimensional vectors ¢/,, and Jjv (j =a, b) are inde-
pendent of vectors c® and c£. On the assumption that the appropriate matrices
are non-singular, by elimination of vectors ¢”and ¢bform the system of equa-
tions (s )—(9) one may obtain the required linear relations. For this reason let
us introduce the following hypermatrices :

LU) = !\h ove flav f Ccu= Jal  Ja2
b. jabv Jbl  Jb2

J3=[Ji J2]
Then the system of equations (s)—{(s ) takes a simpler form:

J =33'Gs+ Jv
G —Quo®+ Gv
whence it can be seen that:
J=G-C+g (10)

where G=J:-Cy: and g= Jv—J:-Cyi% v, supposing that the] hypermatrix Cuis
non-singular. Thus the following statement has been proved.

Statement. Let’a solution of problem (1)—3) and functionals (4)— ) exist.
Then linear relationships (s )—(9) presented in parametric form are valid.
In addition, if det(Cu) o, then the linear relationship (o) exists.

Remarks

1. The hierarchic modelling of multiphase reactors requires the reI%tionship
to be given between the composition and the intensities of sources of compo-
nents. If the right side of the system of equations (1) is denoted by q—Q(c) then
the required relationship can be represented by functionals:

jj—a b: (H)
I
as functions of corresponding functionals Jj. By substituting the right side of
eq. (1) into (11), and by use of (5) and (s ) immediately it follows that:

Qi=— J (Ac+6)dFj=A.Jj+6; j=a,b; (12)

|
A chemical interpretation of the relationship (12) can be written in the form
of the next assertion. It results from the existence of zero or/and first order
reactions on the kinetic level of the model that zero or/and the first order
intraphase sources of the components also exist on the higher level of model.
The reverse assertion is generally not valid.
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2. It is possible that in the development of a concrete model of an elementary
object, a certain co-ordinate component of conductive transport may be neg-
lected and thus the respective second-order derivate is omitted from the trans-
port equation (1). Then the corresponding equation in the boundary conditions
of type (3) will be automaticaly omitted. This is the reason for—apparently

unnecessary—performing the multiplicator D(r). Consequently all the above
mentioned statements are also valid for this special model.

3. Results for the two-phase elementary object of gas-liquid type treated in
the recent paper [-] can be deduced as special cases of relationships introduced
in this work. Namely if one ofthe phases, say phase “a” is perfect mixed, then
the following relationships are valid: Ja=c° and if r£ Fathen ¢(?)=c° and
what is more, if rC_F3 then also c(r) = c°. Hence in addition to the statement
announced in the paper [:] it follows that constant vector g itself is a linear
expression :

g=Gi-c* +gi

where c¢* denotes in the work [2] the value of vector c(r) on the surface F3.

4. 1t is easy to see that if the matrix 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 first order reaction) then the system of dif-
ferential equations Lv =A-v +bhas only a trivial solution: v=0. Then values of
all its functionals are also zero consequently: Cv=0, Jv=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. But some of the func-
tions generating the c according to (7) may also have negative values.

s . Results introduced here can be easily extended for two following cases:

s .1. Concentrations on the boundary surface of phases have discontinuities,
but here both phases are in equilibrium and the distribution ratios are constants;

s .2 . Though the distribution ratios are functions of concentrations, they have
constant values on the surface F3 due to concrete circumstances or model
assumptions.
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PE3IOME

B AaHHOM COO6LLEHMM NOKa3aHo, YTo MNP MHOFOKOMMOHEHTHbIX MPOLIEccax MaccomnepeHoca ¢ Xu-
MMWYECKMMMN peakuMsMW MepBOro W HyNesoro NopsiakoB, NI0KaNbHO OCPeAHEHHbIE AU(EY3NOHHbIE
MOTOKM Yepe3 eauHULY MOBEPXHOCTU pasfena (a3 ABAAOTCA NUHEAHBIMU (YHKUMAMK NOKaNbHO
OCPEefiHEHHBIX KOHLEHTpaLuii. Takme COOTHOLIEHUS MOTYT 6biTb MCMONbL30BaHbl MPW MOCTPOEHMN
mMaTeMaTUYecKnx MOofeneit MHOrogasHbIX peakTopoB C UepapXnUUecKoii CTPYKTYPOIl.
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The technological system of cocoa processing is reviewed together
with the technological processes of cocoa butter, commercial cocoa
powder, cocoa paste and indirect chocolate production. The material-
flow-systems and functional groups of cocoa processing are described.
The latest technological trends in chocolate production are also review-
ed. The degrees of freedom of the cocoa processing technological
system are determined.

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 Bilickle’s
general theory [:, » in Part 1]. This theory can be applied to all fields of
chemical industries. Some generalizations are discussed here which permit the
extension of the theory to non-chemical fields in the strict meaning ofthe term.
Thus, general guidelines are presented for the description of industries process-
ing raw materials 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 attain the set objectives. Cocoa processing takes place
on a large scale by automated machinery.

Initially the problem has to be dealt with where only the raw materials
(ANCESTOR) are known and the technological system to be designed has to
take into account all the real possibilities of realizaton.

Why should all the feasable realization possibilities sought in an industry
processing materials 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 this requires that the very essence
of the technology be understood and the solution is sought deeper than at the
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level of formal technological innovations. The essence of any technology is
—and this is the main achievement of Bricki1e’s theory—the change of mate-
rials in the given technological system, i.e. any study has to concentrate on the
sets of the structures of the materials (A) and changes (F). Added to this as a
more simple task is the selection of the structure of the apparatuses. In an
appropriate approach this task can be readily algorithmized. This means that
according to Brickle’s theory, the task of apparatus contruction is a second
rate task compared with the determination of the changes occurring in the
structure of the materials, the essence of the technological task. This order is
essential for the design of any technology.

7.2 Functional Groups of the Cocoa Processing Technological System

Cocoa processing became an industry about 150 years ago, although traces of a
few processing principles valid even today were known to and were also prac-
ticed by the Azték Indians. This industrialization process has been accompanied
by careful studies of the properties and structure of cocoa bean, i.e. there has
also been vigorous analytical activity preparing the soil for improved techno-
logies.

Let us now consider the statements which, without further help, allow for
the determination of the functional groups of the technological system of cocoa
processing.

Raw materials of cocoa processing (ANCESTOR)

—raw cocoa bean (cq)

— powdered or crystalline sugar (a2

— powdered milk (skimmed or full) (o2)
— lecithine (a4)

— alkali (alkali ash, KHCO:s, etc.) (ab)
— water to dissolve alkali (a6)

End products (and wastes) of cocoa processing (PICTURE)

— cocoa bean shell (a7)

— cocoa bean germ (a8)

— roasting wastes and exhaust gases (a9
— commercial cocoa powder (@l

— milk chocolate paste (au)

— process vapour (al?)

— cocoa butter (al3)

— vapours from cocoa powder drying (al4)

Technological research concluded that

—roasting exhaust gases (a9 consist mostly of water vapour, carbon dioxide
and volatile acids,

— alkalic digestion is appropriate for commercial cocoa powder production
and the end product also contains the 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 the refining and drying
processes after the alkalic digestion of the cocoa paste. This vapour
mainly consists of water and volatile acids,

— considering the extreme stability of cocoa butter, the saponification ef-
fects of alkalic digestion can be neglected.

These findings are shown in Table 1. Let us then form the multiple (at,
ANCESTOR Xa], PICTURE) shown by Matrix 4. The result of the multipli-
cation is

1, ifffjand Y contain a material fraction transferred from afinto
o, ifthe opposite of the above statement is true.

Only the cases when the result is equal to 1 have to be examined. The materi-
al fraction transferred from afinto  is sought.

The problem becomes complicated when the material-flow ofthe PICTURE is
composed from the material flows of several ANCESTORS as, e.g. in the case
ofai Or anv The term “several” is justified, because, e.g. the sum of aW2 and
alllis equal to aw. Since in optimum cases al® can be determined, aldl can be
obtained by increasing the amount of reaction products to al0. There is also a
similar case for alv When the quantitative description of a technological sys-

Table 1
Material-flow-systems of conventional cocoa processing

ANCESTOR

a\\raw cocoa bean

«2 :sugar (powder or crystalline)
03:powder milk (whole or skimmed)
«a: lecithin or other emulgeater

os: alkali (ash, etc.)

oe: water to dissolve as

PICTURE

a-j\ cocoa shell
as: cocoa germ
09 : roasting product:
Ogi: water vapour
092: CO2
093: volatile acids
oio: commercial cocoa powder:
o101 : the rest (multicomponent material)
0102: reaction product:
01021 : anion
01022 : cation
on: milk chocolate:
o111: the rest (multicomponent material;
o112: Maillard-reaction product:
aim : aldose
01122: protein-amine
o12: refining vapour:
0121 : water vapour
0122: volatile acids
013: cocoa butter
014: process vapours:
0141: water vapour
0l42: volatile acids
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Matrix 4:

Relation of the material-flow-systems of ANCESTOR and PICTURE
in the cocoa processing technological system

tem is prepared, then the amounts of materials have to be taken into con-
sideration. This is especially important when the quantitative independency of
the material flows of the system or its degrees of freedom are tested.

After Matrix 4 is filled in the nature of material fractions transferred from ai
into oy should be determined on the basis of analytical information. These re-
sults are shown in Table 2.

Table 2

Determination of the elements of the functional group set of the cocoa processing tech
nological system

«1M«7 =Ri (cocoa shell)

aiDas = ft2 (cocoa germ)

«1Mais =13 (cocoa butter)

«iMagi =WMa4 (water content)
«iM«2 =Ws (decomposable C)
«1M«93 =WB (acid content)
«1M«or = multicomponent material
«1M«>1= 16 (acid content)
«1M«ni = multicomponent material
«1fla21 = Ma (water content)
«1M«122 =Re (acid content)

«1 M4l = N4 (water content)
«1M«142 =116 (acid content)

According to chemical analysis multicomponent materials

(«1Maioi) and («iM«in) can be expressed as
(«1M«loi) and (ai Mam) = (i3 UW7)

where R-isthe dry and oil-free cocoa tissue fraction containing no material liberated in the
roasting step.



1978 General Properties of Technological Systems I11. 135

Furthermore :

«2f1 (ini =nw (inert saccharose fraction)

azMaim = Es (reacting aldose fraction of saccharose)
«3Mam = Rio (inert fraction of powder milk)

a3 Maiiz2=En (reacting amine fraction of powder milk)

Finally:
«4=1?2 as—Eis and as—E\ ;.

Construction of material-flow-systems of functional groups:

«1 = (El 2,3,4,5%¢€7 «2 = (Re, B)

as = (Rio, 11) a4 = (R12) as= (R13)
«6 = (R14) ai —(Ei) «8 = (E3)
«9 = (R4, 5,¢€) «t0 = (R3, B 7,13, 14)

an = (R3,7,8,9,10,11,12) ai3= (R4, B)

aie = (R3) and «14= (Ei, B 14).

The designation used: (Bt, Rj) = (Ri, j).

Let us consider the ratios of the quantities of the functional groups within
the respective material flow systems ai. Then the functional group matrix can
be written as:

Ei-
T= [ai... «14]
Eu.

If the quantitative composition of the materials in a technological system is
thoroughly known, then the fractional contributions ofthe respective functional
groups can be determined.

(“Functional groups” R, are, in fact, functional group flows. Their dimen-
sions, just as those of asare mass/time.)

It should be emphasized that information relating to structural changes and
critical hierarchy levels previously determined by chemical analytical methods
were used to create Table 1. Let us now determine the critical hierarchy levels
involved in cocoa processing.

Frequently, several g values, so-called critical hierarchy bands have to be
assigned to certain functional groups. Changes in the structure of the material
take place simultaneously in several directions causing the above problem.
However, these joint changes always have a single function.

Ri: cocoa bean hull —part of an organ, G

Es: cocoa bean germ — organ, gs

Es: cocoa butter — phase, gio

E4: water content of cocoa bean — gs-11 (naturally the type of water involved in the
respective cases cannot be easily identified)

Es: decomposable carbon content — qn-12

Re: acid content of the cocoa beans. For the sake of simplicity it is assumed that the
amount of volatile acids is equal to the amount of acid that reacts with alkali
during the digestion step — qu-12

Ei: roasting wastes contain no components of the cocoa bean tissue, are free of oil and
water — part of a cell, gs

Es: unreacted saccharose content of the milk chocolate — phase, qio
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Rai saccharose content of the milk chocolate consumed in the Maillard reaction —
phase, gio

R\a' inert fraction of milk powder in the milk chocolate. Milk powder is assumed to
contain no water, this approximation is not valid all the time — phase system, pa

Vi fraction os milk powder in milk chocolate involved in the Maillard reaction — mole-
cule, qu

Riz: lecithin — phase system, g=

Rial alkaline compounds — molecule, gn
(There is another simplification here. Alkali metals are considered cations, so they
cannot enter vapours cti4, only the commercial cocoa powder. This, strictly speak-
ing, isnot true, but less dimensions lead to the same value, so this is a convenient
simplification.)

R u: water used to dissolve the alkaline compounds — molecule, gi\.

Material flow systems as sets consisting of functional groups are
shown in Table 2. The critical hierarchy level bands assing the hierarchy level
ranges in which changes of the material-flows-systems can take place.

Once T is determined the functional matrix equation:
Ai-14*T = ai_i4

is obtained. It isinvariant with respect to all states of the technological system
examined. This equation describes the entire material transport in the technolo-
gical systems.

Essential indicators such as, e.g. the cocoa yield number, the leading indi-
cator of the economics of cocoa processing can be calculated from it. Material
consumption guidelines for various products produced in the given technologi-
cal system should also be deduced from matrix T. The functional matrix
equation is especially valuable when the technological system is connected to
other systems, a frequent case in practice (e.g. a cocoa bean processing unit
produces intermediates such as, e.g. chocolate mass, cocoa butter, and indust-
rial cocoa powder, etc., for other factories).

The above decomposition into functional groups can be simplified in the case
of industrial cocoa powder and dark chocolate mass containing no powder
milk.

7.3 Construction of the Technological System of Cocoa Processing
by Connection-Algebraical Means

Once the material-flow-systems of ANCESTOR and PICTURE are decomposed
into functional groups, the material structure transformation, i.e. functional
group transformation technological operations producing the PICTURE
sought from the ANCESTOR given can be determined by connection alge-
braical means. It should be noted that connection-algebra alone is not sufficient
to solve this technological problem, the actual properties ofthe materials trans-
formed also have to be taken into consideration. This means that functional
groups can be randomly coupled to each other like letters of the alphabet, but
the technological validity of these mathematical operations has to be verified.

These algebraical transformations are shown in Table 3 for direct and indi-
rect milk chocolate producing technological systems. For the sake of easier
comprehension symbol i?indkx is modified and 3 stands for 1i3. Roman numbers
are used to note the serial number of the algebraica 1transformations. Their
technological meaning is as follows.
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Table 3
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Construction of the cocoa processing technological system by connection algebra

ANCESTOR:

PICTURE :

Algebraical tr

Production o

/1/2/3/4/5/6/7 0/8/9/0/10/11/0/12/0/13/0/14]

ul u2 Uz @ us Ua
/1/0/2/0/4/5/6/ 0/3/6/7/13/14/ 0/3/7/8/9/10/11/12/0/4/6/0/3/0/4/6/14/
07 08 09 Oio OH «Ur] ols Ol4

ansformations

111213141516 1712 117012 10/41516/0 131416171
ril A ' (cocoa mass
ANCESTOR in or ground

PICTURE-state cocoa)

f cocoa powder-cocoa butter:

l/a: /31416/7/0/13/0/14/ w— -V [3/6/7/13/14/0/4/6/14]
B @ 014

Production o

(PICTURE)

/316/7/13/14] StePV [3/6/7/13/14/0/3/

Qio 013

in PICTURE-state

1/b: 13141617/ /3/1416/7/0/3/
Oio 013
variant

in PICTURE-
state

f milk chocolate mass

/31al6l7/ 0/3/0/8/9/HO 11/ 0/12/ -StepV [/3/4/6/7/8/9/10/11/12/

Step | :

«13 «2 «3 «4

ANCESTOR

&PV /3/7/8/9/10/11/12/0/4/6/
Ou 012

in PICTURE-state

separation of o7 (cocoa bean hull), as (cocoa bean germ) and roasting wastes
o9 should be separated as soon as possible. This obviously follows from
the PICTURE. The material obtained in this process (3/4/6/7) is the ground
meat of the cocoa bean, and its fine suspension is called cocoa paste. Besides
R and Re this material contains functional groups Rs (cocoa butter) and R~
(oil-free, inert, dry cocoa bean tissue) found both in cocoa powder and milk
chocolate. However, their weight ratio differs in the two products. This, in
fact, means that cocoa powder (et0) and milk chocolate (an) productions
represent two different technological approaches. At the same time produc-
tion of Ra=«13 should also be started.

Cocoa powder (at) and cocoa butter (Rs= «13) are produced as follows.
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Step I'l: av and «B are added to intermediate (3/4/6/7). After evaporation side pro-
duct ais and another intermediate is formed from which:
Step Ill: «O and «w=Ra can be produced (by pressing-separation and grinding

operations).

As a result of variant . /b (Step 1V) industrial cocoa powder (3/4/6/7) =
aio(variat) and. cocoa butter al3=B3is formed.
Preparation of milk chocolate paste :

Step V: by adding «2 «3, «4 and «13 to (3/4/6/7) an intermediate (chocolate cake) is
produced from which in:

Step VI: au (milk chocolate paste) and «12 (byproduct) are obtained.

The operations listed in Table 3 do not refer to a number of operations which
do not effect the technological trail-graph, the connection relations of the ma-
terials. Thus, e.g. the difference between direct and indirect milk chocolate
production cannot be seen. In the direct process product /3/4/6/7/ obtained in
Step | is coarsely ground cocoa bean and becomes a fine suspension only in
Steps V and VI when it is finely ground together with the other components. In
the indirect process coarsely ground cocoa is reffined into a fine suspension as
early as Step I. The two technologies differ by the efficiency of grinding, ground
cocoa and cocoa paste feed and storage, etc. It should, however, be noted that
according to the original Dutch process material /3/4/6/7/ is coarse in Step 11.
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). Naturally, there are a number of
“mixed” technologies, although most modern technologies are based on cocoa
mass.

Table 4

New milk chocolate producing technological systems
LSCP process

3/4/6/7/0/3/0/8/9/0(]O 1]/ o [12/

é -Vi—.s U‘ '

1 1
1314161710 /al /8/9/0/10/11/0/0/

~~I ' 1 4 n

/31710/«/1416/ /819/10/11/0 /#

! r- LR — 1
1317/ 0/3/ [8/9/KO/11/0/12/ In;;;&av [/3/7/8/9/10/11/12/

WIENER process

/314/6/7/0/8/9/0/10 /11/o/3/o/L/ withretlux> /3/7/8/9/10/0
olL/alel o/12/ — > /3/7/8/9/10/11/12/

CADBURY/BAKER-PERKINS process
I31al6l7/ 0lslel o /O /W /1s/ -  /3/4/8/9/10/11/0/6/7/15/0/3/4/6/7/0
/3 -——-- -a [3/4/6/7/8/9/10/11/ 0/4/6/ 0/ 12/ > [3/7/8/9/10/ 11/ 12/
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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 V1 (algebraical transformations). Since there are many functional
groups there can be many variants.

Lindt et Sprungti Chocolate Process (LSCP for short)

Based on fragmentary—quite obviously—literature references, LSCP can
be represented by mentioned method as follows.

Reactants are separated into hydrophylic and hydrophobic materials. The
carriers of functional groups s, 9, 10 and 11 (sugar and powder milk) are hy-
drophilic, the carrier of functional groups 3, 4, s and 7 is hydrophobic (cocoa
paste). Hydrophylic components are mixed with material 8 which promotes the
Maillard reaction. Hydrophobic cocoa paste is reacted with 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 meth-
ods.

Wiener process

Functional groups 4/6 are stripped from the system by air (L). Oxygen
advantageously effects the cocoa-taste. It can be seen that these processes
carry out changes in the material-flow-systems of both the ANCESTOR and
the PICTURE. 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 substituted for milk powder in this process. Therefore, a further
material fraction, liis 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: iiu, B15. According to Table 4
cocoa mass, milk and sugar are homogenized, the volatile acids of cocoa mass
are distilled out along with the water content of the milk resulting in the so-
called milk crumb. Milk crumb then is homogenized with 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) isa 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-systems 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 of the Process-Graph of Cocoa Processing :
Operations to be Carried Out on the Material-Flow-Systems

The process-graph has to be supplemented by certain technological information.
It has to be mentioned at this point that this information 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 activity is as follows: the sub-system design from the process-
graph, pilot-plant sized sub-systems, and the design of the entire, full-scale
technological system. Thus, it is in fact a kind of iterative job, its major and
decisive milestones being the pilot-plant-scale experiments. No theory can
substitute or render practical experience irrelevant.

Based on Matrix 4, Table 5 contains the relations relating to the connection
between the elements of the ANCESTOR and PICTURE. The most character-

Table 5
Completition of the process graph by change-elements of the cocoa
processing technological system
CANCESTOR «PICTURE O'gj!gg?qggs Chzri‘gfeesre%i‘éssmg Num be;cggré?ﬁg tt%cr}g?)llggécal step
[Oai) r)

1 7 D, f c 3, 11 l.

1 8 D, f, c 3, 11 l.

1 9 h, e D, f 3,7, 11 l.

1 10 D, f, 0 3, 11 l-n.

1 11 D, f, u 3, 11 I-111., V-VI.
1 12 h, ¢ 3,7, 11 I-W ., V-VI.
| 13 h, d, f, c 3,7, 11 1-1.

1 14 h, D, f, ¢ 3,7, 11 I-11.

2 11 D, f, o 3, 11 V—VI.

3 1 D, f, c 3, 11 V-VI

4 1 - — V-VI.

5 10 ¢, h 7, 11 I-111.

6 10 e, h 7, 11 n-ni.

on the basis
of Matrix 4 *

on the basis of Matrix 1

istic and obvious property changes obtained from the comparison of the mate-
rials of the ANCESTOR and PICTURE are listed in the column “difference-
-object-class”.

When the elements of the “difference-object-class” are identified then false
information can enter the system and importantinformation 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 Matrix 2. This selection can introduce further
errors, so it is advisable to note the following points:

—auxiliary or complementary changes might be necessary at any type of
change, changes of the state variable always have to be anticipated,

— changes establishing or breaking connections are not considered again
here, though they may create numerous practical problems,
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— certain changes might be called upon more than once, e.g. reflux and the
duration of the changes cannot be estimated theoretically either.

Generally, it can be stated that theoretical technology design must cooperate
most closely with practice at this point.
Based on Table 5, the following conclusions can be made :

Step | I3 MM Step I11; Step V \B"”Vn>step VI

Steps | to 111 correspond to the production of cocoa paste, cocoa butter and
cocoa powder. These steps are indeed characterized by size changes, v3, phase
state changes, v7and chemical changes, vn .

Steps V and V1 correspond to the production of milk chocolate and the same
changes are characteristic here as well.

7.5 Determination of the Degree Freedom of the Cocoa
Processing Technological System Allowing for 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. Formally it follows that no materi-
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 number of linear relations among the material-flow-
systems, and there also should be considered while the degrees of freedom of
the material-flow-systems are sought. The following statements can be made:

—ax(raw cocoa bean) is linearily independent from any other a, quantity, so
it should be reserved independent, i.e.
al=blwhere b{stands for the material-flow-systems during the determi-
nation of the degree of freedom

—any two of av a" and a. automatically determines the third one since
their ratio in milk chocolate is constant, i.e.
a2V «3+ «4= "2

—the same applies to a5and a6, i.e.
«S+ a6=h3

—similarily
«+ «8=

—a9=h5

— «io = S«h = N

—entirely analogously
«11 F«12 = g

— «13= 179

There exist quantitative, but no qualitative relations among the functional
groups, i.e. no functional group can be described as the linear combination of
others at the critical hierarchy level.

The following condensations can be carried out from a quantitative point of
view:

RI+ /22=11 Rb=fb

Hz =12 Rh+ R9+ Rio+Rn + R12t
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#7=13 Ri3+Ru—fi
i+ RG-f

The cocoa processing technological system should now be scrutinized, allow-
ing for the fact that it can be decomposed into three subsystems:

Subsystem 1 (it corresponds to Step 111 in Table 3)
Production of Cocoa Pate (b+)
input:br output: bi, bband b+

Let us use only the subscripts of functional groups /,, so
si= (1, 2,3 4,6) s=(1) G=(4,5 and 6+=(2,3, 4)

The number of quantities biis: SZF(s)= 4 but it is decreased by the rela-
tionship bl=bi + b5+ b+ In fact SZF(b) = 3. The number of functional groups is:
SZF(/) =5, but since f2 and f3 act jointly in this subsystem (they cannot be
changed separately) the number is smaller. In fact SZF(/) = 4 because ;. has to
be considered as a separate variable only in the entire technological system.
Thus SZFj=SZF(/) —SZF(s )= 1. This means that the quantity of as few as a
single functional group unambiguously determines technological Subsystem 1.

Subsystem 2 (it corresponds to Step Il and 111 in Table 3)
Production of Cocoa Powder and Cocoa Butter
input: b+output: b6 b7and bg

SZF(s )= 3 because it holds that
b+=b6+b7+ba b+=(2, 3, 4) bs=(2, 3,4, 7)
b7= (4, 7) and 9= (2).

Thus SZF(/) =4 and SZF.=4—3=1.

This means that the quantity of as few as a single functional group unam-
biguously determines technological Subsystem 2.

Subsystem 3 (it corresponds to Step V and VI in Table 3)
Production of Milk Chocolate Paste
input: b2, b+and bg output: b8

SZF(s)= 3 since b2+ b++b9=Db8; b2=(s); b+=(2,3,4);
b9= (. ) and b8=(2, 3, 4, s ), i.e. SZF(/) = 4.
Thus SZF:=4—3= ..

This means that the quantity 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 the subsystems have to be sup-
plemented by two further relationships to obtain the mass balance equation and
the degrees of freedom of the entire technological system

sfr=61+56T,

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 PICTURE.

The other relationship is:
8- he §IHE

Let us then set &ICTURE= 0, i.e. the system is closed with respect to «i;
both cocoa mass and cocoa butter. Then the following modification makes the
system determined:

1. Letussetat SZF1= 1of Subsystem 1 any of the following qualities—since
they are quantitatively linearily dependent —

— cocoa bean (s 1),
— cocoa shell + cocoa germ (),
—roasting gases (b&.

Any of these defines the quantity of cocoa paste (b+) though there is an in-
dependent functional group among them. So, the amount of cocoa powder (s 6)
and chocolate (sg) which can be produced from it can be determined as follows.

Let the amount of cocoa mass required for the chocolate be x, the cocoa
butter be cxand the amount of cocoa powder produced during the production of
Cx amount of cocoa butter be Kxthen the amount of all the cocoa paste to be
used becomes x+Cx + Kx, a known value. Since G and K are material 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. &CIURE=0.

2. The degree of freedom of Subsystem 2 is SZF=.. If any of the following
quantities is set then Subsystem 2 becomes determined since these quanti-
ties are linearily dependent:

— cocoa powder (b6),
— alkali (/7),
— process vapours (b?).

The amount of cocoa bean (br) to be used for cocoa powder production di-
rectly follows from the material norms. The amount of cocoa butter produced
in the pressing step determines the amount of chocolate (b8 which can be
produced in Subsystem 3. The amount of cocoa paste required for chocolate
production is added to the amount of cocoa bean determined earlier, so all
three subsystems become determined.

3. The degree of freedom of Subsystem 3 is SZF = 1. Only,s= (sugar 4-powder
milk + lecithin) appears in the ANCESTOR as an independently dosable
and changeable functional group.

If its amount or the amount 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 butter (,. = bg)required for milk
chocolate (:8) is determined by mass norms. The amount of cocoa paste deter-
mines that of cocoa bean (ig) while the amount of cocoa butter determines that

2*
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of cocoa paste (and correspondingly, cocoa bean) required in the pressing
step. This also determines the amount of cocoa powder formed. Thus all three
technological subsystems and the entire system become determined.

It can be concluded that the cocoa processing technological system has,
with respect to the free selection of the quantities of material flows or material-
flow-systems, one degree of freedom, i.e. SZF=1.

It should be noted that when cocoa butter (&ICTURD or cocoa paste
(Mpicture) is to be produced or these materials are received from an external
system (i.e. these materials show up in the ANCESTOR as well) then the mate-
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.

PE3IOME

B TpeTbeil 4acTu JaHHOIi Cepumn cTaTeil paccMaTpUBaeTCs TEXHOMOrMYeckas cucTemMa nepepaboTku
KaKao, onpeenstoTcs CUCTEMbl MAaCCOBbIX MOTOKOB M (DYHKLMOHaNLHbIE TPYNMbl NepepaboTKy Ka-
Kao; OMuCbIBalOTCA flanee TeXHONOrMUYeckre NpPoLecchl NMPOM3BOACTBA KAaKaoBOM Macchl, Macna Ka-
Kao W M3roTOBMSEMOro Ans TOProBbIX LieNeil KakaoBoro MopoLlka, NMPUBOAATCA Takxe HoBeiiluve
TEHAEHUMM B 06M1aCTM TEXHOMOMWA NPOM3BOACTBA LWOKONaAA. 1 HaKoHel, B CTaTbe ornpegensercs
cTeneHb CBOGO/bLI TEXHOMOMMYECKO CMCTEMbI N0 NepepaboTKe Kakao.
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Conventional cocoa processing technology is reviewed and two practi-
cal examples are presented to demonstrate the use of the technological
representation advanced for the design of operation units in which
alkali preparation and the refining of the cocoa mass take place.

7.6 Detailed Description of the Cocoa Processing Technological System

So far only the raw materials, end products and wastes have been assumed to be
known in the course of this study on the cocoa processing technological system.
This assumption is no longer necessary since all teh statements 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 the
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 important relations necessary for the design of
the operation units involved. Only the subscripts (numbers) are used for the
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 impor-
tance now (these are more universal connection algebraical signs). Material
flow systems are separated by “0”.

This process is the detailed description of technological

Step | of Part 3.

Step I:  /1/2/3/4/5/6/7/ - /1] /2/0/416/6/0/3/4/6/7/

dl al cis &9 ' CO(¥Oa *
paste
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Operation unit 1:

Roasting of cleaned cocoa beans takes place here.

Mappings: —temperature rise (%)
— heterogeneous chemical reaction (roasting) (o)
—temperature decrease (Igl)

i = ("AG, /2137141571617 1/i

0= (CAQvio a1 1o 13sar5161710

where :

t0: initial temperature
tm: maximum temperature of roasting

A 1113141516171
= (o A ONM 10131416171 01 41516 -
where :

b:the amount of roasting gases

3. 1/2/314/6/7/1
121314161713

where: i.: the temperature at the end of cooling.
Resultant mapping:

L= 60"

fai= (faO ho) ¢ fal 17
Operation unit 2:

Pre-grinding and hulling of roasted and cooled cocoa bean.

Mappings: —grinding (12
- hulling (110

. ..n TI1/2/3/4/6/7/1
C (> N&) 'Uli22BmeITl)
where : d1: characterizes partiele size changes

/1/2/31416/7/ 0 (air) i
/41 0/2/ 0 (air) 0/3/416/71J"

fa

lto=(r3f179):J

For the sake of simplicity ground cocoa is assumed to contain on hull (1)
and germ (2), otherwise these should also show up in the simple /3/4/6/7/ nota-
tion. This waste fraction is conveniently included in /7/ as a convention.
Resultant mapping:

12 =fa® lia (18)

(Air used for the separation is not 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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Mappings: —warming up (16
- grinding {If)
le= (V5 A &AL :

where : Atx: temperature rige

where: d1: characterizes grinding.

Z&=as I\ but characterized by At2
I\=as I\ but characterized by d3.

Resultant mapping :
L3=(Noih)®(0QII)

7.6.2. Chemical Treatment of Cocoa Paste, Production of Cocoa Butter and
Commercial Cocoa Powder

This process corresponds to technological Step Il and Il in Table 3.
Step I1: Only case 1/a is treated here. Case 1/b is similar but simpler:
/3/1416/7/0/13/0/14/ - /3/6/7/13/14/0/4/6/14/
05 06

Operation unit 4:

Chemical treatment of cocoa paste (e.g. by aqueous caustic solution).

Mappings: —warming up {If)
—homogenization (22)
—exchange decomposition (£0)
— chemical reactions (A1)
—steam distillation (18)

— pressure venting (117)

6= («5/1&)113:[

where 423: temperature rise.

/3/4/6/7/0/13/14/1
2= (S NO)N 1o i617/13/141 37
.  [73/4/6/7/13/14/]
0= 1t A&y o /6/7/13/14/0°
reaction of (s) and (13).
hi= 11 AG):

e.g. reactions of flavonoids.
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1/3/6/7/13/14/ */4]/6//141)
_T1316/7/13/14 - [A1161/14]

In=COAD 3s6/7/1311400141161141 ]
Resultant mapping :
Ln=le(B @20 1300 hi)0 (80 In) (20)
Step I11: Production of cocoa butter

/316/7/13/14/ SePm > [3/6/7/13/14/0/3/
a3

Operation unit 5:

Cooling after alkali digestion, decreasing the butter content of cocoa by
pressing.

Mappings: — cooling (4f1)
—pressure rising (B
—separation (I117)

"= Co AR RRITE )
where AtA: decrease of temperature.

AN

& Jlo2) Y yparerrsrian
where Ap: pressure rise

[/3/617113/14/1

In =GN 12 6/7/13/1413

where q: is the percentage of cocoa butter in the pressed cake.

Resultant mapping :
Lb=h 1t (£sO i17) (21)

Operation unit 6:

Cooling of pressed cocoa cake, rough and fine grinding, thermostation.

Mappings: —cooling (lg2)
—grinding (L)
—grinding (12)
— cooling (16x)
—phase state change of cocoa butter (19
— formation of stable (B)rcrystalline cocoa butter (&)

By = {f Av) - RIS
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where At5: characterizes cooling

(as above)

i2,i= 3 J1 <5i)d3;
e s (as above)

where d3: characterizes grinding

h2=saiiis o200
2= (A4 as above)

where dA: characterizes grinding
1 7 *aA r(asabowe)l
| ,8 above)]

where At6: characterizes cooling
(as above)]

[(as above) J

} rTas above”

7 >
h —(vn A A5 above

where B : stable crystalline cocoa butter

Resultant mapping:
2260 12,20 2¢,20 (h,20 ho U) (22

7.6.3 Production of Milk Chocolate

This process is called Steps V and V1 in Table 3. Steps V and VI: Preparation
of milk chocolate paste.

1314/ 6/ 7/ 0/3 7078 9/ 0/10 111/ 0712/ StepV 131416171819/

/10/11/12/ StepVI>- [/3/7/8/9/10/11/12/0/41/6/.
Operation unit 7:
Preparation of milk chocolate cake.
Mapping: — homogenization (%)

B r/3/4/6/7/0/3/0/8/9/0/10/11/-1J
E5= MBA 4> 131416/7/8/9/10/11/12/

Resultant mapping:
L7—I» (23)

Operation unit 8:
Fine grinding of milk chocolate cake.
Mappings: —grinding (2)

13141/6/71/8/9/10/11/
12: (vaA&)b:
/13141/6/71/8/9/10/11/

where d5: characterizes grinding.
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Resultant mapping:
L$=h (24)

Operation unit 9:

Refining of milk chocolate paste and production of end product (Step VI).

Mappings: —homogenization (125)
—oxidation (I81)
— Maillard reaction (/8,)
—pressure venting (18
—decomposition Z17)
—homogenization (emulgeation) (/25)

= e n ). [1314IBITIBISNO N1 1101311
s=OSAOCN] 314/6/7/819/10/11/

[/3/416/7/8/9/10/11/-1

1= (vu N1<):
w= (VUIVS): aer78i9r10/10])

aroma-developing step
4 = (ARG~ 1IN
S above)!I
Es above)!

o sn gy 131416171819 > 11110/
N=(sAO) [ayae = 11/10/0/4 :>e/]

5= 816 _J/3/7/8/9 = 11/10/0/12/n
= ): /3/7/8/9 =y 11/10/12/ J

where Ap2:pressure venting.

Resultant mapping:
Ls=Ls®(hi©&:QhQ hi) ®ha (25)

7.6.4 Mapping Series of Cocoa Processing
Let nlLi=iiipZ.® ... ©=La

then the mapping series of
— cocoa paste production (technological Step 1) is

1= U Li (26)

1-1

— cocoa butter and commercial cocoa powder production
(Steps Il and I'11) is

6
»Eii-iii= U Li (27)
14
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and

£1-111= U Li (28)
i=1

milk chocolate production (Steps V and V1)

Ev-vi= U Li (29

£|.V-Vi=IIU3Li\\0$l?£j;- (30)

7.7 Design of Milk Chocolate Paste Refining Operation Unit
According to Blickles 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. It isshown here that
the description of processes as advanced here allows for the selection of all
those apparatus types which can be thought of at 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 material flows
processed has to be known (cf. Chapters 2.33 and 4 in Parts 1and2, respectively).
The types (vt) and characteristics (§) of changes expected to take place in the
operation unit also have to be known.

Chocolate paste in Operation unit 9 is viscous, its external structure can be
characterized as:

3= Bi J1[RivRzvRs] Ty-i

The external technological structure remains practically unchanged during
the entire operation.

Apart from the external structure all (w a fy) coefficients of all the mappings
are necessary for the z mappings, so the resultant Z mapping of the operation
unit to be designed becomes:

z{9)= (vs 4 O): (r>u N1 02)2 (ve J1 03)2(BA <53)(/3-"mb3) (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 Blickle [1].

Symbols: in general 1.3R 1stands for 1Al 2RV 3RV etc. To enable the process
to be grasped more easily the steps are numbered.

Step I.: Rt belonging to external technological structure b3 is determined
(p: 85-86)

3A1—s[]t

lIoRi —gRt
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Step Il.: R3belonging to (vAQ values is determined (p: 87.)
(vg 1 &) -mAs
(Vil AG)-*12i13
(vg N 03)-*8B3
(vg N V3)-*8/3

Exponents ofthe changes only mean that there are several of the same type
of changes taking place, which obviously cause no change in the apparatus.

Step Il1.: Rz can be determined after R3 (p: 91.)
3[3-*1,236,7R?
12.R3 “m-0A2
6723-*1-9-2r
M3-»2, 38,742
Step 1V.: R2can be determined from R1 (p: 91.)
3 Rl *1-4/12
Hi ‘m-3-R

Step V.: The section of R 2values determined in Steps 111 and IV is deter-
mined, i.e. the common part of :R. and R2

Step VI.: Py is determined from R3 (p: 91.).
oAz -ml-17; 014
12As “wl-e. 9-17; 04
6A3-»1-3, sA4
813112171

Step VII.: A, is determined from lit (P:91.)

3 -"1,2,3,4,7-12ﬂ|4
3R1 *1,2,3,5,7-9/14

Step VIII.: Determination ofthe section ofi-. values determined in Steps VI
and VII: i/is and 3RA

Step I1X.: Determination Rsfrom R2 (p: 91.)
2R -»1-10,2A5
afl2-*-1-4,9,10, xRb

Step X.: Determination of Rbfrom RI (p: 91.)

1724 -m1+OR
3B4-*-3,4, 7,sRb
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Step X 1.: Determination of the section of i-s values calculated in Steps I X

and X:
37%s and  4lts

This is the solution of the problem. It means that refining can be carried out
in an operation unit which is characterized as follows:

Processes (material-flow-system characteristics) :
3R1 and <R (cf. p. ss6)

Operation modes:

22 and  2R2  (cf. p. 87)
Chemical operations:
3R3, \tR3y 6ii3 and ei»s  (cf. p. 87)

Energies:
1tRs  and 34 (cf. p. 87-88)

Apparatuses:
sls  and 4405  (cf. p. 88-89)

All the characteristics of the operation unit designed can be found at the
respective places referred to, so there is no need to publish these lengthy items
here.

The characteristics thus calculated fully agree with principles followed in the
course of practical refining unit development.

7.8 Design of the Operation Unit Used for the Alkali Treatment
of Cocoa Mass (No. 4 in Chapter 7.6.2) According to
Brickle's Theory

The calculations shown in Chapter 7.7 are applied to Operation unit 4. The
practical forms of these two operation units apparently followed two separate
lines of development. However, the essential similarity of the operations to be
carried out in the two units becomes more and more manifest, even to that
degree that apparatuses are becoming more similar.

z(s)= (PBA S,) (VU Ads) («11 Jior) («6 JTs3) («B J183) (b3-*b3) (32)
Omitting the details of the calculations, the result becomes:

Processes:
3R1 and  itl:

Operation modes:
2R2  and  3R2

Chemical operations:
3, B 8 9,5.12)5(5
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Energies:
li24

Apparatuses:
1-4,9, 10-Ks

It can be shown with the help of [1] that this result is very similar to that of
the refining units.

s . Summary

A technological theory was advanced in Part 1 and 2 of this series. It is based
on Brickte and co-workers’results [1, 2], only the presentation mode is differ-
ent. A uniform treatment was attempted of materials of biological origin.
This treatment seems applicable to show the essentials of both chemical and
related (e.g. food processing, etc.) technologies.

The treatment makes use of the terms hierarchy level and functional group,
and the connection algebra defined for the functional groups. This apparatus
seemed indispensable to treat as exactly as possible the most important tech-
nological problems of cocoa processing. Part 3 discusses the technological vari-
ants of cocoa processing as results naturally following from connection algebra.
The limits of connection algebraical treatment are also carefully presented.
Conventional cocoa processing technology is treated in detail in Part 4. Two
examples demonstrate the use of this technological representation for the de-
sign of operation units.
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UNTERSUCHUNGEN DER ZUR DEHYDRIERUNG
VON n-HEXAN VERWENDETEN KATALYSATOREN

Cs. Csiké6s und J. Bathory
(Ungarisches Erdél und Erdgas Forschungsinstitut, Veszprém)

Eingegangen am 2 Dezember, 1977

Monoolefine mit langen geraden Kohlenstoffketten werden neuer-
dings durch katalytische Dehydrierung von n-Paraffinen gewonnen.
In unseren Versuchen wurde mit Hilfe der Impulstechnik die Dehyd-
rierung von n-Hexan als Modellreaktion und die Wirkungsweise von
Katalysatoren untersucht, welche 4 Komponenten, das heillt an
y-AhOs Tragern Platin (als aktives Metall), Arsen beziehungsweise
Wismut (als katalytische Inhibitoren) sowie Lithium (als Promotor)
enthielten. Es wurden die glinstigste Zusammensetzung der Kataly-
satoren sowie die zweckmaBigsten Temperaturgebiete der Reaktion
ermittelt. Es wurde festgestellt, daR diese Parameter bei verschiedenen
Katalysatoren zusammenfielen, die Ausbeute an n-Hexanen sowie die
Selektivitat der Olefinbildung aber gleichzeitig bedeutende Unterschie-
de aufweisen.

Die Entwicklung der Weltproduktion an ft-KohlenWasserstoffen weist eine
eindeutig zunehmende Tendenz auf, und hat zwei richtige Bedarfsgebiete : die
petrolchemische Industrie und die drangende Lebensmittelnot. it-Alkane
verschiedener Kohlenstoffatomzahl werden zur Zeit mit Hilfe von zwei Ver-
fahren, durch die Harnstoff-Adduktbildung und das Molsiebverfahren herge-
stellt, und wie soeben erwéhnt teils Gber Fermentationsverfahren, teils che-
misch weiter verarbeitet. Die Entwicklung auf dem Gebiet der ft-Kohlen-
wasserstofferzeugung der Weltist in Abbildung 1 dargestellt, wo beide Verfahren
auch getrennt veranschaulicht wurden. Die Welterzeugung der ft-Kohlen-
wasserstoffe erreichte innerhalb eines Jahrzehntes die zwdlffache Menge und
betrdgt zur Zeit 3,4 Millionen Jahrestonnen.

Das Endziel der petrolchemischen Verarbeitung besteht in der Gewinnung
von Detergentien, Weichmachern, biologisch abbaufahigen Waschmitteln sowie
von einigen natzlichen Intermedidren fiir Synthesen.

Die hierzu meistverwendeten Te-Monoolefine werden aus ft-Alkanen wirtschaft-
lich durch Dehydrierung gewonnen. Dariiber berichteten in den letzten Jahren
zahlreiche Arbeiten. Sdmtliche Verfahren arbeiten mit kurzen Kontaktzeiten
bei nahezu atmosphdrischem Druck, unter Anwendung einer weitgehenden
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Bild 1.
Entwicklung der n-Kohlenwasserstoff-Erzeugung

Verdinnung des Kohlenwasserstoffs mit Wasserstoff und Anwendung eines
Mehrkomponenten-Katalysators [1].

Zweck unserer Arbeit bestand in der Untersuchung des Einflusses der Kata-
lysatorzusammensetzung auf die Dehydrierung von »-Hexan als Modellsubs-
tanz mit Hilfe der Impulstechnik [2].

Versuchsdurchfiihrung

Die Vierkomponenten-Katalysatoren wurden im Laboratorium durch Impreg-
nierung hergestellt. Auf einem technischen y-Al.03Trager enthielten sie als
aktives Metall Platin, als Promotor Lithium und als Inhibitor Arsen oder
Wismut. Die Konzentrationsgrenzen lagen bei 0,05—2,0 Gew. % Platin,
0—1,0 Gew. % Lithium und bei einem Inhibitor/Platin-Atomverhaltnis von
o —1,0. Das Tragermaterial bestand aus zwei verschiedenen (A und B) Sorten
von y-Al:03

Die Testuntersuchung der Katalysatoraktivitat erfolgte mit Hilfe der Im-
pulstechnik in einem Mikroreaktor von 0,4 cm: Inhalt und einem dazu gekoppel-
ten Gaschromatograph. Das in den Tragergasstrom zugegebene »-Hexan (5 jid)
wurde durch den Wasserstoff in den Mikroreaktor gespilt, die erhaltenen
Produkte wurden als einzelne Komponenten detektiert. Es wurden vier
Hauptkomponenten erhalten, und zwar: nicht ndher definierbare Krakkpro-
dukte, unreagiertes »-Hexan, »-Hexengemische und Benzol. Die Aktivitat des
Katalysators wurde jeweils durch die Konversion, die Hexenausbeute und die
Selektivitat der Reaktion charakterisiert [3].
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Die Reproduzierbarkeit der Messungen war beruhigend, wenn die Unter-
suchungen mit stets frischen Kontakten wiederholt wurden, sonst waren die
Ergebnisse vom Vorleben des Katalysators abhéangig.

Versuchsergebnisse

a) EinfluR des Platingehaltes

Der EinfluB des Platingehaltes wurde bei einem durch Vorversuche festgeleg-
ten Arsen/Platin beziehungsweise Wismut/Platin-Atomverhdltnis von 0,3 und
einer Lithiumkonzentration von 0,5% an y-Al.0: A und B bestimmt. Die
Ergebnisse sind in Abbildung 2 dargestellt.

Bild 2.
Anderung der Konversion, Ausbeute und Selektivitat in Abhangigkeit vom
Pt-Gehalt

Demnach gelangten also zwei Trager und zwei Inhibitoren zur Untersuchung
und die Ergebnisse sind in Abhé&ngigkeit vom logarithmiseh aufgetragenen
Platingehalt bei verschiedenen Temperaturen angegeben. Mit zunehmendem
Platingehaltnimmtdie Konversion gleichméalRig zu oder besitz bei 0,2 —1,0 Gew. %
Pt ein flaches Maximum. Die Ausbeutekurven wiesen bei 0,5% Pt ausgeprégte
Maximas auf, welche bei 450 und 500 °C oberhalb 20% «.-Hexen lagen. Der
Ablauf der Selektivitatskurven war bei den beiden Inhibitoren verschieden.
Mit Wismut wurden auch hier ausgeprdgte Maximas erhalten, bei Arsen war

3
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der Verlauf monoton fallend. Unabhéngig also vom Tréger und vom Inhibitor
bestimmen Ausbeute und Selektivitdt zusammen ein eindeutig optimales
Verhalten bei Platingehalten um 0,5%.

b) EinfluB des Inhibitors

Die Wirkung des Inhibitors bei einem Platingehalt von 0,5% und einem
Lithiumgehalt von ebenfalls 0,5% ist in Abbildung 3 fiir verschiedene Tréager
und Temperaturen dargestellt. Es ist berraschend, daf unabh&ngig vom

Bild 3.
Anderung der Konversion, Ausbeute und Selektivitét
in Abhédngigkeit vom As(Bi)/Pt Atomverhaltnis

Tragermaterial und vom Inhibitor Kurven mit/ 'nlichem Verlauf erhalten
werden. Die Konversionskurven verlaufen beist. ,andern Inhibitorgehalt fal-
lend, was auf die Katalysatorgiftwirkung des Arsens und des Wismuts zu-
rickzufihren ist. Gleichzeitig weisen die Ausbeute- und Selektivitdtskurven
Maximas auf, welche bei der optimal erscheinenden Temperatur im Intervall
zwischen 400 —500 °C bei einem Atomverhdltnis Inhibitor zu Platin von etwa
o.s auftreten. Aus den Kurven ist auch zu entnehmen, daR durch Anderung des
Trégers, der Temperatur sowie des Inhibitors die Maximas der Konversions-
und Selektivitdtskurven geringfiigig verschoben werden kdénne, wodurch die
Maglichkeit besteht die gegenteilige Forderung nach Menge und Reinheit des
erzeugten n-Olefins einigermalien zu befriedigen.
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¢) Wirkung des Lithium-Promotors

Die Wirkung des Lithium-Promotors bei einem Platingehalt von 0,5 Gew. %
und einem Arsen-beziehungsweise Wismut/Platin-Atomverhdltnis von o, wird
in Abbildung 4 veranschaulicht. Es zeigt sich, daB der Verlauf der Kurven

Bild 4.
Anderung der Konversion, Ausbeute und Selektivitat
in Abhangigkeit vom Li-Gehalt

in Abhéngigkeit vom Trdger und vom Inhibitor sehr verschieden sein kann.
Waéhrend die Konversionskurven in Abhdngigkeit vom Promotorgehalt im all-
gemeinen konstante oder flache Minimumwerte zeigen und demnach die
Ausbeuten lber flache Maximumwerte verfiigen, ergibt sich durch Zusammen-
wirken der beiden Faktoren in den Selektivitdtskurven ein ausgepragtes Maxi-
mum bei einem Lithiumgehalt von 0,5%, und zwar unabhé&ngig von der Art des
Katalysatortragers und des Inhibitors.

Diskussion der Ergebnisse

Unsere experimentellen Ergebnisse kdnnen wie folgt zusammengefal3t werden.
An zwei verschiedenen Tragern wurde festgestellt, dal Katalysatoren mit vier
Komponenten bei folgender Zusammensetzung optimales Verhalten zeigen:

Platingehalt 0,5 Gew. %
Lithiumgehalt 0,25—0,5 Gew. %
Arsen oder Wismut/Platin-Atomverhaltnis o, —0,4.
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Aus einer Analyse der Optimalwerte geht hervor, dall bei etwa gleicher
Selektivitdt eine hohere Ausbeute bei Anwendung des Wismuts als Inhibitor zu
erwarten sei, was auf die schwéchere Giftwirkung des Wismuts zurickgefihrt
werden kann. Die Werte des Maximums erscheinen gilinstiger beim y-Al:03
vom Typ B als Tréger. Die spezifische Oberflache der beiden Tragersubstanzen
betrugen:

Tréger A 111 m2/g
Tréger B 161 m2/g

Es war iiberraschend, daB die Anderung der spezifischen Oberfliche — ob-
wohl mit einer Anderung der Ausbeute verbunden — die Funktionsweise des
Katalysators, insbesondere die Lage der Optimalwerte kaum beeinfluBte.
Dies ist vermutlich auf gleiche kristallographische und chemische Eigenschaf-
ten der beiden Al:0 3 Tréger zuriickzufiuhren.

Unsere Untersuchungen mit Hilfe der Impulstechnik weisen auf ein optima-
les Temperaturintervall von 400—500 °C hin.

Unsere Arbeit also ergab eine Eingrenzung der optimalen Zusammensetzung
des aus vier Komponenten bestehenden Katalysators und eine gewisse Klarung
der Unterschiede, welche durch Trager und Inhibitor verursacht werden kdn-
nen. Andererseits konnten so wichtige Parameter, wie das Kohlenwasserstoff/
/W asserstoff-Verhdltnis, die Raumgeschwindigkeit oder die Katalysatoralte-
rung — als Folge der gewdhlten Technik — nicht*untersucht werden. Es sei
also betont, dal die angefiihrten Messergebnisse nicht unmittelbar auf konti-
nuierlich betriebene Reaktoren Ubertragbar sind, da die dann auftretenden
W erte von Ausbeute und Selektivitdt nicht unbedingt mit den in unserer Test-
reaktion erhaltenen zusammenfallen werden. Zur Klarung dieser Zusammenhén-
ge sind weitere Arbeiten im Gange.
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SUMMARY

Nowadays the dehydrogenation of n-paraffins is applied for the production of mono-
olefins having long hydrocarbon chain structures. In the experiments as model reaction
the dehydrogenation of n-hexane was studied with the aid ofimpulse technique, moreover
the mechanism of the four component catalysts were examined. These catalysts contain
on the gamma aluminium oxide support platinum as active metal, arsenic and/or bismuth
as catalytic inhibitors and lithium as promotor. Based on experimental data, there were
determined the optimum composition ofthe catalysts, and the suitable working tempera-
ture ranges of the reactions. It was found that the values of these parameters are nearly
the same in the case of the examined catalysts but markedly differs in the yield of
«-hexenes and the selectivity of the olefin formation.
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PE3IOME

B HacTosLiee BpeMsi pacrnpocTpaHuiach NpakTuka noayyeHUss MOHOONE(UHOB C NPSAMOWA, AMHHOM
YrNeBOAOPOAHON Lienbio NyTEM AernaporeHusauuy H-napaguHoB. B xoae MpoBefeHUs 3kcnepu-
MEHTOB, MPOXOAMBLUMX C MPUMEHEHWEM MMMY/MbCHOrO MeTOAa, B KauecTBe MOAENbHOWM peakuum
uccnefoBanach LeruaporeHn3aunms n-rekcaHa n M3yyvanca MexaHusm feiicTBuS KaTanm3aTopos, CO-
[epXalimnx yeTblpe KOMMNOHEHTA: HAHECEHHbIE Ha HOCUTeNb 13 Y-AbO3 NnaTuHy (Kak akTUBHbIM Me-
Tann), MblWbsSK N BUCMYT (Kak KaTaMTUYeCKNe NHTMOUTOPbI), U ANTKIA (Kak npoMoTop). bbin ycTa-
HOB/IEH HanbGonee 61aronpUATHLIA COCTaB KaTaan3aTopoB U Hanbonee COOTBETCTBYIOLLMIA TeMNepa-
TYPHbIi MHTEpBaN peakumn. Bbifo BbISIBNEHO, YTO 3TV NapameTpbl B C/ly4ae pas/iMyHbIX KaTanm3aTo-
POB COBMajaloT, HO BbIXO W-TeKcaHa W CeneKTUBHOCTb 06pa3oBaHUs ofiedrHa Npu 3TOM AatoT
CUNbHOI oTAMyYaroLLMecs pe3ynbTaThl.
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Im Beitrag werden die Anfertigung einer energetischen und exerge-
tischen Analyse einer Rohdldestillationsanlage dargestellt und die
Ergebnisse diskutiert. Dazu werden das Energie- und Exergieflubild
der Anlage aufgezeigt und Beurteilungsquotienten, wie Gite und
Wirkungsgrade, fur Anlagenteile und die Gesamtanlage angegeben
und miteinander verglichen.

Es zeigt sich, dal die wesentlichen Verluste nicht beim destillativen
Trennvorgang, sondern bei der Energiezufuhr in den Réhrendfen und
im System der regenerativen Warmedibertragung auftreten. Verbes-
serungsmadglichkeiten liegen in einer VergréoBerung der Warmelbertra-
gungsflache und Verringerung der mittleren Temperaturdifferenz im
regenerativen Warmetlbertragersystem und in einer Verminderung
der notwendigen Energiezufuhr Gber die Réhrendfen.

1. Die Bedeutung energetischer Analysen stoffwirtschaftlicher Verfahren

Mit der Entwicklung des wissenschaftlich-technischen Fortschritts nimmt die
Bedeutung der ProzefRanalyse zur Rationalisierung und Rekonstruktion be-
stehender Anlagen als auch zur optimalen Gestaltung von Projekten zu. In der
stoffwandelnden Industrie verdient dabei durch die enge Verknipfung der
stoffwandelnden mit energetischen Prozessen die energetische Analyse eine
groRe Beachtung. Durch Preisverdnderungen in den letzten Jahren bei den
Energietrdgern hat deren kostenmé&Riges Gewicht relativ zugenommen, so daf
energetische Betrachtungen zur Minimierung der Herstellungskosten noch
bedeutungsvoller geworden sind.

In [:Jund [-]wird darauf hingewiesen, dall wesentliche Aussagen energetisch-
er Analysen nur zu erwarten sind, wenn Uber die prinzipielle Substituier-
barkeit der verschiedenen Energieformen hinaus die thermodynamischen und
technischen Eigenschaften der verschiedenen Energieformen beriicksichtigt
werden. Dies soll u.a. durch die Benutzung der Exergie, die sowohl 1. als auch 2.
Hauptsatz der Thermodynamik widerpsiegelt, erreicht werden.

Auf die Bedeutung energetischer Verbesserungen bei der Erddlaufarbeitung
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und dabei auch der Rohdldestillation wird in [3] hingewiesen, wobei festgestellt
wird, dal ein Uberhdhter Energieaufwand durch die Auffassung beginstigt
wird, dall bendtigte Energie in Form der verarbeiteten Rohstoffe stets zur
Verfugung steht und immer auf die energetische Nutzung anfallender minder-
wertiger Produkte zuriickgegriffen werden kann. Immerhin wird bei einer
Weltjahresforderung von etwa 2,5 Md t etwa :% des Energieinhaltes des ge-
forderten Rohdls zu seiner Rektifikation aufgewendet.

Zur energetischen Analyse der Rohdldestillation liegen bisher verschiedene
Arbeiten vor. Es sei hier auf Richterova [4] und Bogner, Muhling u. a. [5]
hingewiesen. Richterova zieht fiir ihre Bewertung eine Heizwertbilanz heran,
wobei Effekte, die mit der Umwandlung thermischer Energien verbunden
sind, nicht sichtbar werden. Da die Heizwertbilanz zu ihrer Summe durch die
rein physikalischen Prozesse der Rektifikation kaum verdndert wird, und 2%
des Rohdls zur Energiebereitstellung verbrannt werden (wobei die Heizwerte der
Fraktionen relativ wenig voneinander abweichen), ergibt sich ein Wirkungsgrad
von 98%. Das unterscheidet sich sehr wesentlich von den Aussagen, die unter
Beriicksichtigung der thermischen Energien gewonnen werden. Bei Benutzung
nur des 1. Hauptsatzes sind auBer den Wirkungsgraden von ca. 10% fir die Des-
tillation keine besonders aussagekréftigen Ergenbisse zu erhalten. Die hier
benutzte exergetische Methode liegt auch den Arbeiten von Bogner und Mih-
ling zugrunde. Diese haben an verschiedenen Anlagen in der Tendenz &hnliche
Ergebnisse gewonnen. Auf Grund dieser Arbeiten und eigener Berechnungen
sollen nun zusammenfassend die wesentlichen Ergebnisse der Untersuchung
einer Rohdldestillationsanlage vorgestellt werden.

2. Beschreibung der Rohdldestillationsanlage

In Bild 1 ist das allgemeine technologische Schema der untersuchten Rohdl-
destillationsanlage aufgezeigt, wobei auf Einzelheiten, die fir die Analyse keine
Bedeutung hatten, verzichtet wurde, wie die Schaltung der zweistufigen Ent-
salzungsanlage, die Anordnung der Pumpen oder aller Behdlter. Um das Sche-
ma einfach und Gbersichtlich zu gestalten, wurden die Wé&rmedbertrager in die
Strome sowohl fiir die warme als auch kalte Seite eingezeichnet, wobei die
gleiche Bezeichnung darauf hinweist, dall es sich um ein und dieselbe Wérme-
Ubertragergruppe handelt. Das bedeutet, daB die Warmelbertrager zur rege-
nerativen Aufheizung der im Schema eingezeichneten Strome zweimal auf-
gefuhrt sind, einmal fiir den warmeabgebenden und einmal fir den warmeauf-
nehmenden Strom.

Der Rohdlstrom 1, der bei Umgebungstemperatur vorliegt, wird in zwei
Strangen durch die RohrbiindelWarmeubertrager U 1bis U s geleitet, regenera-
tiv aufgewdrmt und anschliefend wieder vereinigt, wobei sich eine Mischtem-
peratur von 135-c ergibt, mit der der Rohdlstrom der zweistufigen Elektroent-
salzungsanlage zugefihrt wird. Die regenerative Erwérmung erfolgt durch die
Strome 26 (.. zirkulierender Ricklauf von K 9), 27 (1. Seitenstrom von K 9),
29 (Goudron) und 15 (2 . zirkulierender Riicklauf von K2 ), 16 (3. zirkulierender
Riucklaufvon K 2). 20 (4. Seitenstrom von K 2, Fraktion 290—350 °c).

Nach der Entsalzung hat sich der Rohdlstrom um etwa 10 -c abgekuhlt und
wird zweistrangig durch die Warmeibertragergruppen U 7 und U s gefiihrt,
wobeiernach seiner Vermischung eine Temperatur von 213 -c aufweist, mit der
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Bild 1.

Technologisches Grobschema einer Rohdldestillationsanlage
K 1 — Vorkollone; K 2 — atmospharische Kollone; K 3 bis K 6 — Sripkolonnen ; K
6 —Stab|I|5|erungskoIonne K 7und K 8 — Benzmkolonnen K 9 Yakuumkolonne
Z 10 — Stripkolonne; U 1 bis U 14 — Warmeubertragergruppen des regeneratlven
Systems, davon U 9, U 10, U 14 — zur HeiBwasserbereitstellung und U 13 — zur Heizél-
vorwarmung; L 1bisL 18 — Luftkihler; W 1bis W 7 —Wasserkihler; E — zweistufige
Entsalzungsanlage; 01/1 bis 03 —R(‘jhrendfen; 1 bis 45 — Stoffstrome derAnIage, davon

1bis 5 — Roh6l und der Rest-Fraktionen und Zirkulationen

er in die Vorkolonne K 1eintritt. In der Vorkolonne wird im Kopf Leichtben-
zin mit Flissiggas abgetrennt, das mit dem Kopfproduktstrom .. der atmos-
phérischen Kolonne K 2 gemischt wird. Das getoppte Rohdl wird tber den
Ofen 01/2 in die Kolonne K 2 geleitet. Die Heizung von K 1 geschieht tiber den
Sumpf durch Ofen o./:, die Kondensation des Ricklaufes und des Kopfpro-
duktstromes erfolgt Giber den Luftkiihler L 1.

In die atmosphdrische Kolonne K 2 und die Seitenstromkolonnen K 3 bis
K 5wird Stripdampf eingeblasen. Zur Verbesserung der Belastungsverhéltnisse
in K 2 verfugt diese tiber 3 zirkulierende Rucklaufe. Ein groRRer Teil der W &r-
meabfuhr erfolgt Uber Luftkuhler L 2 bis L 9. Zur Erreichung der notwendigen
niedrigen Temperaturen der Strome .2, 17, 18 sind die Wasserkihler W 1 bis
W 3 notwendig. Der ». und 3. zirkulierende Rucklauf und der 4. Seitenstrom
werden mit U 5, U 3und U s zur Rohélvorwérmung genutzt. AuBerdem wird
die Warmeabfuhr des 3, zirkulierenden Ricklaufes und des .. und 4. Seiten-
stromes mit U 9, U 10 und U 13 zur HeiR Wasserbereitstellung und Heizdlvor-
warmung verwertet. Mit den heiBesten Seitenstrémen wird tiber U 11 und U 1.
eine regenerative Erhitzung des Einlaufstromes in die Stabilisierungskolonne
K s und die Sumpfheizung der Benzinredestillationskolonne K s erreicht.

Nachdem die in W 1 nicht kondensierten Anteile der Kopfbenzinstrome von
K lund K 2 aus B 1in das Netz der Verbrennungsgase abgegeben worden
sind, wird Strom 31 in U :: regenerativ erhitzt und in K s bei 11,5 at die Stabi-
lisierung durchgefihrt. Die Kondensation des Kopfproduktes ,Flissiggas”
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und des Rucklaufes erfolgt durch Wasserkihler W 4, wobei der nichtkonden-
sierbare Anteil uber B 2 als Verbrenungsgas abgegeben wird. Die Sumpfheizung
von K s und K 7 erfolgt ilber Ofen 02. In der Benzinredestillation K 7und K s
wird das stabilisierte Benzin in 3 Fraktionen aufgespalten. Die Sumpfheizung
von K & erfolgt regenerativ iiber U 1. vermittels des 4. Seitenstromes von K 2.
Die Kondensation und Kuhlung erfoglt Giber die Luftkihler L 15 bis L 18,
wobei eine Restkihlung der Benzinfraktionen dur ch die Wasserkiihler W 5
bis W 7 vorgesehen ist.

Der Sumpfproduktstrom der atmosphdrischen Kolonne K - gelangt iiber Ofen
03 in die Vakuumkolonne L 9. Das Vakuum wird durch eine zweistufige
Dampfstrahleranlage erzeugt. In K s und die Seitenkolonne K 10 wird auBerdem
noch Stripdampf eingeblasen. Sie SchlufRkihlung erfolgt durch die Luftkihler
L 10 bis L 14. Die Wirmeiibertrager U 1, U 2, U 4, U 7 und U . dienen zur
regenerativen Rohdlvorwéarmung und U 14 zur HeiRwasserbereitstellung.

Der Strom 2. wird Uber einen Oberflachenkondensator zur Dampfstrahlpum-
pe geleitet. Die hier nicht kondensierenden Gase, Crackprodukte, werden als
Verbrennungsgase genutzt.

Die Anlage kann ohne Vakuumteil, K s+ und K 10, und ohne Benzinredes-
rillationsteil, K 7 und K s, gefahren werden, wobei die Kolonnen aber fur
regenerative Zwecke die gleichen Wéarmelbertrager umfahren.

3. Ergebnisse der Analyse

Die Berechnung der Enthalpie- und Exergiewerte erfolgte auf Grund von
Projektangaben lGber Menge, Zusammensetzung, Druck und Temperatur und
fur Romaschkino Erddél als Einsatzgemisch. Sie wurde mit dem Exergieberech-
nungsprogramm E X 1 der VEB Leuna-Werke ,,Walter Ulbricht* durchgefihrt.
Als Umgebungszustand wurden pu=1 at und tu—:0 °C als niedrigste Tempe-
ratur des Prozesses und die Zusammensetzung des Rohdls als im gehemmten
Gleichgewicht mit der Umgebung befindlich festgelegt.

In Ubereinstimmung mit den in [s] getroffenen Aussagen wird im Gegensatz
zu [4] die chemische Energie des Rohdls nicht mit in die Bilanz einbezogen, da
dieser Energieanteil wie ein prozeRfremder Energiestrom in die Bilanzen ein-
gehen und die Bewertungsgréfen in ihrer Aussage verfdlschen wirde. Eine
Ausnahme bildet natirlich die Verbrennung des Rohdéls in den Rdhrendfen, bei
der die chemische Energie in Form des Heizwertes berlcksichtigt werden
muf3.

In Bild 2 ist das vereinfachte EnergiefluBbild und in Bild 3 das vereinfachte
ExergiefluRbild dargestellt. Um die Ubersichtlichkeit und Aussagefahigkeit zu
erhohen, wurden die Bilanzen einzelner Anlagenteile zusammengefaflt. Der
EnergiefluB entspricht damit nicht dem Stoff-fluR. Es sind nur die zwischen den
Anlagen (bertragenen Energiemengen eingezeichnet, wodurch die meisten
Umlaufstréme wegfallen. So entspricht z.B. die von K 2 bis K 5 an die Luft-
kihler L : bisL 9 abgegebene Energiemenge der Summe der Enthalpieabnahme
der in L 2bis L 9 gekihlten Strome auf der warmen Seite der Luftkiihler. Fir
das ExergiefluRbild wurde analog vorgegangen, so daR die bei der Wérme-
ubertragung auftretenden ExergieVerluste eindeutig den Wadarmeubertragern
und nicht der Kolonne zugeordnet werden. Die Zufuhr an Elektroenerige,



LI bis L9

Bild 2.
Vereinfachtes EnergiefluBbild der Rohdldestillationsanlage

LI bis L9

Bild 3.
Vereinfachtes ExergiefluBbild der Rohdéldestillationsanlage
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die energetisch 2,5% und exergetisch 2,7% ausmacht, ist im Flubild nicht be-
ricksichtigt. Die Abfuhr von Fraktionen wurde nur dann gekennzeichnet, wenn
sie einen nennenswerten EinfluR aud das Energieflulbild hat. Die Warmever-
luste der Kolonnen und Warmeubertrager, die zwischen 3 bis 5% liegen,
wurden gleichfalls nicht bertcksichtigt.

Aus dem EnergieflulRbild geht hervor, dall fast die gesamte Energie (90%)
uber den Brennstoff der Rohrentfen zugefuhrt wird. Diese Energie wird im
wesentlichen durch Luftkihlung (41%), bei niedrigen Temperaturen durch
Wasserkuhlung (s %) und als thermische Energie, insbesondere der die Anlage
mit héheren, Temperaturen verlassenden schweren Produkte und der Rauch-
gase abgefihrt. Wahrend der Anteil der Stabilisierungskolonne und Benzinre-
destillation an der Energiezufuhr relativ gering ist, stellen diese Kolonnen fast
die gesamten Energiestrome zur Wasserkiihlung und haben auch an der Ener-
gieabfuhr Uber die Luftkihlung einen relativ hohen Anteil. Die Wéa&rmezufuhr
zur regenerativen Rohdlvorwérmung erfolgt nur von den Strémen der at-
mosphérischen Kolonne und der Vakuumkolonne. Die Vakuumkolonne hat
mit 70% den bedeutenderen Anteil. Das zeigt, dal nur die heilResten Stoffstrg-
me der Anlage regenerativ zur Aufheizung von Stoffstromen bei relativ niedri-
gen Temperaturen verwandt werden.

Im ExergiefluBbild unterscheiden sich die Relationen der Strdme wesentlich
von denen des EnergiefluRbildes. Aullerdem werden die Verluste durch Irre-
versibilitdten ausgewiesen.

Es ist zu erkennen, daB der Unterschied zwischen der Summe der Exergie der
abgefihrten Strome und der Summe der zugefuhrten Exergiestrome sehr grof3
ist. Letztere werden noch deutlicher als im EnergiefluBbild durch das Heiz6l
représentiert. Dieser Unterschied ist durch die ExergieVerluste vor allem in-
folge der Irreversibilitditen gegeben, die in den Anlagenteilen, die der Ener-
giezufuhr dienen, den Ofen und der Rohélvorwarmung, entstehen. Die Exer-
gieverluste in den Destillationskollonnen, welche den eigentlichen beabsichtig-
ten StofftrennprozeR realisieren, sind relativ gering. Schlieflich nimmt in der
Exergiebilanz das Gewicht der Warmeabgabe in den Luft- und Wasserkihlern
ab.

Zur detaillierten Untersuchung der Zusammenhénge wurden Berechnungen
fir verschiedene Bilanzkreise durhgefihrt. Fir die Destillationskolonnen sind
die Ergebnisse in Tabelle la angefuhrt. Der linke Teil der Tabelle bezieht sich
auf einen Bilanzkreis, der nur die Kolonnen enthdlt. Im rechten Teil sind
diejenigen Wéarmeubertrager einbezogen, die zur Realisierung der jeweiligen
Stofftrennaufgabe unbedingt erforderlich sind. Die Definition der Bilanzkreise
und der BewertungsgroBen soll am Beispiel der atmosphérischen Kolonne K 2
erlautert werden.

Fiar die Beurteilung der Destillationskolonne wurde der Bilanzkreis unmittel-
bar um K 2einschlieflich K 3 bis K 5 gezogen. Ein thermischer Wirkungsgrad
wurde nicht angegeben, da er bei Warmeverlusten von 3 bis 5% fir alle Kollo-
nen einen Wert zwischen 95 und 97% liefern wirde. Bei der Definition des exer-
getischen Wirkungsgrades rjcx wurde von folgender Uberlegung ausgegangen.
Im Unterschied zu [7], wo die grundlegenden Fragen der Bewertung einer Des-
tillation angeschnitten werden und zu Muhling [5] wurden, wie bei Bogner,
u. a. [5] als Nutzen der Destillation, die Exergien der austretenden Stréme ein-
gesetzt. Damit soll ausgedickt werden, daR die thermische Energie dieser
Stréme z.B. Uber regenerative Schaltungen prinzipiell noch ausnutzbar ist.
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Tabelle la
Gite- und Wirkungsgrade der Destillationskolonnen
ohne Beriicksichti- mit Verlus-
Bilanzgrenze nur um . . — gung der Verluste ten bei
Kolonne gezogen in Bilanzgrenze zusatzlich bei Energieumwand- Energie-
Kolonne einbezogene Apparate zur lung umwandlung
Energieumwandlung
\ Vtx mT Vth v Yex 4 Uex
K 1 0,89 0,86 0,033 01/1, £ 1 0,83 0,85 0,74 0,52 0,46
K 2 3 45 08 081 0,039 01/2, L2, LZ, Li, Lb, 0,79 080 0,71 0,44 0,33
Uz, Ub, #9
K 6 0,90 0,82 0,041 02, #11, W 4 0,56 081 0,60 0,38 0,20
K 7 0,90 0,80 0,067 02, L 15 0,26 080 0,33 0,33 0,12
K 8 0,88 0,76 0,076 #12, £17 0,20 0,76 0,28 0,51 0,22
K 9, 10 . 089 0,87 0,017 03, Ul, #8, £10, £11 0,89 0,87 0,82 0,47 0,42
K 2 3 45 08 081 0,039 01/2, £2, £3, £4, £5, 0,71 080 065 041 0,28
£6, £7, £8, £9,
#3, Ub, n . #9, no.
in, U12, #13,
W2, Wz

Fir die Kolonne K > wurde so als Nutzen die Differenz der Strome .. und 13
(da der Ricklauf unbedingt der Kolonne zuzufiihren ist), die Stréme 17 bis 2.

nach Austritt aus der Kolonne und die ExergieVerringerung der zirkulierenden
Ricklaufe 14 bis 16 angesehen. Fir den Aufwand wurde der zugefiihrte Strom

9 nach o 1/2 und der Stripdampf eingesetzt. Als Vergleich ist der exergetische
Wirkungsgrad bei Bezugnahme auf die minimale Trennarbeit als Nutzen rledT
angegeben. Zur weiteren Illustration ist in der Tabelle Ib die minimale Trennar-

Tabeile 1b
Minimale Trennarbeit

i Relation d

Minimale deﬁlgtiilil%g?en Eiearé?:aufe-s
Kolonne Trennarbeit Trennarbeit wandes

in GJ/h in % der Kolonnen
in %
K1 3,763 191 21,6
K 2 3 45 10,328 5,24 42,9
K 6 0,665 3,4 2,6
K 7 1,310 6,6 31
K 8 0,745 3,8 18
K 9, 10 2,894 14,7 27,9
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beit der einzelnen Kolonnen absolut und relativ angegeben. Infolge der unter-
schiedlichen Exergieverluste korreliert dieser Wert natiirlich nicht direkt mit
der entsprechenden Exergiezufuhr. Die Bildung des Gutegrades v ist problem-
los und beinhaltet den Quotient der Summe derah fihrten Exergiestrome zur
Summe der zugefihrten Exergiestrome und ist mit ein relatives MaR der
Irreverisibilitdten. In einem zweiten Bilanzkreis um die atmosphérische Des-
tillation werden, wie in Tabelle 1 angegeben, die Warmeubertrager, die in den
Rickldufen angebracht sind, und der Ofen mit einbezogen. Damit wird deut-
lich, ob an diesen Stellen eine vorteilhafte Kopplung mit dem Gesamtsystem
vorliegt oder nicht. Als Nutzen werden dabei nur die in den Ruckldufen tber-
tragenen Energien und die Summe der an die Produkte gebundenen Energien
betrachtet. Aufwand und Gutegrad sind entsprechend den oben angestellten
Betrachtungen in einfacher Weise zu definieren.

Wie schon ausgefuhrt, haben die Kolonnen relativ gute Wirkungs- und
Gltegrade. Bei Einbeziehung der Wé&rmedlbertragungseinrichtungen verringert
sich die energetische Gite deutlich, da die Verluste der Energiezufuhr hinzu-
kommen. K 1 arbeitet exergetisch noch relativ gut, da der grofRe Sumpfpro-
duktstrom in A 2 genutzt wird. Fir K s bis K s sind die Ergebnisse besonders
ungiinstig, da die anfallenden Produkte energetisch z.B. zur Regeneration
nicht genutzt werden.

In Tabelle 2 sind die Ergebnisse fir die Energiezufuhr, die im wesentlichen

Tabelle 2
Gite- und Wirkungsgrade der Réhrendfen
Enthalpie-
differenz  Temperatur-
Rohrensfen aufzuheizende Medien Zuﬁéifgrf&en g\eurﬁ:g?wdneé I'm—¥0 Vht 3
Strome in °C Tm
in G-J/h
01/1 Heizkreislauf k 1 103,7 240—350 0,50 0,73 035 0,54
Dampf 14 215-385
01/2 Erdol, getoppt 302,6 240-370 0,51 0,73 0,36 055
Dampf 44 215-385
02 Stabilbenzin 41,3 180-230 0,37 067 024 045
Fraktion 85—130 °C 412 144-160
03 Masut 95,0 340-400 0,56 0,75 040 0,71
Dampf 28 215-420
Komplex 592,4 0,50 0,72 035 057

uber die Rohrentfen realisiert wird, dargestellt. Detaillierte Untersuchungen
uber die Ursachen und die Aufgliederung der Verluste sind in [s] verdffent-
licht. Als Nutzen werden die Enthalpie- bzw. Exergiedifferenzen der aufzu-
heizenden Stréme und als Aufwand die Energiezufuhr durch den Brennstoff
angesehen. Wahrend die thermischen Verluste durch das Rauchgas bei 25%
liegen, betragen die Verluste durch Verbrennung, Abwertung der thermischen
Energie und die Exergieverluste durch das Rauchgas ca. 65%, wobei die Exer-
gieverluste durch Abwertung der thermischen Energie im Verhéltnis zur gesam-
ten zugefihrten Exergie mit 43% ausgewiesen werden. Der hauptséchliche
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Verlust im ExergiefluBbild kommt demnach durch die Abwertung der im
Brennstoff gebundenen Energie auf das Temperaturniveau der abgefuhrten
thermischen Energie zustande. Hierbei sind die Bewertungszahlen fir 0 2 mit
der niedrigsten Warmeabfuhrtemperatur an die Stabilisierung und Benzin-
redestillation besonders gering.

Als weitere wesentliche Quelle von Exergieverlusten sind im ExergiefluBbild
die Warmedubertrager zur Rohdlvorwarmung erkennbar. Deshalb sind in Tabelle
3 die Wé&rmedbertrager, die zu einer regenerativen Ausnutzung der thermischen

Tabelle 3

Giite- und Wirkungsgrade der Warmeubertrager
des regenerativen Systems

Bezeichnung Tkm IR A NTmin K v Vex
U 1 309 94 0,40 0,27
U > 353 80 0,57 0,49
V 3 400 77 0,77 0,68
U 4 298 125 0.33 0,15
V s 350 70 0,70 0,55
U s 392 11 0,99 0,87
U+ 440 91 0,79 0,70
U s 438 80 0,78 0,69
U o 365 39 0,98 0,95
U 10 405 24 0,98 0,95
U u 350 70 0,66 0,51
V 12 375 112 0,89 0,73
U 13 364 23 0,93 0,80
U 14 383 38 0,97 0,92

Energie der Rohdldestillation dienen, betrachtet worden. Ein thermischer
Wirkungsgrad ist hier uninteressant, da die Wé&rmeubertrager anndhernd
adiabat arbeiten. Exergetisch stellt sich der Sachverhalt durch die Abwertung
des Arbeitswertes der Wdarme beim Warmeubertragungsvorgang 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, daB der
exergetische Wirkungsgrad und der Giitegrad in einem breiten Bereich schwan-
ken. Das erklart sich daraus, daB die mittlere Temperatur des aufzuheizenden
Mediums TKmund die Triebkraft der Warmetbertragung ATmstark schwan-
ken und in keinem Verhdltnis zueinander stehen, obwohl auf Grund thermo-
dkonomischer Uberlegungen nachgewiesen werden kann, dal zwischen diesen
beiden Groflen eine direkte Proportionalitdt bestehen sollte [12]. Besonders die
Waéarmedlbertrager der Rohdlvorwdrmung, mit Ausnahme von V &, im niederen
Temperaturbereich und die regenerativen Warmelbertrager zur Stabilisierung
und Benzinredestillation U :: und U :. weisen niedrige Kennzahlen auf. Das
bedeutet, dall ein groRer Teil der Warmeenergie mit einem undtig hohenJTem-
peraturniveau zur Verfligung gestellt wird. Die Warmeubertrager zur Heil-
wasserbereitstellung und Heizélvorwdrmung weisen dagegen sehr ginstige
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Werte auf. Es ist demnach zu erwarten, dall die regenerative Warmeausnutzung
durch eine Verédnderung der Schaltung und VergréBerung der Wérmelbertra-
gerflachen wesentlich verbessert werden kann. Dies wirde aullerdem eine
Einsparung der in den Ofen zugefiihrten Energie und damit eine weitere zu-
satzliche Verringerung der Exergieverluste bedeuten.

Obwohl die Wasser- und die Luftkihler reine Verlustprozesse realisieren,
kann die Frage nach einer Bewertung des inneren Verhaltens aufgeworfen

Tabelle 4

Gutegrade der Wasserkiihler und -kondensatoren

Bezeichnung ATm in K AH in GJ h“1 AEy, in GJh-1 v
W X il 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. Fiur die Waserkihler bzw. -kondensatoren (Tabelle 4) kénnen deshalb
nur Gutegrade sinnvoll definiert werden. Da Wasserkiihlung im Projekt nur
fur solche Kuhlprozesse eingesetzt wird, fur die das Temperaturniveau der

Tabelle 5
Energetische und exergetische Leistungskennziffer der Luftkihler
und -kondensatoren

Bezeichnung ATWin K AHWin GJh-i AEy, in GJh-1 e ®ex
L1 36 85,9 17,6 82,0 16,5
L2 69 31,9 7,6 96,1 22,9
L3 55 13,8 18 34,2 4,5
L4 62 5,6 12 55,5 115
L5 30 457 9,6 454 9,5
L 6 53 10,2 18 61,5 10,8
L7 57 11,6 1,6 70,0 9,9
L8 41 2,5 0,4 6,2 11
L9 52 8,6 1,8 34,2 7.3
L 10 61 314 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 72 115 19 457 "1,7
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 16

+L 18 69 2,6 05 515 126
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Luftkihlung zu niedrig ist, sind die Triebkréafte hierbei klein, so dal sich geringe
Exergieverluste und damit gute Gitegrade ergeben. Die abgefiuhrte Energie
geht allerdings der Anlage verloren.

Fir die Luftkihler (Tabelle 5) konnten auf Grund fehlender Angaben zum
Luftzustand nur Leistungsziffern e als Verhdaltnis von abgefiuhrter Energie zum
Elektroenergieaufwand fir den Ventilator energetisch bzw. exergetisch gebildet
werden. Diese schwanken besonders fur das exergetische Verhdltnis in einem
sehr breiten Bereich, da sich bei geringem Temperaturniveau der Arbeitswert
der abzufiihrenden Warme verringert, durch die Verringerung der Trieb-
kraft aber gleichzeitig der Aufwand zur Kihlung erhéht wird. Trotzdem laRt
der breite Schwankungsbereich die Frage nach einer optimalen Auslegung offen.

In Tabelle 6 sind Beurteilungsquotienten fir dhnliche Anlagen der unter-

Tdbelle

Wirkungsgrad und Gitegrad verschiedener untersuchter

Anlagen
Anlagentyp flex in % vin %
atmospharische Rohdldestillation 2,3 17,4
Rohdldestillation, einstufig 41 11,1

dreistufige Rektifikation von Cs-
Fraktionen 8,3 13,1

integrierte Erd6l- und Rohbenzin-
destillation 11,4 15,0
untersuchte Anlage 2,0 18,0

suchten Anlage gegeniubergestellt [11]. Die geringe energetische Gite der un-
tersuchten Anlage erklart sich aus der Anzahl der Trennstufen und durch die
Tatsache, dalR s&mtliche Produkte auf Lagertemperatur gekihlt werden, wéh-
rend sie bei den anderen Anlagen mit dem aktuellen Zustand einer Weiterver-
arbeitung zugefiihrt werden. Trotz der Einschrdnkung, die an den Vergleich der
hier aufgefihrten Beurteilungsquotienten verschiedener Anlagen gemacht
werden muf3, soll darauf hingewiesen werden, dall der spezifische Energiever-
brauch um etwa 50% hdéher liegt als der in [4] angefiihrten vergliechbaren Anla-

ge-

4. Zusammenfassung

Eine richtige Aufdeckung der Verluste ist nur durch quantitative und quali-
tative Bewertung der Energie also z.B. durch exergetische Untersuchungen
maglich.

Bei Rohdldestillationsanlagen erweisen sich die Verluste beim destillativen
Trennvorgang als relativ gering. Die wesentlichste Verlustquelle ist die Ener-
giezufuhr in den Réhrendfen. AulRerdem treten hohe Verluste im System der
regenerativen Warmelbertragung auf. Als Verbesserungsmoéglichkeit bietet
sich vor allem eine gulnstigere Gestaltung des regenerativen Systems, eine
grofRere Einbeziehung warmer Strome in dieses System und eine VergroBerung
der Warmelbertragungsflachen verbunden mit einer Verringerung der mitt-

4
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leren Temperaturdifferenzen an. Damit werden gleichzeitig die ExergieVerluste
im regenerativen System und in den Rdhrendfen gesenkt und eine Verringerung
des Energiebedarfs der Anlage erreicht. Dies mull mit einer optimalen Auslegung
der Destillationskolonnen zur Verringerung des Energiebedarfs Gber z.B. eine
Verringerung des Rucklaufverhdltnisses oder eine Verringerung der Trennstu-
fenzahl verbunden sein.

Die Ergebnisse der Arbeit wurden teilweise im Auftrag und in Zusammenar-
beit mit dem VEB MAG Grimma erhalten. Fir die dabei gewdhrte Unterstit-
zung mdchten die Autoren dem VEB MAG Grimma Dank sagen.
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SUMMARY

The paper presents the energetic and exergetic analysis ofa crude oil distillation plant and
evaluates the results. For this sake the energetic and exergetic flow sheets of the facilities
are constructed, and the qualifying numbers related to the single parts and the whole
facilities are given and compared to each other. These numbers are the coefficient of
efficiencies and the utilities.

It is shown that the essential losses do not occur at the distillative separation processes
but at the energy input and at the regenerative heat exchangers. These losses can be lessen-
ed if the heat transfer area of the exchangers is increased and the mean temperature
differences are decreased, moreover ifthe needed energy input to the tube still is lessened.

PESIOME

B cTaTbe NpoOBOAMTCS 3HEPreTUUECKWIA N 3KCIHEepreTUYeckuiA aHann3 HedTerneperoHHOW YCTaHOBKM
1 OLleHKa NOyYeHHbIX pe3ynbTaToB. [14 3T0ro aBTopamu 6bl1a CHATa 3HepreTMUecKas n aKCaHepre-
TUYeckas MpeLeccUoHHas cxema YCTaHOBKM, a AN1f OTAENbHbIX YacTeil YyCTaHOBKM U ANSi YCTAHOBKM
B %enom 3aal0TCA U CPaBHMBAKTCA APYr C APYTOM Takue KBanM(UKALMOHHbIE OTHOLLUEHWS, Kak
[OOPOTHOCTL U K. M. f.

MOXHO 3aMeTWTb, YTO OCHOBHble MOTEPU MPOUCXOAAT He B MPOLECCe pa3feNieHns NeperoHKoi,
a B Tpy6uaTbIX Meyax BO BPeMS NPUHATUS UMW 3HEPTUM W B PEreHepaTMBHOM TEM1000MEHHUKE.
STOT HeAoCTaTOK MOXET OblTb MCMpaBfeH MyTEM YBeNUYEHWs MOBEPXHOCTM Tensonepegayu, no-
HWXKEHMWA cpefiHeli pasHuMLbl TeMnepaTyp B PereHepaTUBHON CUCTEME TENMO0OMEH ' 1 MOHWKEHNEM
KONM4yecTBa HEO6XOANUMON NPUHNUMAEMOI 3HEPrMM B TpybBUaTOl neun.
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NCCNEAOBAHWE MPOLIECCOB MNMEPEHOCA TEIJIA N BELWECTBA
B TPEX®A3HOM HEMNOABV>XHOM CJIOE KATAJ/IMSATOPA

B. A. KWPUNNOB, b. /1. OTAPKOB
WHcTuTyT Katanusa CO AH CCCP

MocTynuna B pefakyuto 2 espanb 1978 .

PaccMOTpeHbl MpoLecchbl MepeHoca Temnaa M BewecTBa B 3-X asHOM Henop-
BVXXHOM C/I0€ KaTanusaTopa npu BOCXOAALLEM MPSAMOTOUYHOM ABUXEHUMN (a3,
MpoBefeHHOe 3KCMepUMEHTaNbHOE WCCAeAoBaHWe Ha MOAENbHON peakumu
NOATBEPAMIO CMNpPaBeAIMBOCTb MPEeAS0KEeHHbIX 3aBMCMMOCTEN Ha MaTemaTu-
yeckoii Modenu npouecca.

Katanutuyeckune peaktopbl C MPSAMOTOYHLIM BOCXOAALLUM ABVXXEHWEM ra3a u Xup-
KOCTW 4Yepe3 HEeMOABVXXHbIN 3epHUCTbIV CMOM HaxOA4AT LUMPOKOe MPUMEHEHWE B NPO-
MbILLI/IEHHOCTM OPraHNMYeckoro CuMHTesa U HedTenepepaboTke. XMMUYECKOe B3anMO-
[elicTBMe B HUX OCYLLECTBNAETCA HA MOBEPXHOCTU 3€PEH KaTanm3aTopa Mexay rasom,
pacTBOPEHHbIM B XXWMAKOCTU W HENOCPEeLCTBEHHO KOMMOHEHTaMU XUAKON (asbl 4To
MOXET COMPOBOXAATbCA 3HAUMTE/bHbIMU TeMn0BbIMM 3hekTamu. MocnegHee 06¢TONA-
TeNbCTBO NMPUBOAMT NPU MPOEKTUPOBAHUM PEaKTOPOB K HEOOX0AMMOCTH yyeTa npo-
LIeCCOB nepeHoca Tenja W BelecTsa Kak Mexay hasamu, Tak U B MPOAO/AbHOM Ha-
npaBneHun cnosi. HekoTopble M3 3TUX BONPOCOB 6yAyT PacCMOTPEHbl B HaCTOsALLel
paborTe.

1. TmapogMHaMMKa TeUeHUS Fasa W XKMUAKOCTW Uepe3 3ePHUCTbIN criol

Kak nokasanu Hawwu WCCNefOBaHUs, MPOBefeHHble ¢ MOMOLb0 eMKOCTHOFO Aat-
uuka, B THC B 3aBMCHMOCTM OT PacxXOfo0B rasa v XWAKOCTU, a TaKXKe reomMeTpuyec-
KOV CTPYKTYpbl C/IOS BO3MOXHO HanMume 0 5-TM TMAPOAMHAMUYECKUX PEXMMOB:
My3bIPbKOBOTO; CHAPSAHOr0 B KaHajax Mexzay 3epHamu; MOpLIHeBOro B MacliTabe
CNost; AMUCMEPCHO KOMbLEBOrO U KanenbHoro (puc. 1). My3bIpbKOBLIA peXUM Xapak-
Tepu3yeTcs ABWMKEHUEM OTAE/bHbIX U30/IMPOBaHHBIX APYr OT Apyra ny3bipeit rasa,
COM3MEPUMbIX C pasMepamy YacTuL, WU BENUYUHOW KanunnspHol KOHCTaHThl. Kak
MpaBUIO OH MMEET MeCTO Mpu HeGonblinx (MeHblwe 0,4) razocogepxaHusx. C yse-
JINYEHMEM PACXO[0B rasa PacCTOsHMUE MEXAY My3bIpSMU YMEHbLIAETCS, OHU YacTny-
HO CNMBAKTCS Mexay co6oii 06pasys yCTOMUMBbIE A/IMHHBIE MY3bIPU UK CHAPSABI.

4%
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Puc. 1.
MmapoguHaMmyeckre pexxrmbl B 3, (ha3HOM HENOABMXHOM Choe.
1 — ny3bIpbKOBbINA PEXUM; 2 — CHapPSAAHbIA; 3 — NOPLUHEBOW; 4 — AWUCNEPCHO-KO/b LIeBOM;
A—A, B—B, C—C, D—D — rpaHuLbl peXKxMMoB;
a) Hacagka d—8 mMm; 6) Hacagka </=18 mm

[JanbHeliwee yBeNMyeHre pacxoja rasa npMBOANT K Pa3pyLUeHUIO XUAKOCTHbIX nepe-
MbIYEK MeXAy cHapsgamu v 06pa3oBaHMI0 NMOPLUHE, ANaMeTp KOTOPbIX COU3MEPUM
C pasMepoM peakTopa. HakoHeL, AanbHelillee YBeNMUYEHWE PacXofoB MPUBOAUT K
pacnagy nopluHeid 1 06pa3oBaHNI0 XUAKOW MMIEHKU HA MOBEPXHOCTU YacTUL, M Ka-
nenb B siApe HECYLUero ra3oBoro noToka. JTO AUCTMEPCHO-KOMbLEBOM W KanenbHbIN
PEXNMBbI.

Y CnoBus TEYEHWS Fa3a W XUAKOCTU B CBO6OAHOM 06beMe HEMOABMXKHOFO 3epHU-
ctoro cnosi (THC) B 3HauMTeNbHOW CTEMEHU OMpPEeAenstoT MpoTeKaHWe NPOLEeCcCoB
rMepeHoca Tensa v BELLECTBA, a TaKXKe BEIMUYMHY MEX(DA3HON NMOBEPXHOCTU N UHTEH-
CMBHOCTb O6MeHa MeXAy ra3oMm U XWAKOCTb. CNOXHOCTb FMAPOAMHAMUYECKON
06CTaHOBKM B CBOGOJHOM 06bEME CMOS NPUBOAWUT K HEOBXOAUMOCTY UCC/EL0BaHNS
npoeccoB nepeHoca B YKa3aHHbIX PEXUMAx C MOMyYeHNeM 3aBUCMMOCTEN CripaBej-
NMBBIX B MNpefenax cywecTBOBaHWS AaHHOTO TMAPOLMHAMMNYECKOTO PEXMMA.

2. MexdasHas NoBepxXHOCTb M KO3PULIMEHTLI MacCOObMeHa ras->KUAKoCTb

B HacTosilLee BpeMS M3BECTHO BCEr0 HECKO/IbKO 3KCMEPVMMEHTaNbHBIX pa6oT, Noces-
LWEHHbIX OMNpeAeneHnto MexdasHol MoBEPXHOCTU MPU BOCXOASLLEM MPSMOTOKe
[1—5]. WccnepoBaHns NpoBefieHbl MPU WUPOKOM BapbMpOBaHWM CKOPOCTEl rasa
n Xkngkoctu, HopM HacafoK W pasmepoB. lMocne 06paboTKM MPUBEAEHHBIX B HUX
JaHHbIX B [ ] 0Ka3asock, 4TO Ha6/IHOAAETCS XOpOoLas KOppensLus Mexay CKopocTs-
MU rasa U XWAKOCTW, onpegensieMbiMu yncnamu Relum ke2un mexdasHoil nosepx-
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HOCTbIO, eCNN NOC/IEAHIO NPEeACTaBnTL B Buie 6e3pasmepHOro COOTHOLLEHUS, Onpe-
fLensgemoro kputepvem 3TBewla. Tak npu 722<200

Eo = 0,00266/sd7%2 X fei b (1)
npu
Jez<200
E6 = 0,234- 10-4Ei eRei . Ae? 4 2)
rae
i Y3 . uid ] wd
J— = = 20, =
EO Es 3 Rei 7=
yv

MpuBefeHHbIE 3aBUCUMOCTU CripaBefnBbl B 06nactun Re2He 60nee 1000 n R e <500.
Ha ocHOBaHWW 3KCNepuMeHTabHbIX JaHHbIX, MPUBELEHHBIX B [1—4] MOXHO onpe-
LennTb KO3(ULMEHTbl MaccoobMeHa MeXay rasoM 1 XXWAKOCTbK, HO OTHECEHHbIE
K egvHuue MexdasHoin noBepxHOCTU. Tak, aKCNepuMeHTanbHble AaHHble XOpOLlo
YKNaAblBAOTCA B efUHYH0 KOPPEeNALMOHHYIO 3aBUCMMOCTb EC/IM B KauyecTBe Orpe-
fenstowero pasmepa B yucne LllepByaa B3aTb KaNnUANAPHYK KOHCTaHTy. BnausHwue
reoMeTpun CNoA Kak 1 paHblle MOXET ObITb yuTeHO yepes3 Es.
Tak:
Ah = 230/%Bei"18Re23B )

rae

|/|HT€p€CHO OTMETUTb, YTO B OT/INHME OT [aHHbIX MO MaCCOO6MEHy OAMHOYHbIX

ny3bipei, rae Habnogaetca 3asucumocTs S hA\fReZSc B pacCMOTPEHHOM Cy4ae no-
nyyaeTcsa 60nee HU3Kaa cTeneHb nNpu Re2, 651K3Kas CKopee K TBepAbIM Tenam.

B HacToALel paboTe Mbl He 6yfeM Nogpo6HO OCTaHaBNMBATLCS Ha aHanu3e npo-
LIecCOB MaccoobMeHa MexXAy XUAKOCTbI0 U TBepAbIM TE/I0M, MOCKO/IbKY 3T0 6bI/0
cLenaHo HeckKo/fbKo paHee B [7] 4ns Ny3blpbKOBOrO M CHapsAHOro pexumos. Mpu-
BeAeHHble B [s ] aKCMepMMeHTabHble AaHHbIE, MOMYYEHHbIE C MOMOLLbIO 3/IEKTPOXK-
MWYECKON METOAMKM, TaKkKe OMMUCbIBAOTCA 3aBUCUMOCTbIO [7]:

. -<p) 06214
Ah = 3,02 Jo,7+ 0,12 FnAl-<p) |

€038 (a)

L uxp |
rae
< R
An= D

3. TepeHoc Tenna MeXay raso-XMAKOCTHOM CMEChHO
N HEMOABWKHOI HacaqKoi

OnpegeneHvie KO3(PULMEHTOB TeMI006MeHa MeXJy 3epHaMu HenongBUXHOFO CJos
1 Ta30->KUAKOCTHbIM MOTOKOM OCYLLECTBSANOCH C MOMOLLbIH U3BECTHOI CTaLMoHap-
HoVi meToguku [9]. [Jatumk npeacTasnsn co6oii Nonblid Wap AMaMeTPOM, PaBHbIM
pasmepy yactuy, cfos (18 MM 1 s MM), BHYTPY KOTOPOrO MOMELLANCS HUXPOMOBBI
HarpeBatenb. [MocnefHuUiA NOLOrpeBa/CS 3a CUET MPOXOAALLETO Yepe3 HEro 3NeKTpu-
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UECKOro TOKa COOTBETCTBYHOLLEN MOLHOCTW. V3MepeHUs TemnepaTyp NpoBOAUANCH
C MOMOLLbI Tepmomnap, OfHa M3 KOTOPbIX (hUKCMpOBana TeMNepaTypy raso-Xug-
KOCTHOTO MOTOKAa, a BTOpas ,,pa3HeceHHas Temnepatypy MOBEPXHOCTU [aTyuKa.
[ ns 3anvcy nokasaHwii MCMo/ib30BaiCs BbICOKOUYYBCTBUTE/bHBIA LUGPOBON BOMbLT-
MeTp. KoadduuueHTbl Tennoo6MeHa, YCpeAHEHHbIE MO BCeli MOBEPXHOCTW AaT4MKa
paccuUMThIBAIMCH MO 3aBUCUMOCTM

JPo .
SAT ®)

JKCcnepuMeHTanbHble UcCnefoBaHWUA ObinM MPOBeAeHbl MpY BapbMPOBaHWKU CKOPO-
cTeii rasa 7?7=50—3500; ckopocTeil xmgkoctm Re2—5—300; rasocogepXaHuii
0,04—0,85 u pa3mepos yacTtuy c/=18 n s MM. Ha puc. 2 npmsefeHbl HEKOTOpPbIE

KoadduumeHTsl TennoobmeHa B THC Hacagka wapukn d=S mm;
1— Ke2—70; 2 — Re2=30; 3 — Re.,=lo

M3 MONYYEHHbIX Pe3ynbTaToB ANS 3ePHUCTOrO CMO0S, COCTOALEro U3 Wapukos d—
=3 MM. W3 3TOro pucyHka BUAHO, YTO 3aBUCUMOCTb KO3(h(uuneHTa TennoobmeHa
OT CKOpOCTEW rasa u XWUAKOCTU UMEET CIOXHbIA HEMOHOTOHHbIA XapakTep, 4To,
OYEBMAHO, CBA3AHO C Pas/IMYHbIMW TMAPOAMHAMUYECKMMU PEXMUMaMU TeveHus rasa
M XNAKOCTM B cBO60OAHOM 06beme cnos. [N nonyveHWs annpoKCUMaLMOHHON 3a-
BUCMMOCTW OKa3anocb YA06HbLIM MCMO/Mb30BaTh M3BECTHOE TEOPETUYECKOE COOTHO-
WeHne Ans KoappuuneHToB 06MeHa [i0]

NuPeoss (6)

B KOTOPOM C Y4eTOM ABYX(ha3HOCTM MOTOKa (DM3MYECKME NapamMeTpbl ra3oXxmaKocT-
HOW CMECK UMenun BUS;
g ] r o ui(i-ip)
[ Wep
n

[.=1.2F((p), roe H<p) — HekoTopas (hyHKLUMA rasocofep>kaHus, onpejensemas akcne-
PUMEHTa/bHO.
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Ha ocHoBaHuu (6) OKasanocb BO3MOXHbLIM MOMyUYUTb anmnpoKCMMALMOHHbIE 3a-
BUCMMOCTU TONIbKO AN KOHKPETHbIX FMAPOAMHAMUYECKMX PEXMMOB TeYe HUS rasa
1 XugKocTu. MonyyeHHble pe3ynbTaThbl NPUBEAEHbI Ha puc. 3.

0.80 ’)

Cp,f ~o033
Cp/1-f).

Puc. 3.
O6paboTKa 3KCNepUMEHTa/IbHbIX AaHHbIX MO KO3 ¢UUMeHTamMm TennoobmMmeHa:
a) Ny3blpbKOBbIA N CHAPSAAHbIA PeXKMbl; 6) NOPLLUHEBON W ANCNEPCHO-KOMbLEBON PeXUMbI,
wapukn d=8 mm; 1 — 8,8; 2 — 72,2; 3— Re =32,4; wapuku rf=18,8 mm; 4 — Re,,=
48,6; 5 — Re2=97; 6 — Jle2= 250

3.1. MNpogonbHas TennonpoBOAHOCTb HENOABUXKHOIO CNos

MepeHoc Tenna B NPOAONAbHOM HampaBfiEeHWM CNOs OCYLLEeCTBASETCA KaK C Mo-
MOLLbI ra3o-KMAKOCTHOrO MoToKa, Tak M MO 3epHaM KaTanusaTopa. B HacToswiei
paboTe Mbl OrpaHMYMMcs OnpedeneHMeM BKnaja B 06GLLMIA MepeHOC Tenmna TONbKO
KOHAYKTVBHOI cocTaBnswoweid. MpeactaBuM 3epHUCTLIA CNOW B BUAE CUCTEMbI Liu-
JINHAPOB C HEKOTOPbIM 3PMEKTMBHLIM pasmepoM R v gnvHoi L. Torga matemaTu-
Yeckoe OMucaHMe MepeHoca Temsa MpU TakMx MPeanonoXeHuax 6yaeT MMeTb BUA:

BT AT L AT AT .
di2 dg2 g dg dFo
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npm
bT . .
£=0: 9?—B||(T—T|)
AT:O
fE
npu ()
€=o ﬂT:o
Jil:]
e=1 —BiT—Ti-/(f)]
0O
noT
Jlo=o T=TO
ai R2 - oWl - arfl
a2= — — 1= =
Lo e g BkE g 5 N

®dyHkuua /(1) onpepenseT pacnpefeneHue Tenna B MNOTOKE Ta3a B MPOLO/IbHOM
HanpasfeHun cnos.

Ona pewenns (7) c yueToM (s) BOCNOJIb3YeMCA METOLOM KOHEYHbIX UHTErpaibHbIX
npeobpasosaHuii [11]. Beegem HoByto nepemeHHyw U=T—Tx u npeobpas3oBaHue
no KOOpAuHaTe C AAPOM:

n j~n-Zin!

T fin+ Sin finGsfin 2™ ©

-Kn(J, (Un)—

Torpga BMecTo (7) nonyyum:

________ AnUm — 10
dg2 g dg hno dFo 9
npu
a~
e=1 ~ = -Bh[lGn-Im
e
_ o fdn _
e= @ "67= v)
F=0: Gn= (To—Ti)
rge

2(TO- TI) sin fin

R L
Ao=afing ;o (To—Ti)=g " " o o

L\R

R 2un r, . Nl
_——— R [ - 7 7
€)= Yrrstnnnn g (6 08 fin- i,
N — KOpeHb TpPaHCLEHAEHTHOIO ypaBHEHNA
L . L
Bil ctg fin=fin (12

R
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BeefeHviemM HOBOW nepemeHHol JVn—un—Bn cuctema (10—11) npMBOAMTCS K OfHO-
POAHBLIM FPaHWYHbLIM YCNOBUAM, HO HEOLHOPOAHbLIM CTAaHOBUTCH (10).

arkn 1 ewB 2 - SJFn
- N =
w2 g So A NN+AN="_ (13)
npwu
e = 0: dWn
de
e=l: > T= —Biawn (14)

PeweHne (13—14), nony4yeHHoe O0ObIYHLIMKM MpUEMaMM MaTemaTUyeckol (N3NKK
nmeeT BUA:
’ 2E nBi2Jo(gme
It,= 2 ~ZEmoclme)
m_1 JoiinOtim+ -Br]

exp [-(g fnt An0i3]-

21bB bB 12) o(f/mo) a [- (qm+ Ao)Fal} (16)
—eX - m .FO
-1 (Pm+ +Bl)(%in+ Anfo(gm) P
rae
2(TO-T i) sinfin
Mn - -tsn;

fin+ sin fIncos fin

TPaHCUEHAEHTHOIO ypaBHEHUA:
BiiJo”"Cm) ~ gmJI(Cm) (16)

Bo3Bpalasicb K MCXOAHbIM NepPeMEHHbIM, MOXHO NOAYUNTb PeLleHWe UCXOLHOM
cucTtembl (7—s). Tak, UMeem:

T=TIl+ 2 Bncos Un-iini R 2 2sizmncos |dniAnE — X

11=1

Jo(gmo) exp [—(¢cL + An)Bo]

X 2 —2 2AnBn-Bi2X
m=l (¢cm + Biz)J qcm) n=|
J oOn)
Xcos -X{1 - (g&h+ AnJ-f 7)
4 )\]L(?m+ An)(z m+ Bii)Jo(gm) feel-@ °n

AHann3 KOpHe TpaHCUEHAEHTHbIX ypaBHeHWiA (12, 16) mokasblBaeT, YTO OHMW CO-
MocTaBUMbI, Clefi0BaTeNbHO AJF peasibHbIX Pa3MepoB 3epeH Katanusaropa

(18)

OTO0 03Hayvaer, 4To BpeMA nepexoda n3 ogHOro CtauMoHapHOro CoCTtosaHUA B apyroe
onpenendeTca pagmnasbHbIM NepeHoCoM TeMia no 3epHy.
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AHanu3 NONTYYEHHOT 0O peLleHnd, ﬂpOBe,quHbIVI YMC/IEHHO, NPU BapbnpoBaHNK MNa-
pameTpoB:
5=10,00014-1; BiiuBiz=0,14-100; f=0,l-=-I

N NMHENHON hyHkuun /(£) =  nokasan, 4To AN 3HadeHuin L/R 6nmsknx k 200 ,,a“

MPaKTUYeCKN He BAINAET Ha peLleHue. MorpelwHoCcTb, BO3HMKAOLWAA NPU nepexone
OT pelleHuns YpaBHEHWIA, YUNTbIBAIOLWMX NPOAONbHbIV NepeHoC K peleHnto 6e3 yyeta
nocriefHero nNpakTUyecKn He 3aBUCUT OT B'M, HO M3MeHsAeTCA Npu BapbupoBaHun Rix
(puc. 4), npuuem gna L/R =200 BennyvMHa MakCHMasbHOW NOFPELUHOCTM He npe-

%
8

Puc. 4.
BnuaHune uncna Bil Ha OTHOCUTENbHYIO MOTrPELUHOCTb PeLLeHNs

s=(Fak.~-rsYrisll—

BblLlaeT 6%. 3TO 03HayaeT, uyto nNpu 60nbWKUX L/R 1 He CNMWKOM KPYTbIX 3Haue-
Huax /(1) BNMAHMEM NPOAOLHOIO NepeHoca Tenna no 3 epHam Katanusatopa MOXHO
npeHebpeys.

4. OKCMepVMEHTa/IbHOE MCCMefoBaHME MPOLIECCOB MepeHoca
Ha MOZE/bHOM peakLvn

PaccMoTpuM, B KaKoW CTeneHW paHee NpMBEAEHHbIE 3aBUCUMOCTU /18 pacyeTa Koad-
(hMLUMEHTOB CMpaBefnBbl B Cllydae NPOTEKaHWA KaTaIMTUYeCKoi peakumnn. OcTaHo-
BMMCS Ha peakuun ruapupoBaHua H-renTeHa B rentaH. KuHeTuyeckne 3aKOHOMep-
HOCTW 3TOI peakunm Nogpo6bHO mccnefoBaHbl B [12]. & 061acTu ManbiX KOHLEHTpa-
umii H-renteHa (0,13 monb/nnNTp) 3Ta peakyus NpoTekaeT Mo NepBOMY MOPSAAKY,
a npw 60NbLWNX 3HAYEHNAX MO HYNEBOMY. DKCMEPUMeHTaNbHbIe UCCef0BaHns Bbinu
nposefeHbl Ha Ni-CKeNeTHOM KaTanu3aTope Ha 3KCMepMMeHTaNbHON YyCTaHOBKe, Npu-
BeJeHHON Ha puc. 5. OHa cocTosna M3 ABYX CbipbeBblX emkocTed E—1 n E—2,
nopwHesoro Hacoca H—1; dmnsTtpa ®—1; potamerpos PC—5 n PC—3 cenapaTo-
pos C—1, C—2, C—3 komnpeccopa; xonoannbHMKa X—I1, MaHOMETpPOB, cepun pe-
FyNMPYOWMX N 3aM0pHbIX BeHTeneh B—1 — B—7 u KoMoHHbI. MocnegHas 6bina
06opyfoBaHa TepMOCTaTUMPOBAHHOW pyballkoii, Npo6ooT60pHUKAMU M cenaparto-
poOM. 3JKCMepuMeHTalbHble WCCNef0BaHUA MPOBOAWANCL ClefyoWmUM o6pasom.
B emkoctn E—1un E—2 3anuBancs pacTBOp H-TenTeHa 2-X pas/IMyHbIX KOHLEeHTpa-
UMiA. 3aTem 13 OAHON M3 HUX C NOMOLLbIO Hacoca H—1 yepe3 KOMOHHY ycTaHaBNU-
Ba/ICA MOCTOAHHbINA Pacxof pacTBOpa. s 3Ty & KONOHHY BOCXOAALLMM NPAMOTOKOM
c nomoubto Komnpeccopa K—1 nogasanca sogopof. HenpopearmposasLlas 4acTb
H. 4epe3 cuctemy cenapaTopoB W XONOLWIbHUKOB MOAMUTHLIBANACL CBEXWUM BOAO-
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M1

Puc. 5.
MpuHuMNManbHaa cxema 3KCnepuMeHTanbHOM YCTAaHOBKWU ANSi UCCefJOBAHWUSA Temna0-MacconepeHoca
MeTO40M MOAeNbHOW peakunn (0603Ha4eHUA B TeKCTe)

pofoM 13 6an/10HOB U NojaBanach OnATb B PeaKTop. V13 KOMOHHbI C MOMOLLbIO Mpo-
600TOOPHMNKOB, PACMONOXEHHbIX BHU3Y W BBEPXY Yepe3 OrpefefieHHble MHTepBasbl
BpemMeHu (~2—5 MuH.) npon3soauacs oT6op nNpob H-renTeHa, KOHLEHTpauus no-
CMefiHero onpegensanacb xpomarorpagpuueckn. Ha Bxofe W BbIX0O4e KONOHHbI 6binv
YCTaHOBJIEHbI TEPMONApPbI, KOTOPbIE PUKCUPOBANY U3MEHEHUA TemnepaTypbl. Mocne
YCTQHOBJIEHUSA CTaLMOHAPHOI0 PeXMmMa C MOMOLLbK BeHTUNen B—1 unm B—2 npo-
BOAM/IOCb MEPEKNHOYEHNE HA HOBYIO KOHLIEHTPALMIO renTeHa u U3MepeHus NoBTops-
NINCb B TEYEHWEe BCEro MepexofHOro pexunma.

JKcnepuMeHTaslbHble MUCCNefoBaHUs 6blAM NPOBefeHbl MPY BapbUpPOBAHUN CKO-
poOCTU rasa B pacyeTe Ha MOJIHOe ceyeHue B npefenax 152—30,5 cm/cek; CKOpPOCTK
xupakoctu 0,2—0,37 cm/cek, faBneHns sogopogda 1,5—3 ata; KOHUeHTpauuu renteHa
2—15 06beMHbIX MPOLEHTOB. PasMep 3epeH KaTanusatopa 2—5 MM, NOPUCTOCTb
cnoq 0,5, AnameTp KOJMIOHHBI 65 MM, a ee givHa 1,2 m.

B BMAy BbICOKO aKTMBHOCTM KaTanv3aTtop B XOfAe 3KCMepumeHTa pasbasnsercs
WHEPTHBIM BELLECTBOM B COOTHOLUEHUWN 6NIU3KOM K 1:1.

5. O6paboTKa 3IKCrepUMeHTa/IbHbIX JaHHbIX

MaTematnyeckoe onucaHue npolecca rMapupoBaHUSA H-TenTeHa B HENoABMXXHOM
C/noe Katanusatopa MOXXeT 6bITb npeacTtaBneHoO B BMAE:

19)
(20)
(21

(22)
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rae
U—\ 2 *(T9)=exp
paHUYHbIe YCNOBUS

1=0: Di(l —d) d—cclj=u2(ci- CbX)

MHAeKcbl: 1 — Bogopos; 2 — H-renTeH

Puc. 6.

Vol. 6.

(23)

(24)

(25)

(26)

ConocTaBfieHne pacyuUTaHHbIX (CI'II'IOUJHbIe I'IVIH!/II/I) N 3KCNepuUMeHTa/IbHbIX 3HAYEeHWN Temneparyp

N KOHLUEHTpaynn Ha BbiXoae U3 CNnoa Katanmsartopa.

a) pasneHue Bogopoga 1,5 ata; pacxog rasa 1000 n/uac; pacxog Xugkoctn 24 n/yac. 1 — nyckosoi
PeXMUM; 2 — MEepexofHON peXxxM Npyu M3MeHeHWN KOHLLeHTpauuu renteHa Ha BXoAe B cnoi ¢ 14,42

no 30,1%

6) paBneHue Bogopoda 3 aTa. pacxofg rasa 1000 n/uac; pacxog xwugkoctn 24 n/uac. MNMepexogHoii
pPeXxum npu M3MeHeHWN KOHLUEHTpauuu H-renteHa ¢ 2% fo 19,7%. 1 — nM3MeHeHMe KOHLEHTpauum
Ha BXOJe B CNOMN; 2 — W3MeHeHWe KOHLEeHTpauMm 1n TeMnepatypbl Ha BbIXO4e U3 Cnos
B) faeneHune Bogopoga 1,5 ata. Pacxog rasa 1000 n/uac; pacxof »uakoctu 13 n/uac. MNepexoaHble
PeXnMbl NPY U3MEHEHUWN KOHLEHTpaUUn H-renteHa ¢ 4,4 o 16,5%. 1 — n3mMeHeHMe KOHLEHTpaumm
Ha BXOfe B CNON; 2 — W3MeHEeHWe TemnepaTypbl U KOHLUEHTpauunm Ha BbiXode W3 C€nos
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Cuctema ypaBHeHuii (19—26) pewanacb 4YncneHHo Ha OBM MuHCK—32 meTog0Mm
NporoHkn. lMpu pacueTax 3HayYeHUs KOIPHULMEHTOB MaccoobMeHa Mexay rasom
M KMAKOCTbIO BEMYMHA MEX(a3HO NOBEPXHOCTH paccunTbiBanach no (1—3). Benu-
YMHa KoapduumeHTa NpoJosibHOro nepemelivsadmMa D1, D2y TennonpoBOAHOCTU
JP, a TakXe rasocojepXxaHune paccuMTbiBasMCb Ha OCHOBaHMMN AaHHbIX [13].

MO>XHO nokasaTb, YTO peakuus rMAPUPOBaHMA Ha 3epHax 3—5 MM MnpoTekaeT
BO BHeLHeandy3noHHOK 061acTh. ITO 03Ha4yaeT, YTO CKOPOCTb XUMUYECKOro
npeBpaLleHns onpegenseTca UHTEHCUMBHOCTLIO BHeLLHero maccoobmeHa. MNpu pac-
yeTax Ha OCHOBaHMW KOHLEHTPALMOHHbLIX M TeMMepaTypHbIX U3MepeHuii nogbupa-
nacb Takas Benn4YMHa HabN4aeMO KOHCTaHTbl CKOPOCTU peakuun, KoTopas Haum-
Nyywnum o6pa3oM OMMUCbIBAeT 3KCMepUMeHTasbHble faHHble. OKa3anoch, YTo C y4e-
TOM pa3baB/fieHUs KaTanuM3aTopa ee BeMYMHA C TOYHOCTbI + 15% nonajaeT B MH-
TepBa/l 3HauyeHWii onpegensembix opmynoii (4). Ha puc. 6 B kayecTBe mpumepa
MOKa3aHO COMOCTaBMeHNE PacCUUTaHHbIX U IKCNEePUMEHTa/IbHbIX 3HAYEHWI KOHLLEHT-
pauuii u Temnepatyp BO BPEMEHMW Ha BbIXO4e M3 Cnos Katanusatopa. Kak cnegyet
N3 3TUX PUCYHKOB Pe3y/ibTaTbl PpacyeToB Y0B/IETBOPUTENILHO COTAacyoTCA C JKCre-
PYMEHTAaNbHbIMW AaHHbIMU, YTO YKa3blBaeT Ha AOCTOBEPHOCTb NPUBELEHHbIX B 3TOM
paboTe pacuyeTHbIX 3aBUCUMOCTEN AN KO3IDDMLNEHTOB MepeHoca.

YCNOBHbIE OBEO3HAYEHWA

a — MexdasHas MoBepXHOCTb;

a — Ko3h(pULMEHT NOBEPXHOCTHOTO HATSKEHUS;

Qi — NNIOTHOCTb XWUAKOCTY;

g — YCKOpeHue CBOGOLHOr0 NafeHus;

S —mnNoBepXHOCTb 3epHa;

V — 06beM 3epHa;

Vi, \b — KMHUMATMUeCKMe BA3KOCTb rasa v XWAKOCTW;
Ui, 12 — CKOpOCTb rasa v XMWLKOCTU Ha CBOGOHOE CeueHwue Cos;
d — pasmep 3epHa;

Bi2 — KO3(hpunLUMeHT maccoobMeHa ras-XuaKocTb;

D — KoathpmumeHT anddysum;

<$— rasocogepxaHue;

T — TONLMHA NNEHKMY;

028 — KO3(h(hMUMNEHT TennoobMeHa;

tpi >Qor — TennoemMKOCTb rasa U XWAKOCTU;

/ — KooppmMHaTa no AnviHe cnos;

I — KOOpAWHaTa No paguycy 3epHa;

0,, — KO3hULMEHTbI TeMMNepaTypoONpPOBOAHOCTM B PaANaNbHOM U NPOAONLHOM HarnpaBneHnsx;
Al, b — T0 Xe, HO KO3((ULMEHTbI TENIONPOBOAHOCTY;
t — Bpems;

R — paguyc 3epHa,

T — Temneparypa;

Di, Do — KoahuLmeHTbl NPOLONbHOIO NepeMeLLMBaHNS BELLECTBA;
2 — TO XE, HO Tenna;

SI2~W,

Wi, IMo— cKOpOCTM peakummn Mo KOMMOHEHTaM;

C — KOHLEeHTpauus;

C* — paBHOBeCHas KOHLeHTpauus Bogopoaa;

€ — MopuUCTOCTb;

£2 — y[ienbHas NOBEPXHOCTb HacajKu;

E — aHeprua aktusauuu;

['3— Temnepatypa KaTannsaropa,;

T — Temnepartypa raso->XvgKoCTHOro noToka,;

CbX — KOHLLEHTpaLus Ha BXOfe B CNOWA;

Rn — conpoTusfieHne gatunka;

J — cuna ToKa;

AT — nepenag, TemnepaTtyp Mexzay NOTOKOM W MOBEPXHOCTbIO 3epHa.
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SUMMARY

The heat and mass transfer was investigated in fixed catalyst bed during upwards, co-
current phase flow. To the experiments a model reaction was applied, the gained results
proved the reliability of the suggested relations and the mathematical model of the pro-
cess.
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The present paper which isthe first ofthis series discusses the formation
of ethylene dichloride in a rotary film reactor. The suitable conditions
ofthe homogeneous phase reaction were determined from the viewpoint
of the reaction kinetics. Conditions for homogeneous kinetical inves-
tigations were determined. The measured data are evaluated on the
basis of earlier developed formal kinetical treatment.

1. Introduction

In the rotary film procedure that can be regarded as an intensive one, the
desired technological step is realized in a thin 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 equipment can mainly be applied to carry out physical and chemical pro-
cedures accompained with heat and mass transfer.

The applicability o/rotary film equipment 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 activity are discussed in
this series of papers.

The simultaneous absorption and chemical reaction following that of two
gases belong to those processes that were so far studied only slightly. The for-
mation of ethylene dichloride was selected as the model.

As it is known from literature, ethylene and chlorine do not react with each
other below 150 °C in a gaseous phase, however, if they are absorbed in a com-
mon solvent an exotherm chemical reaction of a high rate soon takes place
between the absorbed gases at room temperature. The main product of the
reaction, of the ethylene dichloride itself was chosen as the solvent.
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Having 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 elimination of the mass transfer, in order to deter-
mine the kinetical information necessary for the construction of the mathema-
tical model of rotary film equipment, as the reactor.

2. Investigations on the reaction of ethylene and chlorine in equipment en-
suring the known transfer surface, in order to determine the effect of the gas-
liquid mass transfer. Experiments carried out in this equipment make it possib-
le to select the transfer model and to separately study the source members in
the mathematical model.

3. Investigations on the applicability of rotary film equipment to realize the
processes of a given type and the control of the mathematical model for the
rotary film reactor.

This paper discusses the results of kinetical measurements.

2. Addition of Chlorine on Monoolefines

Most of the carbon-carbon double bonds can easily be halogenized by bromine,
chlorine and interhalogen compounds. Addition usually takes place according
to electrophil mechanism. The electrophil character of halogen addition was
experimentally verified by William [1].

According to Robertson et al. [2, 3, 4] the rate equation of chlorination by
addition is as follows :

= k2 [olefine] [CI2] (1)

where the symbols in the brackets represent concentrations.

In the above papers the authors verified that the transitional state deter-
minig the reaction rate contains both the electrophil and nucleophil part of
halogen :

—i=C —+C2 —C——C— —C—C- wroducts (2)
<k Cl
J.
Shilov [5] described the special effect of CI breaking off in the 2nd step of
the reaction and he recommended the following rate equation :

T di 1= k3 [olefine] [CIZ] [CI"] 3)

The effects of the materials catalyzing the chlorine addition were investigated
in detail. For example, in the case of FeCI3by Henne et al. [6] the electrophil
complex having a good reactivity is formed as follows:

Cl2+ FeCI3*[Cl+FeCli] (4)

Investigations on the reaction of ethylene and chlorine were described in
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numerious papers [7, 8, 9, 10]. The main goal of the investigations was almost
always to clarify the mechanism of the reaction and the Kkinetics were only
slightly studied.

3. Method of Kinetical Measurements

References dealing with ethylene dichloride formation describe it as a fast
reaction. Caldin [11] indicated two basic methods for kinetical investigation
of fast reaction :

1. If the conditions of reaction are suitably selected it can be so slow that it is
possible to follow it by ,traditional” methods.

2. The reacting solutions are mixed as rapidly as possible, but 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 ofa quench-
ing method belonging to the second set of possibilities seemed to be expedient.
For the removal of the first reagent, viz. chlorine, the reduction by K1 that is
known in analytical chemistry is applicable. By experimental observations,
the reduction is instantaneous, howover, few details are known in literature
regarding its rate constant. As a guideline, it is possible to take into considera-
tion the fact that for the rate of iodide oxidation, rate constants of 107—1010
order of magnitude 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. For this reason, ethylene and
chlorine were bubbled for a given period through ethylene dichloride solvent,
and pouring together adequate volumes ofthe ethylene and chlorine “solutions”
so gained the changes in ethylene and chlorine concentration versus time were
measured. The experiments were carried out in a thermostated glass apparatus
of approximately 100 ml volume and equipped with a stirrer.

Prior to the kinetical investigations, two problems must be studied:

—whether as a consequence of considerable reaction heat, the temperature 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 temperature of the reaction mixture was measured by a thermometer
immersed in the solution. The measurements did not show in any case a tem-
perature rise higher than 0.5 °C following the start of the reaction; this result-
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 10to 40 °C. The quanti-
ty of desorbed ethylene was verified to have been lower than 5% compared to
the solved ethylene at 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 that contradictionary data can be found in literature regard-
ing the excess of any reagent, partly because 0.33 initial molar ratio concentra-
tions of ethylene and chlorine change against the time in such a manner that

5
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the complete ethylene-chlorine molar ratio range, occurring in apparatuses to be
studied later, is covered.

Ethylene dichloride without a catalyst and that containing 0.1% FeClI3
were used as the solvent respectively.

The temperature of the reaction mixture varied from 14 to 40 °C.

The reaction was quenched by a 10% K I solution poured into the mixture at a
suitable moment. The quantity of reacted chlorine was determined by the
titration of iodine of an equivalent amount that was formed in the solution,
while the quantity of reacted ethylene was calculated indirectly from the ana-
lysis data of the mixture gained after determination of the chlorine content.

The series of concentration vs. time values were gained as a result of the
kinetical investigations. As an example, changes of ethylene and chlorine con-
centrations againstthe time for a given series of experiments are shown in Fig. 1.

t©

Fig. 1.
Changes of ethylene (cg) and Chlorine (cb) concentrations versus time

4. Calculations of Kinetical Characteristics

In the following the rate equation of the studied reaction gained from the data
of the Kinetical investigations is given. A general method to find the rate equa-
tions of chemical reactions is unknown. In practice correlations describing
the measured data with 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 method.

Starting from the consideration of theoretical systems, a method was deve-
loped to give stoichiometric and rate equations of homogeneous reactions.

The elaborated method described earlier [12—15] can be favourably used
partly to construct a programme 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 :

C2M4-bCl2= C2U4CI2 (5)
CrH4+ 2C12= C2H3CI3+ HC1 (6)

Describing the formal kinetical correlations for reactions (5) and (6):

dcB ,

n = — — = *icachb (7)
dt
1 dee 2

r2— ——— —— = K2CACB (8)
2 dt

Based on Eq. (7) and (8) assuming that for sufficiently small At dc] J'%Ch e

rate constants can be calculated as follows:

k= e —TACK.
TTGQAT ©)
Aca—AcCB (10,
t'2 =
ca-ch-AT

where :

Imis the rate constant of Eq. (5) while k2isthat of Eq (6), cAconcent-
ration of ethylene, cBthat of chlorine, ttime.

Having calculated values of from Eq. (9) and k2from Eq. (10) on the basis
of measured concentration vs. time values, the gained rate constants can be
regarded as constant ones with good approximation, and do not show a change

Table 1.
Kinetical characteristics of reactions taking place between ethylene
and chlorine in liquid phase
FeCI3 T 103 kI 107 A2 Anx anz
(%) (°0) (m3mole_1s-1) (me mole 2s-1) (kcal mole-1)
14 0.48 0.70
20 1.11 1.69
0 25 2.19 3.40 23.41 24.33
30 4.24 6.73
35 7.93 13.02
40 14.58 24.50
14 0.71 0.73
20 1.62 1.73
25 3.18 3.47
0.1 30 6.00 6.90 23.14 24.10
35 11.34 13.06

40 20.69 24.43
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of tendency character in the function of any parameter. This fact refers to the
applicability ofthe formal kinetical treatment for the description of the system.

The mean values of rate constants and activation enthalpies calculated from
Arrhenius’ equation are summarized in Table 1.

5. Conclusions

Based on Table 1, the following conslusions can be drawn:

1. The addition (formation of ethylene dichloride) can be regarded as a fast
reaction in accordance with terminology of [11].

2. On the effect of the FeCl3 catalyst, the rate constant of the addition is
increased by up to 40 —50%, while that of the substitution (ethylene trichloride
formation) practically does not change. Taking into account the main goal of
the realization ofthe reaction, i.e. the formation ofas much ethylene dichloride
as possible, further investigations will be carried out in solutions containing a
FeCl3catalyst.

3. Between the studied temperature limits, the activation enthalpies of addi-
tion and substitution are approximately equal. Both reactions are those of
moderate activation enthalpy.

SYMBOLS

¢ concentration in the bulk of liguid phase, mole m.s ;

Ac concentration difference, mole m-s ;

AH activation enthalpy, kcal mole-: ;

ki rate constant of addition, ms mole.1 s-1;

hi rate constant of substitution, me mole.2 s-1;

M ethylene-chlorine molar ratio in liquid phase, mole/mole;
r reaction rate, mole m.s s.1;

T temperature, °C;

t time, s;
Indices

A ethylene
B chlorine
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PE3IOME

B cTaTbe, SBNAIOLLENCS NepBoii YacTbio cepum cTaTeld, peub UAET O KUHETUYECKOM WCCe0BaHum
peakuuy 06pa3oBaHMA 1,2-AMXN0pP-3TaHa, KoTopas 6bina BbiGpaHa B LENSX M3YYeHWs pOTalMOH-
HOro NNEHOYHOTO annapaTa, Kak ra3o-XuaKoCTHOro peakTopa.

BbiM yCTaHOB/NEHbI YCNOBUA MPOBEAEHUS KMHETUUYECKUX WCCNeoBaHWA B FOMOTFeHHOM (hase.
MonyyeHHble IKCMEPUMEHTA/bHbIE AaHHble 6blN OLEHEeHbl C MOMOLLbI0 MPUMEHEHUs pa3pa6oTaH-
HOro paHee (OPMaNbLHOIO KUHETUYECKOTO MeToAa 06paGoTKM.
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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 of 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 determina-
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 of the
rapid addition reaction between absorbed ethylene and chlorine, the gross rate
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
parameters in rotary film equipment, that can be measured only with diffi-
culty, it seemed more favourable to study the operational parameters in equip-
ment ensuring a known and constant gas-liquid transfer surface.

Experiments carried out in this equipment partly provided data to study the
effect of the mass transfer, and hence the changes in quantity and the com-
position ofthe product against the operational parameters, 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 assembly (Fig. 1) constructed accord-
ing to Ref. [2]. During the operation a constant liquid level has to be main-
tained in the reactor 1 within the limits of + 1 mm.

9

Fig. 1.
Experimental assembly ensuring known gas-liquid contact surface
1 — chlorinating reactor; 2 — driving motor; 3 — gas mixer; 4 — ethylene dichloride
tank; 5 — peristaltic pump ; 6 — cooler; 7 —thermostat; 8 —level regulator; 9 —collect-
ing bottles; 10 — gas scrubber;Mi, M 2, M s — differential manometers; T\ —T s+ — ther-
mometers

The actual gas-liquid contact surface in apparatus 1 was 7.70 X 10-3 m2
while the transfer surface related to the volume ofthe liquid phase was 24.31 m-1.

The feed rate of the solvent (ethylene dichloride) varied from 3.85 to 4.10*
*10- m3s“1 sothe mean residence time ofthe solventinthe chlorinating reactor
was 768—826 s.

The solvent was fed by peristaltic pumps, 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 rate and composition.

The mixture leaving the reactor was collected in bottle 9 as can be seen in
Fig. 1. The experimental assembly was constructed so that the liquid reached
the bottle for a period corresponding to 1% of the mean liquid residence time in
the reactor.

The bottles contained the 10% K1 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 determination of ethylene on the basis of Kaufmann’s iodine-bromine
number is disturbed by the chlorine dissolved in the liquid phase, because the
latter reacts with KBr in Kaufmann’s solution. For this reason, the amount of
bromine, formed by the expected chlorine concentrations in the reaction of
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Cl2and KBr, was determined. A calibration curve was constructed from these
measured data and the quantity of dissolved ethylene was calculated, taking
this calibration into account.

The composition of the fed gas mixture was calculated from the viewpoint of
the purity and mixing ratio of the 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 :

—temperature of the system ;

— mixing conditions within the liquid phase;
— feed rate of the gas mixture ;

— composition of the gas mixture.

The temperature of the reaction mixture varied from 14 to 40 °C, while the
r.p.m. of the stirrer was constant, viz. 160.2. Above this rpm value, the gas side
resistance hardly decreases with increased rpm, and at the above value a
flat gas-liquid contact surface was gained that was free of waves.

The ethylene feed rate related to the gas-liquid contact surface was 2.667 —
8.935 mole m~2s_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 the studied system.

On the basis of the analysis data conversion, the yield and selectivity values
relating to the ethylene as a basic component were calculated as follows :

N reacted ethylene (mole)
fed ethylene (mole)

K = formed ethylene dichloride (mole)
- reacted ethylene (mole)

H=X-K

@

where X conversion, K selectivity, H yield.3

3. The Experimental Results

The primary realization aim ofthe studied model reaction is that as large a part
of the fed ethylene (and chlorine) as possible must be dissolved and reacted,
and the reaction between the dissolved gases must take place so that the pro-
duct is mainly ethylene dichloride. The quantity of the formed product is given
by BASX (where BAis the ethylene feed rate relating to the gas-liquid con-
tact surface) while the selectivity gives information about the composition of
the product. The main goal is to ensure the largest possible value of B'A-X-K =
= B'A'H in the given equipment.

The yield values measured at different operational parameters are summariz-
zed in Tables 1 and 2.

If the amount of ethylene dichloride formed on the unit of the gas-liquid
contact surface for unit time is plotted against the temperature (Fig. 2.) a
slight increase of BA-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~2s-1) °C) (mole/mole) (%) (mole/mole) (%)
30 27.5 53.1
2.667 35 0.90 21.9 0.99 29.7
40 14.1 26.6
30 50.0 51.0
3.650 35 0.90 43.1 0.98 47.7
40 21.6 42.2
14 39.9 40.8
20 42.0 43.0
25 44.2 46.4
4.430 30 0.90 49.3 1.01 51.1
35 41.2 50.4
40 30.7 41.0
30 42.2 49.8
5.868 35 0.90 34.9 0.99 46.8
40 25.9 38.5
30 35.6 40.9
7.290 35 0.90 29.4 0.99 38.9
40 21.3 33.9
* 30 30.3 35.0
8.935 35 0.90 25.0 1.00 32.9
40 18.5 28.5

above 30 °C with increased T. Some characteristic series of experiments are
shown in Fig. 1, however, for all the studied B'Avalues a similar tendency can
be observed.

*h

£ 25

d

I 20-

L

O io-
0.5

10 20 30 40 T(°C)

Fig. 2.
Quantity of formed ethylene dichloride as plotted against the temperature
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Table 2.

Studies on Ethylene Dichlorid Formation I1.

Measured yield values in the equipment of known transfer surface II.

102 B\
(mole m-2s-1)

2.667

3.650

4.480

5.868

7.290

8.935

-
(°0)

30
35
40

30
35
40

14
10
25
30
35
40

30
35
40

30
35
40

30
35
40

M’
(mole/mole)

1.21

1.19

1.20

1.22

1.20

()

37.
33.
29.

53

50.
44,

41
45
47

51.

48

44.

41.
47.
42.

43.
40.
35.

36.
34.
31.

o> o w ® N ©

® N ©

(4]

©

[ G

(mole/mole)

1.38

1.41

1.38

1.40

1.38

1.41

(%)

38.6
34.4
29.8

52.3
48.9
45.2

41.
43
45
48
42
38.

o © o~ N ®

47.2
44.9
40.8

46.1
39.
37.

o v

40.3
34.4
33.1
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In the investigated range, the B'A-H value increases with the increased gas

load of the reactor (Fig. 3), however, to a constantly decreasing extent.

Fig. 3.
Quantity of formed ethylene dichloride as plotted against gas feed rate
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The amount of ethylene dichloride formed is also increased with 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 10 11 12 .13 14
- . IffHanoié ‘m2s 1)
5.601 5.334 5092 4.883 4.718 4.576

Fig. 4.
Quantity of formed ethylene dichloride as plotted against the ethyalene-chlorine molar
ratio I.

Fig. 5.
Quantity of formed ethylene dichloride as plotted against the ethylene-chlorine molar
ratio IT.

of measurements to be carried out in rotary film equipment consideration has
to be given to the fact that the effect of the change in M' exactly in the 0.9
=M"'=1range is the most expressed.

Based on experimental data, the reaction can favourably be realized in the
temperature range from 14 to 30 °C. However, taking into 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 at about 30 °C.
It should be noted that certain technologies producing ethylene dichloride
below its boiling point also operate at about 30 °C.

In the given equipment as it could be seen, the quantity of formed ethylene
dichloride was increased with 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?1<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~%_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 with 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 measured 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 formed both on
the gas and the liquid side, and the flow and concentration conditions in
these films vary in a different manner than 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 unidimen-
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 that takes into account the
results of the kinetical investigations [1]:

—DA% et + &Xath = 0 )

The boundary conditions for Eq. (4)
6A(0) =cl =H AcA(0)
6A(Z)=CA (5)
cis(O) = cb(Z) = cb
In connection with the above boundary conditions, it can be remarked that
the chlorine concentration in the liquid side boundary film must be (and may

be) regarded as a constant one, only in the sense that during the solution of the
mathematical model calculation can be made with a pseudo-first order reaction.

Solution of Eq. (4) taking into account Eq. (5):

1 *
-~ CA—<Ca *
Jeor e — exp (he) + cal—onea exp (—he) («)
—— cu -

ol cul
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where :
j &+ &0
=Yy D a

on = exp (X2)

The gas side balance equation of ethylene (for the boundary layer) :

, dZA
-Da<l)Q

The boundary conditions :
*

cA(0)= —
Ha

ca(Z') = ca

Vol. 6.

)

(8)

©)

(10)

In the description of Eq. (9) it was tacitly taken into consideration that in the
gas phase, ethylene dichloride vapour is also present, in addition to ethylene
and chlorine, and the ratio of the ethylene and chlorine feed rates isnot equal to

the ratio of absorption rates.
The solution of Eq. (9—10) is as follows:
*

ca

—_————op *

y H a ca
CA- X+

z H a

The connecting condition for gas and liquid phases:
Ra=Ha
The absorption rates are the following:
e e AA
AR TACIa
, o dild
AA= -RA(D * r=0
Let Eq. (6) be replaced into Eq. (13):
G G *

ca — cuiCa

Now let Eq. (11) be replaced into Eq. (14):
*

CA |/

(11)

(12)

(13)

(14)

(15)

(16)
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Following from Eq. (12), (15) and (16):

(17)

where :

(18)

D a
2t (19)
In Eqg. (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. If we express c* from Eq. (17) and replace it to Eq. (16) after suitable
transformations, the following equation is gained:

1

Ra=- '[{HAChY/c'a_Ca] 20y
HxchY shyY
Y%a +DaX
where :
Y =Xz
and
shy
(21)
Da |
The complete component transfer coefficient for ethylene :
1
&A(COMP.) —— immmmmmmmmmmomeeee (22)
HAchYy ~ 1
KA KA

The complete component transfer coefficient for chlorine follows from the
assumption made during the model construction:
|
KB(COTp.)~ - (23)
Hb 1

KB KB

So the absorption rate for chlorine :

R b —— jmmemeeeees (Hbcb—Cb) (24)

HB 1

KB KB

The gas side component transfer coefficient of ethylene is the following:
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In order to calculate the component transfer coefficients, the value of Y has
to be known. After suitable replacements and transformations, the following
expression is gained :

From Eq. (26) the value of Y can soon be calculated at the given operational
parameters, ifthe absorption rates, the concentration in the bulk of phases and
the material constants are known. Then the transfer coefficients can be cal-
culated as follows :

VZ)a(&1Ch + &2Cb)

&A= sh Y (27)
Rsz%'i‘ _I; £icb[;ak—iCB (18)
P HeHB (29)

HBcB—€B-
KB

The gas side mass transfer coefficient for ethylene can be calculated from Eg.
(25) and (29).

5. Evaluation of the Experiments

During the evaluation of the experiments carried out in the equipment of
constant, known transfer surface values of component transfer, the coefficients
were calculated from the measured data (Tables 3 and 4).

A comparison of adequate liquid and gas side component transfer coeffi-
cients show that they are of equal order, altough the liquid side transfer coeffi-
cients are slightly larger. So for the given equipment, there is mass transfer
resistance both on the liquid and gas side.

The kAand kBvalues summarized in Table 3, do not show definite changes
either against gas composition (M) or temperature. However, if the calculated

kA (and kB) values are plotted against the total gas feed rate, taking into ac-
count common changes of B'/Aand M', an ascending series of points is gained
(Fig. 6).

Starting from the tendency shown on Fig. 6, an empirical correlation was
given between the component transfer coefficient and the gas feed rate. The
adequate correlations are of the following form :

K=A1BA+A2BA+AZB'+Ai (30)

The coefficients of Eq. (30) are given in Table 5.

In order to control the interpolation formula 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==09 v =10 M==12 M =14
(nn%%PZ!s(l) CI)) BIA 1Bk 107 10R&s IBIA 1Bks I1BIA 1Bke
(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 1.03 113 112 1.19 112 1.18 1.00 1.06

30 2.35 2.74 2.40 2.66 2.30 2.62 2.42 271
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

30 452 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 5.24 452 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 6.16 531 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 10 15 20
10" B (mole mi2 s")
Fig. 6.
Liquid side component transfer coefficient for ethylene as plotted against the gas feed rate
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Table 4.
Calculated gas side component transfer coefficients
w0a e
(mole m~2s-1) (0 IC2 k8 (Ms"])
30 1.18 1.19 1.18 113
2.667 35 1.03 1.10 111 1.08
40 1.05 1.00 1.06 112
30 1.66 1.78 1.67 1.56
3.650 35 145 1.67 1.65 1.56
40 1.62 171 1.58 1.64
30 2.10 2.19 1.99 191
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 35 241 2.80 291 3.01
40 2.37 2.94 2.82 2.95
Table 5.

Coefficients of Eq. (30)

Transfer coefficient Ai Az As At

kA 2022 -1.047 0.184 -0.0059
1914 ~1.006 0.182 -0.0056
-0.358 -0.015 0.032 -0.0004

The differences of the calculated and measured absorption rates were cal-
culated as follows :

A=TR T 100 (31)

The calculated A 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 this cases they are within limits oferrors generally accepted in
literature that deals with absorption.
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Table 6.
Calculated absorption rate values
M'=0.9 nr==1.0 3r==1. M'==1.4

102 b'a T o "

(mole m-2'5-1) ccy  102(n), to2(ae)s 102aa)s 10<(1e), 10%(An), 102(fib)s HO2(fl2)5 10r(gs).
(mole m-2s-1)

30 1.494  2.711 1.538  2.462 1.618 1.987 1.405 1.685
2.667 35 1.268 2.728 1.468  2.453 1.509 1.981 1.288 1.675
40 0.915 2.373 1.373  2.245 1.408 1.971 1.180 1.662
30 2.760  3.808 2,771  3.484 2.695 2.842  2.399 2.735
3.650 35 2.667 3.816 2.672  3.478 2.599 2.846  2.327 2.711
40 1.483  2.598 2.561  3.184 2.484  2.838  2.412 2.430
30 3.378 4.606  3.371  4.182 3.438 3.537  2.975 3.390
4.430 35 3.272  4.609  3.260  4.177 3.326 3.534  2.749 3.185
40 2.505  3.655 3.131 3.831 3.914  3.527 2.570 2.712
30 4.192  5.713 4.165  5.148 4.333 4.415  3.761 4.504
5.868 35 4.070  5.725 4.056  5.158 4.182 4.411 3.759 4.548
40 3.029  4.680  3.890  4.734  4.022 4.397  3.548 4.345
30 4.386  5.977 4.558  5.649 4.863 4.984  4.843 5.639
7.290 . 35 4.258 5.993 4.435 5.678 4.708 4.976  4.432 5.224
40 2.850  4.593 4.250  5.204 4.536 4.969  4.177 4.993
30 4.458  6.013 4.612  5.823 5.056 5.172  4.984 5.176
8.935 35 4.322 6.007 4.538  5.792 4.905 5.177  4.612 5.129
40 3.375  5.147 4.329  5.418 4.728  5.167 4.491 5.268

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 of qualitative conclusions taken
during the determination of the suitable values for operational parameters can
be found. Following from definitions of conversion and yield :

BA=B AX + B KIcA (32)
1lb= Ba(2X —H) + jBkicb (33]

From Eq. (32) and (33):
BAH = 2Ka—R b+ Bki(cB —2ca) (34)

Eqg. (34) is naturally also valid for the replacement of the calculated absor-
tion rate values. Regarding the similar changes of the calculated and measured
absorption rates against the operational paramaters, and the equality of
i2kj(cB— 2ca) both for the calculation of B'’AH and (BA11)S, the calculated and
measured quantities of ethylene dichloride also vary similarly.

o*
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Table 7.
N1 values calculated from Eq. (31)
M ==0.9 m'==1.0 M'==1.2 M'==1.4
102 B a T
Jil:] A
(mole m-2s-1) (°0) nn MK 48 ain B nn e
(%)
30 28.5 li.i 24.3 3.6 221 -6.3 4.4 -10.8
2.667 35 30.6 26.9 30.7 121 25.8 -0.9 3.7 -6.3
40 22.7 32.8 29.3 22.7 26.4 3.8 2.3 -3.5
30 25.1 86 18.0 -2.7 15.0 7.0 5.2 3.7
3.650 35 38.9 24 .4 208 3.2 12.1 5.8 4.8 2.9
40 30.4 18.6 25.1 0.5 15.9 1.9 13.4 -5.9
30 17.4 3.8 13.2 -5.7 18.8 -5.0 11.3 4.7
4.430 35 34.2 21.5 10.9 -3.9 18.4 -2 .4 12.4 5.8
40 28.2 13.3 202 -5.3 17.9 -1.8 15.6 -2.7
30 28.8 15.6 8.9 -7.5 11.4 -9.1 6.7 5.2
5.868 35 48.3 36.3 10.5 -3.9 13.3 7.0 86 6.3
40 38.2 31.9 18.9 -4 .2 16.4 -7 .4 10.3 7.5
30 29.9 18.2 16.3 -1.2 18.5 -5.0 12.4 6.9
7.290 35 48.0 38.0 17.1 3.4 20.4 -3.3 15.1 80
40 28.5 29.3 19.9 -2.0 26.3 18 10.7 3.8
30 27.6 15.4 12.5 -2.3 19.1 -5.9 86 -2.7
8.935 35 44.3 33.5 15.6 -2.1 20.4 -3.1 13.1 -0.5
40 43.9 39.1 18.5 -0.7 22.4 -0.2 120 3.2
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SYMBOLS

coefficients; Eq. (30);
gas feed rate relating to the surface unit, mole m-2 s-1;
concentration in the bulk of the liquid, mole m-3;
concentration in the bulk of the gas, mole m-3;
surface concentration in the liquid phase, mole m-3;
concentration in the boundary film formed along the gas-liquid contact surface,
mole m-3;
diffusivity, m2s-1;
lyield, %
\H eoty’ constant, mole m-3 at-1;

H'=HRT reduced Henry’constant;

K selectivity, %;

k\ rate constant of addition, m3mole-1 s-1;

kz rate constant of substitution, mémole-2 s-1;
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K liquid side mass transfer coefficient, m s-1;
k' gas side mass transfer coefficient, m s-1;
M' ethylene-chlorine molar ratio in gas phase, mole/mole;
] fgas constant, m3at K~I mole-1;

(absorption rate, mole m-2 s-1;
T temperature, °C and K ;
X conversion, %;
X co-ordinate, m;
Y see Eq. (21);
A difference of calculated and measured values, %;
n see Eq. (7);
to see Eq. (8);
Indices
A ethylene
B chlorine
ki output value
S calculated value
Other signs

value relating to the gas phase

mean value
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PESIOME

B 13BECTHO Ha OCHOBE NMTEPATYPHbIX [aHHbLIX YCTAHOBKE C MOCTOSHHOM MOBEPXHOCTbIO COMpPU-
KOCHOBEHMs rasa W XWAKOCTM, 6blna uccregoBaHa a6copbuus, COMPOBOXAaeMas XUMUYECKON
peakumeii, 06pasoBaHneM 1,2-AMXN0p-3TaHa, ABAsIOLLE/CA B JaHHOM Clyyae MO/e/NbHOM peakuuein.
BbINM YCTAHOBNEHbI Te 3HAYEHMs NapaMeTPOB NPOLECcca, NpK KOTOPbIX B AaHHOW YCTaHOBKe MOXET
GbITb MONMYYEHO HaMGOMbLIEe KONMYECTBO 1,2-AMXN0p-3TaHa. STW fAaHHble NpeAcTaBAsioT co6oi
OCHOBY /11151 pPa3apaboTKy NPorpaMMbl NPOBEAEHNS CEPUM IKCNIEPUMEHTOB, Lie/Iblo KOTOPbIX ABAsSeTCS
uccneaoBaHme poTaLyMOHHONo NAEHOUYHOTO annaparta, B3STOro B KauecTBe peakTopa.

LN onucaHus uccnesyemoii CUCTeMbl U ANsi KONMYECTBEHHOI OLEHKM YCNIOBWIA npolecca nepe-
Jaun KOMMOHEHTOB, 6bina paspaboTaHa OAHOMEpHas AU(EY3MOHHAA MOAeNnb. Ha ocHoBe 3Toii
MoZenu 6bIN0 YCTAaHOBMEHO, YTO B laHHOM YCTaHOBKE Kak CO CTOPOHbI rasa, Tak M CO CTOPOHbI
XUOKOCTW MMEKTCS CONpOTUBEHUS, NPensTCTBYOLME Macconepeaaye, U BeUUYNHBI 3TUX COMpO-
TWUBNEHWUI CPABHUMBI.
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The applicability of rotary film equipment as a reactor to carry out
chemical reaction accompanied by gas-liquid mass transfer was inves-
tigated. Values of operational parameters to produce as much ethylene
dichloride as possible in the given equipment were determined. On the
basis of experimental data, rotary film equipment was compared with
other laboratory equipment and the advantages of rotary film equip-
ment to carry out the given model reaction were proved.

The application of the earlier developed mathematical model was
investigated to describe processes taking place in rotary film equipment.
Semiempirical correlations were given using the values calculated by
the model. By these correlations, the yield characterizing the operation
ofrotary film equipment as a reactor can be calculated in the know-
ledge of gas feed rate, peripheral speed of the blade and reaction
temperature.

1. Introduction

Rotary film equipment ensuring relatively short mean liquid residence time can
usually be applied to carry out reactions having a high enough reaction rate in
order to reach the desired conversion for residence time of second magnitude.
However, the residence time can be regulated within certain limits, changing
the lenght and form ofthe reactor and type of rotor, and in order to increase the
extent of conversion, partial recirculation can also be applied.

An important condition to apply film equipment as a reactor is to construct
separated reaction zones on the heated surface ofevaporator. 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. At the same
time, during the construction of film reactors, the requirements that originate
from the changed purpose have to be taken into consideration.

With regard to the reactions that can be realized in rotary film equipment
reference is made to [1].
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Surveying the numerous references to be found in literature, it can be seen
that the investigation of the reactions realized in a film reactor [2—5] is in a
relatively initial state. For this reason, the aim was to invastigate the conditons
formed in rotary film equipment in the case of a model reaction of industrial
and theoretical importance, viz. ethylene dichloride formation.

2. Experimental Assembly and Technique

The experiments were carried out in laboratory scale rotary film equipment of
0.05 m2active surface. The reactor itself was a cylinder of 50.7 mm inner dia-
meter and 0.413 m length, and equipped on both sides with stubs for thermo-
meters and feeding. The cylinder was covered with a cooling jacket.

Based on earlier experimental data, the gas and liquid phases flowed con-
currently through the reactor. The rotor consisted of 5segments with 4 narrow-
ing plates of 50.4 mm and was equipped with wiping blades.

The experimental assembly was described in Ref. [2].

For the given experimental assembly, in the case of the given model reaction,
the transfer and hydrodynamical conditions within the reactor are influenced by
the following parameters:

temperature of reaction;

peripheral speed of the blades;

quantity of the solvent fed in time unit;

. quality and concentration of the catalyst in the solvent;
. ethylene feed rate;

. ethylene-chlorine molar ratio.

ocuswNE

The temperature of the reaction was maintained at a constant value, viz.
30 °C on the basis of experiments carried out in equipment of known transfer
surface [6], because the aim was primarily to study the effects of those parame-
ters characterizing the operation of rotary film equipment.

The peripheral speed of the blades varied from 0.99 to 5.83 m s-1. For the
given rotary film equipment 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.
that can be applied because of construction reasons.

The feed rate of the solvent was approximately constant. The peripheral
liquid load varied from 6.49-10~3to 6.59-10~3kg m_1s_1.

As a catalyst, 0.1% FeCl3previously dissolved in ethylene dichloride was used
in accordance with the results of kinetical investigations. The quantity of
ethylene fed in unit time varied from 3.766-10-2 to 11.434-10“2 mole m~2s-1
relating to the active surface of film equipment, partly on the basis of the re-
sults described in [6], and partly that of preliminary experiments.

The ethylene-chlorine molar ratio in the gas mixture varied between 0.9 —1.1.

During the realization of the given model the reaction volume of liquid
being present in the equipment at a given moment—per definition of the hold
up—can be regarded as the active volume of the rotary film equipment. For
this reason, prior to the actual experimental activity, the hold up values were
determined and from these, the values of mean residence time at different pe-
ripheral liquid loads were calculated (Table 1).
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Table 1.

Measured bolp up and mean residence time values for
ethylene dichloride in rotary film equipment of 0.05 m2
active surface

10 s 103r Vv 10« N t
(M3m-2s-1) (kgm-1s-1) (ms-1) @3 ®
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 1.7 8.1
1.83 8.0 85
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
parameters we waited 20 minutes until the steady-state operation was reached
and then measurements were made for 5 minutes. Three parallel experiments
were carried out at every set of parameters.

3. Experimental Results

Using the data of the experiments in rotary film equipment, the conversion,
yield and selectivity values were calculated for ethylene as the basic component
in a manner given in [0]. In Table 2, the values measured at some ethylene feed
rates and peripheral speeds of the blades in the case of equimolar gas mixture
feeding are summarized.

If the effect of the different operational parameters are investigated, the
following conclusions can be drawn : increased peripheral speed for all investi-
gated molar ratios and for all feed rates increases the quantity of formed ethy-
lene dichloride; obviously this is connected with increased intensity of gas-
liquid mass transfer (Fig. 1. and 2).

The amount 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.

Vol. 6.

Data of experiments carried ovit in rotary film equipment

M '=1.0 mole/mole

102 JBa \
(mole in-2s_1) (ms-1)

59
14
S3
91

4.534

(S J NURY LRN

1.58
3.14
4.81
5.82

6.400

58

18
85
84

9.034

(3, B VRN

.56
18
75
82

11.434

[3 I VRS

iiya:
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Fig. 1.
Quantity of formed ethylene dichloride as

plotted against the peripheral speed of
blades I.
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Fig.

g. 2.
Quantity of formed ethylene dichloride as
plotted against the peripheral speed of

blades II.

However, the quantity of ethylene dichloride slightly changes with increased

ethylene-chlorine molar ratio (Fig. 4).

Following from the above mentioned, the gas mixture fed to reactor must be
equimolar or so. This statement is in contradiction, e.g. with that described by
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1®B (role r> ffl)
1 13511 12800 12218
2 16%1 16068 15338
3 19072 18063 17.247
Fig. 3. Fig. 4.
Quantity of formed ethylene dichloride as Quantity of formed ethylene
plotted against the ethylene feed rate dichloride as plotted against

ethylene-chlorine molar ratio

Galitzenstein [8], who aimed to make a complete absorption of ethylene and
thus the conversion by ensuring chlorine excess in the gas mixture. However,
in a rotary film reactor having more favourable transfer conditions, compared
to equipment 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“1corresponding 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 plotted against ethylene feed rate

value of B' in the given equipment is approximately 14-10~2 mole m~2s-1,
because at this value the amount of ethylene dichloride still increases with 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 parameters, the conversion of
ethylene is 50% while the yield is 45%. The produced mixture of the products
contains 92.5% ethylene dichloride and 7.5% ethylene trichloride. These data
refer to the favourable applicability of the rotary film equipment to realize the
given model reaction, despite the short residence time 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

Ethylene feed

Type of Volume T X Refe-
0

equipment (m>) (moles-1)  (molein-3s1y (O (4 rence Note
Cont. stirred 3.50.10-4 0.136.10-3 0.389 0 735 9] in presence
tank 0.542-10-3 1.549 45.4 of light
Cont. stirred 1.10-10-4*  0.878.10-3 7.981 55 39.0 [10] in presence
tank 1.438.10-3 13.072 33.7 of light
Bubble 1.88.10-4*  0.416-10-3 2.212 55 41.9 in presence
column 1.210.10-3 6.436 35.4 (Nl of light
Rotary 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 equipment and some conversion values measur-
ed by us at the highest investigated peripheral speed of the blades are summa-
rized. The fed gas mixture was always equimolar.

For continuous stirred tank reactor and bubble column, the volume of the
liquid phase was regarded as the basis of comparison—for both types of
equipment it is approximately equal to 70—80% of the total volume of the
equipment—while for rotary film equipment, the actual volume calculated
from the geometrical sizes of the equipment was taken as the basis of compari-
son. As it can he seen this volume is equal only to 1.5% for the total equipment
volume.

The higher ethylene feed rate values relating to the unit of volume and the
higher conversions in rotary film equipment at similar feed rates unambigously
prove the advantages of the latter equipment.

4. Evaluation of Experimental Results

For the series of experiments carried out in rotary film equipment, quantities of
dissolved, but unreacted gases in a liquid phase leaving the reactor were deter-
mined in some cases. The concentration of dissolved unreacted ethylene varied
from 4 to 8 mole m~3 while that 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 RAsa and _iB-a in
the rotary film equipment. However, in order to study the applicability of the
model described in [6] for rotary film equipment, we would also know directly

the Raand EB values.

As it is known, in rotary film equipment the gas-liquid contact surface chang-
es depending on the values of the operational parameters and in most cases
can be determined only with difficulty. For rotary film equipment having ro-
tors with wiping blades, K ovacs [12] determined the surface with 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 attributed to the surface de-
creasing effect of the bow wave formed by a rotor with wiping blades.

In accordance with the above value and taking into account the hold up
values summarized in Table 1 for the studied rotary film equipment the value
ofavaries from 5.5 X 10-3to 7.3 X 10~3m2m~3. The absorption rates determined
by these a values are shown in Table 4.

Table 4.
Absorption rates measured in rotary film equipment
M'=0.9 JI'==10 nr=11
102 B'A v . . ]
(mole m_2s_1) (m s-i) 10'1 a 102 Ns 102 jsA 102 fiB 102 N 102 8
(mole m-2s-1)
3.766 2.158 2.301
4.534 2.434 2.598
5.266 2.691 2.891 2.775 2.959 2.517 2.665
6.400 5.85 3.520 3.784 3.475 3.712 3.187 3.386
6.034 3.663 3.945 3.615 3.864 3.503 3.736
9.034 4.074 4.391 3.902 4.173 4.047 4.318
10.334 3.947 4.227
11.434 4.002 4.288
2.17 2.458 2.643 3.069 3.286 3.045 3.254
3.17 3.189 3.390 3.246 3.471 3.141 3.350
8.034 4.00 3.422 3.655 3.390 3.615 3.262 3.479
4.83 3.535 3.800 3.454 3.688 3.431 3.655

Following from the consideration relating to the operation of rotary film
equipment as a reactor, the film model of [6] cannot be applied to describe the
transfer process in rotary film equipment in an analogous manner as in equip-
ment of known mass transfer surface, because in the former equipment the
concentration not only changes in an x direction, being perpendicular to the
gas-liquid contact surface, but also along the longitudinal axis of the equipment
(y co-ordinate).

The mean values of the ethylene and chlorine concentrations, necessary to
calculate the mass transfer coefficients, were determined using the results of 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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unit of time, in the basis of above mentioned, the following equations are gain-
ed:

BAFH —Vkic\ca Q)

BAF (X -H ) = Vk2cAcB (2)

The component transfer coefficients were determined according to model [6]
using cAand cBvalues 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'==09 M'==10 M =11
102 Ba * 102 *B 103 fA 103 103
(mole in-2s-1) (ms_1) 103 *A As 103 7a kb
(ms-1)
3.766 2.05 2.25
4.534 2.86 3.13
5.266 4.28 4.69 4.30 471 4.47 4.90
6.400 10.88 12.45 12.41 13.59 11.30 12.37
8.034 5.85 14.00 15.34 15.68 17.17 14.10 15.44
9.034 16.58 18.16 17.25 18.89 16.02 17.52
10.334 19.76 21.64
11.434 20.13 22.03
2.17 8.17 8.94 8.43 9.23 8.73 9.56
3.17 8.89 9.74 9.69 . 9.58 10.49
8.034 10.62
4.00 11.89 13.03 12.76 13.97 12.58 13.77
4.83 13.07 14.32 14.64 16.03 13.30 14.57

Table 6.

Gas side component transfer coefficients calculated fo* rotary film

equipment
0.9 1.0 )
102 Ba v 11
(mole m-2s-1) (ms-1) 103 £b (M s-i)
3.766 11.49
4.534 12.29
5.266 15.41 14.51 13.37
6.400 5.85 20.95 21.60 18.17
8.034 22.96 23.05 21.48
9.034 27.14 27.69 26.09
10.334 31.56
11.434 33.67
2.17 12.63 13.79 13.45
3.17 . . .
8.034 15.12 15.60 16.04
4.00 17.56 18.04 17.09

4.83 19.73 20.49 20.04
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From these Tables becomes evident that :

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.

¢) The liquid side component transfer coefficient of the chlorine generally is
higher by 10% compared to the value calculated for ethylene.

d) If the gas and liquid side coefficients are compered it can be seen that in
rotary 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 determined in equipment
of known transfer surface [6] and for rotary film equipment at approximately
similar gas loads (Tables 5 and 6) shows that in rotary film equipment the
adequate liquid side coefficients are 1.2—3 times higher, while the adequate gas
side coefficients are 5—10times higher. This means that in rotary film equipment
the intensity ofthe mass transfer partly increases as a consequence of decreased
liquid side resistance, and primarily 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 =(AIB's + A2B'2+A4)v°-A )

Coefficients of Eq. (3) are summarized in Table 7.

Table 7.
Coefficients of Eqg. (3).
Transfer .
coefficient At ar Jik] Ai
-1.947 0.639 -0.004 -0.002
KB -2.009 0.637 0.005 -0.003
rB 1.357 0.580 0.136 -0.004

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 at a given constant gas load
(Fig. 6and 7) sothe rotary film equipment really must be operated at the high-
est peripheral speed that 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).

It becomes evident from the above mentioned that for the studied rotary film
equipment in the case a given model reaction, the peripheral speed of the blades
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o ) Fig. 6. o Fig. 7.
Liquid side mass transfer coefficient for Gas side component transfer coefficient
ethylene as plotted against peripheral as plotted against peripheral speed of
speed of blades blades

K"B (mole m2s")

Fig. s. Fig. 9.
Liquid side component transfer coeffi- Gas side component transfer coefficient
cient for ethylene as plotted against the as plotted against gas load

gas load

and the gas feed rate are the two operational parameters that primarily 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
parameters. In this manner, the transfer process would be described by semi-
empirical correlations, however, this fact is not in contradiction with the pur-
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 ofthe given system and the mathematical problems originated from
the complexity—but we aimed to give correlations so that the transfer para-
meters can be calculated with sufficient accuracy.

The mean gas concentrations in a liquid phase that are calculated by Eq. (1)
and (2) can be given by the following empirical correlations:

GA=voas(AiB'i + As)Hc’A )
and:

cB=voob(EiB'+Ef)Hbc'b (s)

Coefficients of Eq. (4) and (5) are to be found in Table 8.

Table 8.
Coefficients of Eq. (4) and (5

Ax -10.398
A2 4.386
As 0.365
Ei 0.222
E: 0.803

The driving force of the mass transfer follows from Eq. (4) and (5):

Ack =Alcd1- u°B(diB'2=A ie’+d 3] )
Acb—H bG[1—voM(E iB '+ ET)\ @)

On the basis of Eq. (3) and (6) —(7) the absorption rate can soon be calculated
in the knowledge of the reaction temperature gas feed rate, and peripherical
speed of the blades, and using the absorption rate—assuming the quantity of
dissolved but uncreated gases at the outlet point of reactor to be negligibile —
the yield from the

Bafl = 215 —Bs (8)

correlation gained by the modification of Eq. (34) in [6]. Differences between the
calculated and measured yield values were calculated as follows :

A=— 100 9)

The results summarized in Table 9 show that 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 equipment of
a larger size.

7
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Table 9.

Calculated absorption rate and yield values in rotary film equipment

102 An
(mole m*“2s-1)

3.766

4.534

5.266

6.400

8.034

9.034

10.334

11.434

4.00

4.83
5.83

2.17
4.00
4.83

5.83

2.17

4.00

4.83
5.83

2.17
4.00
4.83
5.83

2.17
4.00
4.83

5.83

2.17
4.00
4.83

5.83

2.17
4.00
4.83
5.83

2.17
4.00
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.390 1
795 1.
.884 1.
.986 2.
.842 2.
.381 2
426 2
.534 2.
.396 2
.825 3.
907 3.
.993 3
791 2
.298 3.
413 3.
527 3.
916 3.
484 3.
627 4.
715 4.
178 3.
520 3.
641 3.
.837 4.
.372 3.
.623 3.
.710 3.
.039 4.
484 3.
.690 4.
.783 4.
.165 4.
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644
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942
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SYMBOLS

Ai—A 4 coefficients;

a specific transfer surface, m2 m-3;

B liquid feed rate, m3m-2 s_1;

B' gas feed rate relating to surface unit, 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-s ;

E:—E: coefficients;

F surface, m2;

H yield,

H' reduced Henry’s constant;

K selectivity, %;

kt rate constant of addition, ms mole-1 s_1;

Kr rate constant of substitution, mes mole-2 s-1;

K liquid side component transfer coefficient, m s-1;
k' gas side component transfer coefficient, m s-1;
M' ethylene-chorine molar ratio in gas phase, mole/mole;
R absorption rate, mole m-2 s-1;

T temperature, °C or fC;

t mean residence time, s;

\Y peripheral speed of blades, m s-1;

\ hold up, m3;

X conversion, %;

X,y co-ordinates, m;

Greek letters

r peripheral liquid load, kg m_1s_1;
A difference of calculated and measured values, %;

Indices
A ethylene .

B chlorine
S calculated value

Other signs

value relating to the gas phase
— mean value
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PE3IOME

ABTOpamy 6bina M3ydeHa NPUMEHWMOCTb POTALMOHHOIO MAEHOYHOrO anmmnaparta, Kak peaktopa,
B LENsX MpoBefeHNsl XUMUYECKOi peakLuu, COMpPOBOXAAeMOi Mmacconepenaueil B cucTeme ras-
XWAKOCTb. BbiNy onpefeneHbl Te 3HaueHUs mapameTpoOB MpPOLIEcca, MPW KOTOPbLIX B flaHHOW ycTa-
HOBKE MOXET 6bITb MOSYYEHO MaKCMMa/ibHO BO3MOXHOE KOSMYECTBO [AUX/IOp-3TaHa, B pacuéTe
Ha eAMHMLY BPEMEHW U efUHNLY MOBEPXHOCTU. Ha OCHOBE MONYUYEHHbIX IKCMEPUMEHTAIbHbIX AaH-
HbIX 6bINI0 NPOAENAHO CPaBHEHME POTALMOHHOrO MAEHOYHOro annapaTta ¢ APYrMMuM YCTaHOBKaMu
nabopaTopHOro pasmepa, B pe3y/bTaTe Uero 0kasanoch, UTO MNEHOYHLIN annapaT o6nagaeT 60/b-
WYMW NPEUMYLLECTBaMI C TOYKM 3pEHMs NPOBEAEHNS AaHHOK MOennMpyemMoii peakuum.

WccnefoBanach Takxe NPUMEHseMOCTb pa3paGoTaHHOM paHee MaTeMaTWyeckon moaenu ans
OMKUCaHUs MPOLLECCOB, NPOUCXOASLMX B POTALMOHHOW NAEHOYHON ycTaHOBKe. C MOMOLLbIO Npu-
MEHEHNA 3HAYeHWiA, pacCUMTaHHbIX Ha OCHOBE MOENM, aBTOpPaMM Gblfv OnNpeaeneHbl NomysMnmpu-
yecKme 3aBUCMMOCTM, C MOMOLLbIO KOTOPbIX NP 13BECTHOI CKOPOCTM ra3oBBOAA CKOPOCTM NIONATKM
no nepuMeTpy M TemnepaType peakuyn, MOXHO pPaccuMTaTb BENMUMHY BbIXOAA, KakK BEMUUHY,
XapaKTepuaytoLlyto paboTy MNEHOYHOr0 POTALMOHHOrO annapara, PacCMaTpPMBAaeMOro B KadyecTse
peakTopa.
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STUDIES ON PARTICLE COATING. I.
FILM-COATING OF UREA PARTICLES IN FLUIDIZED BED
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The fluidization-atomization film-coating process, its applications
and results of film-coating experiments are presented. The effects
of various technological parameters upon the physical properties
of the coated particles and the quality of the film formed on the
particles were studied. Spherical urea and a water-insoluble film
forming plastic resin were used as test materials. Experiments were
carried out in a batch-operated laboratory scale fluidization apparatus
equipped with a conical flow-modifying 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 state
of the bulk of the solid particle (core). Coating can be commenced for a number
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 other
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 metacryl resins and their
copolymers, etc.) are applied as solutions (or melts) onto the particles by an
appropriate manner (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-automate
coating processes. It is a further advantage that by the selection of appro-
priate polymers the properties of the film can be easily controlled. Films
covering a relatively wide range of dissolution rates can be obtained by simply
changing the ratio of two ingredients [1]. Harada and Fujita [2] while study-
ing film-coating materials concluded that the resistance of the coating material
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against dissolution accounts for some 90% of the total resistance and so it
becomes the dissolution rate controlling factor. The dissolution rate is an
important factor effecting the physical properties of the coated particles during
use. Though the above figure determined from laboratory experiments mod-
elling the dissolution of coated fertilizers may appear somewhat exaggerated
it well demonstrates the importance of selecting the appropriate film forming
agent. This basic fact should not be overlooked when film-formation is studied
from an operational point of view and the optimum conditions of film-coating
are determined.

So far film-coating has primarily been used in the pharmaceutical industry.
Perhaps this is why, even today, the literature dealing with film-coating is
pharmaceutically oriented. Apart from the pharmaceutical industry, film-
coating could be of interest 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 préparates
(crystals, tablets, and granules) from external damage, decrease the irritating
effects upon oral administration and ensure direct absorption by the organism.
A new form of administering medicines is that of microcapsules. Instead
of raw or coated tablets of standard size the appropriate amount 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 time of fertilizers, they are given
a thin plastic coating [4] which, at the same time, disposes of their unwanted
hygroscopic properties. The advantages of the retarded action fertilizers are
as follows [2]:

— the availability rate of the fertilizer can be modified as required by the
given plant so the utilization rate of the fertilizer is considerably en-
hanced,

— component losses by drainage are decreased,

— the cost of fertilizing is decreased,

— the danger of excessive fertilizer application and its accumulation is
decreased,

— the harmful 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 thin
films.

There is another possibility to be utilized both in the pharmaceutical,
pesticide or animal feed industries, namely finely distributed minute amounts
of an active ingredient can be applied onto the surface of particulate (gran-
ulated) filler or support materials [5].

The aim of thin 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 motioning of the particles,
— the application of the coating material (and its conditions).
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According to the forces called upon to keep the particles in motion there
are processes using:

— mechanical energies and,
— the kinetic energies of flowing gases.

In the latter case, gas has a double role since it keeps the particles in motion
and increases the rate of film formation.

With regard to coating the tumbling-layer (rolling-drum or rolling-plate)
and the fluidization processes are important from point of view the mechani-
cally and the flowing gas agitated processes, respectively. There are a few
references in literature mentioning the use of other processes for coating,
but their significance is negligible.

According to literature, the main advantages of the 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 than
that formed in a tumbling layer [5]. It has been proved experimentally that
the quality of the coating formed is best when it is produced in a fluidized bed
(the degree of porosity is the lowest) [7].

Wurster was the first to describe the use of the fluidization-atomization
operation to coat particles [8, 9]. Following his publications, there was a uni-
versal interest in the operation as shown by the number of patents and papers
relating to coating by fluidization-atomization, the modification of his ap-
paratus, the design of laboratory and pilot plant 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 material in liquid form
(solution or melt) is atomized into the bed, whereupon the coating liquid is
uniformly distributed onto the surface of the intensly mixed particles, and
due to the evaporation of the solvent (the freezing of the melt or the completion
of the chemical reaction) a solid film, a pellicular layer is formed on the par-
ticles.

There is a general consensus that the success of any film-coating operation
apart from the surface characteristics and the mechanical properties of the
particles (rigidity) is ensured by a specific motion of the particles induced
in a bed. This motion is envisaged as the ordered, uniform, vertical recirculation
of 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. It can also be brought about by the
division of the air distributing support plate into two 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 same
purpose [7]. The high velocity air rising at the perimeter of the distributing
plate lifts the particles until, due to the loss of momentum caused by the
increasing flow section, the particles slide back along the conical insert—which
also transmits air sufficiently frequently and re-enter the circulation at some
point.
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The most important physical features of the coated particles are as follows :

— particle-size distribution,

— rolling features,

— wear resistance,

— release rate of the active ingredients.

These features, and the most important one particularly from the point
of view of application, the rate at which active ingredients are relaesed, depend
upon the quality of the 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 material of the
coherent film,

— the porosity of the film,

— the thickness of the film,

— the uniformity of the film.

A number of methods have been published in literature concerning the rate
of 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 sampled at appro-
priate intervals and extinction readings are taken at 550 nm.

Film-coating of NPK 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 method was developed. The dissolution rate ratio, rd was
measured as a function of time, defined as the ratio of the material dissolved
from coated to that 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 material ba-
lance based on their model shown in
Fig. 1 and postulations not detailed
here are as follows [2] :

dek(i)

& = Fleb(i)-ck() Q)

FbCh(O) = FhCh(z) + FKCk(i)*= Ve~ (2)
Under the conditions t= 0 and ck(t)=
0 the solution becomes:

1— zexp|-A—— 1 3)

Fig. 1 This equation will be dealt with
Model of the dissolution mechanism later on in detail.
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In the paragraphs below, the results of a project aimed at the determination
of the effects of the technological parameters (process, operation and appara-
tus) upon the quality of the product and the film-coating itself will be shown.
It is not the absolute value, but the trend of these changes which is of interest.
The assessment of the influence of the various parameters and the selection
of the primary operational controlling variables were the main goals sought
here.

Experimental

The schematics of the batch-operated laboratory-scale fluidization-atomization
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. Its height is 5 cm which is approximately equal to the mini-
mum fluidization height. The atomizer is located centrally above the layer.

Fig. 2
Schematics of the experimental apparatus
1 — coating chamber; 2 — conical insert; 3 —air distributor; 4 — pneumatic atomizer;
O — thermometer; ¢ — flowmeter; 7 — air preheater; s — auto transformer; 9 — mixed
liquid tank; 10 — pump; 11 — cyclone
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The main point governing its location is to keep as big a cross section wetted
as possible without sprinkling the coating material onto the walls.

Spherical urea fraction of narrow particle size distribution and an acrylic
resin dissolved in isopropyl alcohol were used as model materials. A colour
paint and fine talc powder were also added to the coating liquid.

An appropriate characteristic and a method to measure it were required
to sensitively monitor the changes of the quality of the film as a function
of various technological parameters. In the so-called dissolution-test, the time
required to dissolve a given amount of test material under standardized
conditions was determined. The amount dissolved from the coated particles
was related to the amount of the overall material and expressed as a percen-

tage (S %). It was due to this test that a water soluble basic material and
water insoluble coating were selected.

For further rating of the product, the efficiency of the coating application
and the degree of agglomeration were also determined.

The efficiency ofthe coating-application was determined as follows. A given
amount of water soluble particles coated with a water-insoluble film was
charged into distilled water and the basic material was dissolved. The coating
left over was washed, dried and weighed. The efficiency of the coating ap-
plication was expressed as a percentage relating to the total amount of coating
material atomized into the system.

The degree of agglomeration is expressed as the weight percentage of a given
particle size fraction determined by sieve analysis. These fractions were as
follows: over 1.6 mm for a starting material of 0.8—1.25 mm; over 2.0 mm
for a starting material of 1.25—1.60 mm and over 3.15 mm for a starting
material of 1.6—2.0 mm.

Results and Discussion

The effects upon the film formation and quality of the solid ingredients con-
tent (concentration) of the coating liquid, the ratio of the amounts of talc
and film forming agent, the feed rate of the coating liquid and its atomization
characteristics, as well as the temperature of the fluidizing air entering the
system were studied. Film-upbuilding was monitored via the three rating
characteristics mentioned above. The effects upon product quality of the
design of the apparatus, the presence or absence of inserts (conical, and sieve,
etc.), bringing about ordered particle movement were also studied.

The average dissolution rate and the efficiency of the coating-application
as a function of the talc content of the film forming liquid are shown in Fig. 3
and 4. Experiments proved that it is advantageous to add finely powdered
talc to the liquid for it resulted in an improved coating quality. The optimum
amount was 30% w/w. No additional amount above that limit had apparent
quality improving effects, while the efficiency of the application did in fact
significantly decrease.

At a constant talc-solid material content ratio (ct= 30 % w/w) the effects
of changing the solid material concentration (g/1) upon the quality of the
coating were studied. As it is shown in Fig. 5 this concentration had an op-
timum point with respect to the dissolution rate indicating the quality of the
coating. If the same amount of coating material was applied either from more
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Fig. 3
Average dissolution rate as a function of talc concentration

Fig. 4
Efficiency of coating application as a function of talc concentration

dilute or concentrated solutions, inferior results were obtained. As a resultant
of the two effects, a film of minimum dissolution rate is obtained at a certain
liguid concentration. The degree of dispersity of the 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 of the quality of the film
coating decreased. Under a certain concentration, however, dilution became
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Fig. o
Average dissolution rate as a function of the concentration of the coating liquid

detrimental to the quality of the film formed. With decreasing droplet size,
the dissolution rate showed no further decrease, in fact, it increased. This
is believed to be caused by the fact that the coating material in a droplet
was no longer sufficient to ensure continuous film build-up.

The efficiency of the coating-application was somewhere between 60—65%
and the amount of agglomeration was always less than 1%. This proved that
the talc-solid material ratio established was optimum over a wide concentration
range.

The other key variable of economic film-coating operations is the amount
of coating material necessary to ensure a given degree of protective action —i.e.
good quality film formation. The dry-weight of the atomized coating material
was related to the overall surface area of the initial particle charge and this
quantity was used for three different starting materials to monitor film
build-up. Results, i.e. average dissolution rate vs relative amount of coating
material and efficiency of coating application vs relative amount of coating
are shown in Fig. 6 and 7.

For all three starting materials, the dissolution rates steeply decreased
with increasing amounts of coating material on the unit surface area and
the dissolution rates corresponding to coatings of 1 mg/cm2indicated the very
best film qualities attainable in the given experiment. Above this value, the
dissolution rate was once again increased and it levelled off at a certain value.
This means that below a certain value, the amount of the coating matei’ial
applied onto the particle is not 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 that becomes
effective above 1 mg/cm?2 coating loadings. This is more pronounced at the
smallest and medium particle size fractions. The measured value for the
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Fig. s
Average dissolution rate as a function of the relative amount of coating material in
three batches of different initial particle size

70 W=34 5 s <
Ftarticla size
« -0.8-1.25mm (» X
X—125-1.6 mm
0-16 - 20mm

60

50 025 05 075 10 1.25 1.5

ab Ong/enfl

Fig. 7
Efficiency of coating application as a function of the relative amount of coating material
in three batches of different particle size

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 par-
ticles are weak, correspondingly they are easily broken at the air velocities
applied. Coating is damaged at these points of breakage as witnessed by photo-
micrographs. Most of the bridges formed remain intact 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 of the
coating application decreases. This phenomenon can be explained, on the one
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hand, by the ever growing impact 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 main steps of film formation in fluidization-atomization film-
coating are wetting and drying. Here drying takes place not only after, but
also with the wetting, so it imparts a significant influencing affect. The feed
rate and the degree of dispersity of the coating liquid might have a strong
effect upon the complex process of drying and wetting under the given ex-
perimental conditions.

The feed rate is an important parameter of economic operation since it
determines the duration of the experiment. There are a number of questions
to be answered in this respect: what is the range where it can be changed
to satisfy economic needs without sacrificing product quality? What 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 at decreased droplet size? Does the decrease of the droplet size
not influence the rate of the coating material losses due to the carry-out?
Answers to these and similar questions are sought in the following para-
graphs that discuss the experimental results obtained.

First of all let us examine —under conditions otherwise constant —the effects
of the changing coating liquid feed rates at different fluidizing air flow rates.
The average dissolution rate vs liquid feed rate relationship is shown as
Curve lin Fig. 8 at an atomization air flow rate of 0.35 m3/h. It can be seen
that the feed rate can only be changed in a rather narrow range without
impairing the quality of the coating. The dissolution rate also displays an

Fig. s
Average dissolution rate as a function of coating liquid feed rate
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Fig. 9
Efficiency of coating application as a function of coating liquid feed rate

optimum as a function of this parameter. 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 not sufficiently uniform and there is a
significant abrasive action in the bed. At higher feed rates, the formation
of bridges as discussed above can be assumed to take place which, as time
passes, break up in the bed. It is believed that these are the main causes of
film defects.

It should be emphasized that 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%. At an optimum feed
rate its value was 0.5%. Thus local overwetting on the surface of the particle,
and not that of the entire charge has to be combated, since temporary local
overwetting is entirely sufficient to cause bridging. With decreased droplet
size, the frequency of the occurrence of the above phenomenon can be de-
creased.

This is substantiated by Curve 2 in Fig. 8 describing the average dissolution
rate vs feed rate relationship at a higher atomizing air flow rate (0.47 m3/h).
The curve is similar, but the dissolution rates at any feed rate are lower
(cf. Fig. 9) and the efficiencies of the coating applications are higher than
those at the 0.35 m3/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 rate
(pressure) are shown in Fig. 10 from the optimum feed rate upward. The
dissolution rate approaches a lower limiting value as a function of this para-
meter for any feed rate. For increasing liquid feed rates, in turn, this almost
constant dissolution rate 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) at a given
liquid feed rate (4.3 ml/min). The magnesia method of May was selected
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Fig. 10
Average dissolution rate as a function of atomizing air flow rate at different coating
liquid feed rates

Fig. 11
Average size of atomized droplets as a function of atomizing air flow rate

to determine the droplet size distribution. With increasing atomizing air flow
rate the droplet size is continuously decreasing, yet smaller than a given

limit droplet size cannot be achieved at a given liquid feed rate, liquid con-
centration and atomizer orifice.
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The dissolution rate—the indicator of coating quality—inearly decreases

with decreasing average droplet size at a given liquid concentration and feed
rate (cf. Fig. 12).

vp IrPh |
Fig. 12
Average dissolution rate as a function of the average droplet size of the atomized coating
liquid

Not only the average size, but 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.

Q@ 00 05 00 046 05 05 060
\b [mvH

Fig. 13
The extent of agglomerization as a function of atomizing air flow rate
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As shown in Fig. 13, it can be concluded that the excessive agglomeration
witnessed in small initial particle size batches can be controlled by the appro-
priate 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. With
an increased atomizing air flow rate—i.e. with decreasing droplet size —
the dissolution rate also decreases (cf. Fig. 14). Thus, regardless of the erratic

Fig. 14
Average dissolution rate as a function of atomizing air flow rate

behaviour of the efficiency of the coating application, the quality of the
coating is undoubtly improved which can be attributed only to a decrease
in the number of film déficiences caused by a reduction in the number of
particle bridges which can break off.

The aim of the next experimental series was to study the effects of the con-
ditions of drying upon the structure of the film. Drying conditions can most
easily be influenced by changing the temperature of the air entering the unit.
The input air temperature was changed in the 20—70 °C range. Results are
shown in Fig. 15.

If the particles are fluidized by 25 °C air instead of 50 °C then a significant
change is brought about in the film quality. The increased dissolution rate
cannot be correlated with changes in the efficiency of the coating application
for the efficiencies are approximately equal in both cases. The sole reason
for deteriorated film quality is that the drying rate set by the 25 °C air flow
rate is too low. The film formed on the particles remains wet for too long
a period, it is damaged during collisions and becomes deformed.

Once the temperature of the fluidizing air is increased above 50—60 °C
the film quality again becomes impaired. According to calculations carried
out in connection with these experiments, the isopropanol content of the air
can change in the 0.1—3.0% range depending on the temperature of the air
entering the system. The experimentally established optimum temperature
is 50—60 °C corresponding to a relative isopropanol content of 0.4—0.5%.
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Based on this criterion an optimum feed rate can be assigned to a given
input air temperature and vice versa.

Comparative film coating experiments were earned out in apparatuses
of different designs. The results are summarized 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 that with particles agitated at an appropriately
intense rate, the primary factors influencing the characteristics of the coated

Starting material: urea fraction, 1.25—1.60 mm

Table 1
9b=1.0 mg/l w'=4.3 ml/min
c'=80 g/1 Fp =0.47 m3/h
ct=30% wiw I",=13.5 cm
Method of keeping Oi
the particles in motion g m3h

Simple fluidized bed 390
Fluidized bed with

sieve drum insert 370
Fluidized bed with
conical insert 350

Mechanically agitated
fluidized bed 370

35—51

35—46

30—46

30—43

Ym=5.4 cm

Y/Ym=17—-25

%

9.5

7.45

6.0

5.8

%

58.8

59.8

66.4

64.5

Particle size distribution, A Y%owW/w

less than
125

2.7

3.2

15

4.2

T

1.25-1.60

37.3

44.9

335

32.9

Tk =50—53 °c
°c

1.6-2.0

59.8

51.7

64.5

above
2.0

0.2

0.2

0.5

17
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particles and the coating itself are—apart from the types of materials in-
volved—the conditions selected to apply the coating. Selection of the appro-
priate 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 primarily
depend on the conditions of the coating, i.e. on the physical properties of the
coating solution, feed rate and atomization characteristics and temperature
values. Experience has shown that the majority of film defects can be traced
back to efficiency with respect to agglomerization collisions in the bed at some
appropriate time. The liquid, then solid bridges can in turn with passing
time break up leaving film defects behind.

Obviously, the basic material can be dissolved via membrane diffusion
even from perfectly covered particles. However, in our assessment, under
the experimental conditions applied this does not on the average exceed
3—b5%. Above this limit, in turn any added dissolution figures are due to film
imperfections. To substantiate this claim the following experiments were
carried out.

Dissolution of particles as a function of time was studied at a given liquid
concentration, feed rate and atomization air flow rates of 0.35 and 0.47 m3/h.
Results shown in Fig. 16 have been processed according to the model of
Marada and Eujita [2] developed to discuss the mechanism of fertilizer
dissolution from coated particles.

Results obtained with the coated particles considered having a good quality
coating substantiate this model (cf. Fig. 16, Curve 1). On the other hand.

Fig. 16
Kinetical studies on the dissolution rate
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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 intact film-coated particles can be con-
sidered a first order process, the rate of which is determined by the material
qualities of the basic material and coating, and the conditions of dissolution
tests. On the other hand, a different kinetics is seen in the case of particles
with a defective coating.

SYMBOLS
A — the extent of agglomerization, % w/w
Cch(t) — concentration of the dissolved component inside the film coating, g/cm3
CK(t) — concentration of the dissolved component outside the film coating, g/cm3
(€3 — eventual concentration of the dissolved component outside the film coating,
g/cm3
Cs — saturation concentration of the dissolved component, g/cm3
ct — talc concentration in the coating, % w/w
o — dry material content of coating liquid, g/1
des — average droplet size of coating liquid, m
G — initial weight of particle charge to be coated, g
b — relative amount of coating material on unit particle surface area, mg/cm2
K — overall reaction rate constant of dissolution, 1/h
S — average dissolution, %
Tb — input fluidizing air temperature, °C
Tk — output fluidizing air temperature, °C
t — time, min, hr
m — minimum fluidization bed height, cm
Y/Yn — bed expansion
Yp — distance of atomizing orifice from distributor plate, cm
Vo) — volume of the solution at the inner part, cm3
vk — volume of the solution at the outer part, cm3
Vv — Tk+F,, cm3
V" — flow rate of fluidizing air, m3h
\ﬁ — flow rate of atomizing air, m3h
— feed rate of coating liquid, mIl/min

— efficiency of coating application, %
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PE3IOME

ABTOPbl NPUBOAAT METOZ MAEHOYHOTO MOKPbLIBAHWA NYTEM PacMblINTENLHOTO MCEBAOOXKIKEHUS,
BO3MOXHOCTYW €ro NPUMEHEHNs, 1 fanee — 3HAKOMSAT C pe3ynbTaTamy MAEHOUHOTO MOKPbIBAHWS.
B X0/l 3TUX OMbITOB 13Y4anoch BAUSHME, OKa3biBaEMOE Pa3/IMUHbIMW TEXHONOTMUECKUMU XapaKTe-
PUCTUKAMU NNEHOYHOTO MOKPbIBAHMS Ha (IM3NYECKMe CBOIWCTBA rPaHyn 1 Ha KauyecTBO MAEHOYHOrO
MOKPbLITUS, 06pa3yloLLerocs Ha MOBEPXHOCTY FpaHyn. B KauecTBe Mofe/bHbIX MaTepuanos npu-
MEHSMNChL WAapo06pasHble rpaHy/bl MOYEBMHbI M 06pasylollas MAEHKY, HepacTBopuMas B BOfE
UCKYCCTBeHHas cMona. OnbITbl NPOBOAWANCL B Na6OPaTOPHONW MCEBAOOXKMKAIOLLEH YCTaHOBKe Mne-
PUOANYECKOTO AEACTBUS, CHABXKEHHOW KOHYCHOW BCTaBKOW ANs M3MEHEHWS HanpaBneHus noToka.
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Commercial reformate compositions were compared with equilibrium
compositions. The equilibrium aromatic content and the equilibrium
aromatic to paraffin molar ratio were good estimates of the corre-
sponding values for a commercial reformate. The effects of hydro-
cracking reactions on commercial reformate composition were exam-
ined. In order to make the equilibrium composition a better estima-
tion of the composition of the commercial reformate, a correction
accounting for the hydrocracking reactions was introduced.

Introduction

Ce—C9 hydrocarbons and hydrogen are the main components of catalytic
reforming mixtures. Chemical reactions bringing about no change in the carbon
number of the molecule, e.g. paraffin dehydrocyclisation, naphthene dehydro-
genation, and any isomerization [1], are more or less limited by the chemical
equilibrium. Since thermodynamically reforming conditions are very favour-
able for cracking reactions these are a priori excluded from the calculations.
This allows for a basic assumption, namely that in chemical equilibrium
the “class composition” (C6mole%, C7mole%, C8 mole%, C9 mole%) is constant,
e.g. it is the same as that of the class composition of the feed.

Due to the large number 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 mixture of 103 C6—C9 hydrocarbons and hydrogen were made with
the Sequential Unconstrained Minimisation Technique (SUMT) of Fiacco-
McCromik [5]. Calculations were carried out at constant pressure and tem-
perature. The chemical thermodynamics 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 that of the feed.

2. The real process is neither isothermic (there is some temperature gradient
of several centigrades along the reactor) nor isobaric (pressure is slightly
different in the successive different reactors, but almost constant in one
reactor).

Commercial experiments

Feed and reformate samples were taken from a commercial reformer with
periodically regenerated catalyst (0.35% w/w Pt/Al1203). '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 activity of the catalyst could be regarded as constant for our purposes.
The catalyst was regenerated twice, the last time 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
Density (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

COMPOSITION, MOLE %

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 36 =m 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 15.1 151
N 1.8 21 1.9 21
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 temperature levels for the four runs did not differ too
much, and were:

787 786 784 779 K 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 reformate flows for the four
runs of the commercial reformer are presented in Tables 1 and 2 (mole %,
C6—C9 hydrocarbons total 100 mole %). Though there are only small tempera-
ture differences a regular decrease of the aromatic content of the reformate
could be seen. The difference between the two extreme cases is 6 mole %

Hydrocracking reactions resulted in a change of the reformate 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) 0.760 0.766 0.747 0.756
Boiling point range
— lower end 48 58 44 50
(°C) — upper end 186 188 186 184
RON* 92 90 90 86
COMPOSITION, MOLE %
A 6.2 5.9 5.5 5.3
Ce P 21.9 211 22.9 24.1
N 15 19 17 2.3
A 18.0 17.7 16.1 14.9
C7 P 11.4 13.8 134 14.7
N 13 17 15 1.9
A 19.5 18.7 18.0 17.4
C8 P 5.4 5.6 6.5 4.4
11 0.4 0.6 0.6
A 11.0 10.7 11.6 11.1
c9 p 2.4 25 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

* Research octane number
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position (C6 mole % C7 mole % C8 mole % C9 mole %) compared with that
of the feed (Table 3). The C6 and C7 hydrocarbon content increased while
the C8and C9hydrocarbon content decreased.

Table 3.
Class composition of the commercial feeds and reformates
RUN
No- 1 2 3 4
CLASS
c6 23.7 25.0 23.0 254
FEED, c7 30.1 29.6 29.9 28.3
Mole % c8 27.7 29.1 27.8 26.4
c9 18.6 16.3 19.3 19.9
65) 29.0 29.6 28.9 317
REFORMATE, C7 311 30.8 33.1 315
Mole % c8 25.3 26.0 24.8 22.5
c9 14.6 13.6 13.2 14.3

The comparison of equilibrium and commercial results

Equilibrium calculations did not include cracking reactions. This is why
calculations were carried out twice for each run—once for the feed class
composition and the second time for the reformate class composition.

The aromatic content and the corresponding aromatic to paraffin molar
ratios in the reformates and in the equilibrium mixtures are presented in
Table 4. Calculated and experimental results agree very well. Calculated

Table 4.
Aromatics content A and aromatic to paraffin A/P molar ratio
in the commercial reformates and in the equilibrium mixture:
| — feed class composition
Il — 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 13
COMMERCIAL A, mole % 54.7 53.0 51.2 48.7
REFORMATE AP 13 12 11 1.0
EQU'L'BR'UM A, mole % 58.8 60.2 58.7 55.5
MIXTURE | AP 15 . 16 15 13
EQU|L|BR|UM A, mole % 54.3 53.6 52.5 48.3
MIXTURE 11

AP 1.2 1.2 11 1.0
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reformate class composition resulted in aromatic content rather close to the
corresponding experimental values. Differences between the corresponding
aromatic content (A mole % and aromatic to paraffin ratios (A/P) did not
exceed the 1.5 mole % and 0.1 values, respectively.

If the experimental and equilibrium aromatic 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.
RUN No 1 2 3 4
o COMMERCIAL 6.2 5.9 5.5 5.3
EQUILIBRIUM 1.7 1.6 1.5 1.3
c7 COMMERCIAL 18.0 17.7 16.1 14.9
EQUILIBRIUM 15.7 16.6 14.9 13.5
COMMERCIAL 19.5 18.7 18.0 17.4
¢8  EQUILIBRIUM 23.8 22.7 22.9 19.9
co COMMERCIAL 11.0 10.7 11.6 11.1
EQUILIBRIUM 13.2 12.8 13.2 13.7

the Ce, Cj and C8, C9hydrocarbon groups. The differences between experimental
and equilibrium aromatic content are shown below:

— in class Ce it was higher by about 4 mole %

— in class C; it was higher by about 1 — mole %
— in class Ce it was lower by about 2.5—5 mole %
— in class co 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 reformate class composi-
tions compared to the feed class composition:

— Ce content increased by about 5 mole % (+
— C; content increased by about - mole % (+
— Ce content decreased by about . mole %
— G, content decreased by about 5 mole %

The numbers given above are average, and at the same time, typical content
changes of the respective carbon number classes.

Paraffins and naphthenes of all carbon number classes were cracked under
reforming conditions, but the extent of the cracking depended on the actual
carbon number. A higher carbon number meant 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 other
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hand, the predispositions to hydrocracking did not depend only on the carbon
number. They also depended on the relative naphthene and especially the
paraffin content of any class of a given carbon number. On that basis, the
Cé6and C7classes were favourable. If the global paraffin content of a reformate
equalled 40—50 mole %, then the C6—C7 paraffin content was the same
30—40 mole % and the C8—CO0 paraffin content was only 10 mole % and
Ce—C9 hydrocarbons totalling 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
extent, the naphthene) content differently for each carbon number fraction.
This hampered the endeavour to achieve chemical equilibrium. Consequently,
if the concentration of the components subject to hydrocracking (paraffins
and naphthenes) in any carbon number class (mostly C6 and C7) was high,
then the relative extent of hydrocracking was high compared to that of the
aromatization. It resulted in a relative increase, beyond equilibrium levels,
of the aromatic content 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 mixtures was 3.4 (Table 6). The i—P/n —P ratios determined

Table 6.
Average molar ratios r—P/n—P
FEED REFORMATE EQUILIBRIUM

c6 1.0 1.9 2.8
c7 l.i 2.8 4.5
c8 1.8 4.5 4.5
c9 3.0 7.5 9.5
TOTAL 1.4—17 2.5—2.7 3.4

gaschromatographically are subject to some error because of the division
of two small numbers. However, commercial i—Vjn—P ratios were lower
than equilibrium ratio. In the case of the C8class, the equilibrium and com-
mercial i —Vjn —V values did agree.

Individual C8 aromatics were present in the reformate in equilibrium pro-
portions. If the C8aromatic content (moles) was taken as 100, then the relative
and average molar proportions of m-xylene/o-xylene/p-xylene/ethylbenzene
for the commercial reformate and the corresponding equilibrium mixture,
were as follows:

42 | 23/ 20/ 15 (commercial)
45/ 23/ 21/ 11 (equilibrium).

Despite some differences between global C8aromatic content in commercial
and equilibrium mixtures (Table 5), the hierarchies of the relative individual
Cgaromatic proportions were very similar. The coincidence of the equilibrium
and commercial data were even more evident when the corresponding
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——- 1-------- —ratios were compared. They were important from the commercial

point of view. For the four successive commercial runs these ratios were:
1.01; 0.95; 0.89 and 0.91. For the calculations they were taken equal
to 0.95.

It would be rather difficult to compare the individual compositions of com-
mercial and equilibrium mixtures by the present analytical techniques applied.
The composition of a C7mixture in a commercial reformate and in equilibrium
are shown here as an example of comparison. The data 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

TSR SR
1 toluene 16.0 14.60
2. n-heptane 2.9 2.60
3. 2-methylhexane 2.8 3.01
4. 3-methylhexane 3.6 331
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 aromatic content and aromatic to paraffin
molar ratio are good estimates of 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 C6and C7and a decrease in the C8and C9content.

3. In order to improve the match between equilibrium and commercial
reformate compositions, a correction has to be introduced into the cal-
culations. This is a correction of the class composition of the feed. In the
absence of experimental results the original input data 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 with corrected
feed data fit the commercial results very well.
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PE3IOME

CocTaB MpPOAYKTa, MOMYYEHHOro B YCTaHOBKe pediopMMHra 6eH3nHa, CPaBHWMBANCS C COCTABOM,
paccuMTaHHbIM Ha OCHOBE [JAHHbIX XUMUYECKOTr0 PaBHOBECUS. Bblf0 YCTAHOBNEHO, YTO CO/ep)KaHNe
apomMaTUyYecKMX COeAMHEHUI B NPOAYKTE, a TaKXKe MONAPHOE COOTHOLUEHWE apoMaTUYecKUX W na-
padUHHbBIX COeAMHEHMI B HEM XOPOLLIO COBMafanit C PacuéTHbIMM 3HaueHuaMu. MccneaoBanoch Tak-
Xe BMMSAHME peakuuii TMApoOKPeKnHra Ha cocTaB NpoayKTa pedopmuHra (pedopmar). Mpwn BbInon-
HeHUW PAcuYETOB LIeNecoo6pasHO BOCMO/Mb30BATLCS KOPPEKTUPYIOWMM (DakTOPoM, Mpu MoMOLLy
KOTOPOT0 NPUHUMAETCS BO BHUMaHWe BAUAHUE PeaKUmMidi TMAPOKPEKMHTa.
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The paper contains a study on some effects of a detergent additive,
and engine test severity on motor oil test results. Bench tests, model-
wear tests and field tests were carried out for this purpose by using
Ba-alkylbenzol sulphonate + Ba-thiophosphonate detergent additive.

Increasing the concentration of the detergent additive caused
significant improvement in the merit rating and in the wear reduction
of the test engine parts.

1. Introduction

Developments in the construction of the internal combustion engines places
ever increasing requirements on motor 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 motor oil test results. The “Ba-alkylbenzol sulphonate + Ba-
-thiophosphonate” detergent additive, which is also produced in Hungary,
was selected for this 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 Petter 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 the 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.
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Table 1.
Main operating conditions of the bench tests
Bench test number 1 2 3 4
Test duration, hours 120 120 120 160 200 120 160 200

nor- nor-

Characteristic of test severity mal mal more severe normal
- nor-  nor-
duration mal mal more longer more longer
Detergent additive content, % 2.7 7.0 7.0 7.0 7.0 7.0 7.0 7.0
Qil designation B A A A

Load, HP 5.3 5.3 5.2 5.2 5.2 5.3 5.3 6.2
Inlet air temperature, °C 21 24 29 29 29 29 27 30
Exhaust gas temperature, °C 377 388 430 430 430 383 373 379
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 6.9 101 11.3
Fuel consumption, g/hr 1086 1087 1092 1092 1092 1081 1076 1076

2.2 Model-Wear Test
The standard Reichert method was used for determining the anti-wear

properties of the oils used. The method is shown diagramatieally in Fig. 1,
the details of which are given in reference 4 and 5.

241%)N

Fig. 1

2.3 Field Tests

Two lorries were used in a field test procedure. The lorries were used under
severe conditions for carrying road building materials. The main technical
data of both lorries are shown in Table 2.
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Table 2.

Engine

Cycle

Number of cylinders

Position of cylinders

Bore, mm

Stroke, mm

Swept volume, litre

Compression ratio

Maximum power, bhp
at speed, r.p.m.

Maximum torque, kp.m
at speed, r.p.m.

Lubrication mode

Coolant

Oil capacity

Injection type

Effect of Detergent Additive

Data of engines

Vehicle 1

4-stroke Diesel
6

V/90°

130

140

11.16

16.6

180

2100

67
1500

24

direct injection

253

Vehicle 11

4-stroke Diesel

8

V/90°

130
140
14.86
16.5
240
2100

90
1500
pressure
water
32

2.4 Characteristics of Motor Oils

In the bench tests, Supplement-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 kept unchanged in all tests.

Table 3.

Characteristic ranges of the lubricating oils used by the different tests

Designation No.

Oil quality*
SAE grade

Specific weight, g/ml
Flash point, °C

Pour point, °C
Viscosity at 50 °C, cSt

at 100 °C, cSt
Viscosity index
Conradson carbon, %
Ash content, %
SO4 ash content, %
Acid No.
Colour, ASTM

Bench tests
Field tests
Model-wear tests

* Suppl.-1 = Supplement-1
HD = Heavy duty

A
Suppl.-1
30

0.900

245

-30

64.88
67.78
11.12—11.69
89—02
1.15—1.41
0.91—1.18
0.99—1.26
0.67—0.89
6.0—7.0

X X X

B

HD

30

0.896
240
-28
58.13

10.16—10.27
85—87
0.60—0.67
0.44—0.52
0.48—0.56
0.66—0.87
4.0—55

Base oil
30

0.892
231
-17
56.87

10.12
84
0.1
0.003

0.03
35

not
not
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The detergent additive was “Ba-alkylbenzol sulphonate + Ba-thiophospho-
nate” in a ratio of 4:3. It was used in two concentration levels, i.e. 7% in oil
“A”, Supplement-1 oil, and 2.7% in oil “B” HD oil.

In the model-wear tests, SAE-30 base oil, designated as oil “C”, HD ail
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 the IP 175/69 oil test method, two tests were carried out
using oil “A” test 2, and oil “B” test 1.

Oil “A” was then 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 obtained from these bench tests 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 B A A A A A A A
MERIT RATING**

Ring sticking 10 10 10 9.5* 94+ 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 71
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 16 8.8 6.0 54
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 1182 1524
1—4 ring weight loss, mg 2222 166.8 — - 2655 1506 2029 250.1
Liner wear, mg 6 4 — — _ _ _ _
* More severe than the standard * Cold ring sticking

** 10=clean, 0=completely covered with deposits + Hot sing sticking
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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 that of the
land from 6.2 to 8.7 out of 10, while the total merit rating of the whole piston
improved from 82.7% to 94.3%. On the other hand, this increase in the deter-
gent additive concentration caused significant reduction in the wear of the
first compression ring and of the liner by more than 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 merit
rating values tended to fall-off by lengthening the duration of tests from
120 to 160 and to 200 hours. The severity of test 3, caused them to became
lower, which resulted in accumulation.of insolubles in the oil accompained
by “cold” sticking of the first and second rings over 45° at 160 hours; while
“hot” 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 test 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 nurmber 1 2 3 4

Detergent additive content, % 2.7 7.0 7.0

Qil designation B A A

Test durations, hours 120 120 120 160 200 120 160 200
Conradson number, % 142 268 253 319 471 242 276 3.09
Ash content, % 0.60 126 126 141 164 120 129 1.38

Coagulated gasoline insolubles, % 165 150 140 240 430 125 160 185

3.2 Model- Wear Tests

The Reichert method used, briefly consisted in determining the wear scar
area that occurred on the test specimen Fig. 1. The smaller area indicates
better anti-wear property of the oil.

In the same test, the friction path during which friction noise could be
heard was measured. The smaller this path is, the better the anti-wear pro-
perty of the oil.

Five parallel tests must be made when examining an oil. The first and the
fifth are made by using a reference oil, between which three tests are carried
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out using the oil under test. The results of the first and the fifth test must be

approximately 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.

Qil designation
we
0.0% detergents

agn
2.7% detergents

“p”
7.0% detergents

Standard Reichert test results under load of 30 kp,
friction path of 100 m and room temperature

Refer-

ence

oil

22.5

22.5

22.8

Wear scar area, mm2

Qil to be tested

143

9.2

15.0

95

4.5

15.0

10.3

2.8

Refer-
ence
oil

225

225

23.7

Noisy friction path, m

Refer- Refer-
ence Oil to be tested ence
oil oil

24.0 8 10 10 24

24.0 5 6 7 24

25 4 4 3 24

creasing the additive concentration. Oil “B” caused a decrease in the wear
scar area and the noisy friction path compared 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.

Fig. 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 of the overall deposit
merit rating of the pistons was 71.5% which is equal approximately to 190—200
hours severe bench test on the Petter 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
merit rating values of the Petter 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 that increasing the con-
centration of the above mentioned detergent additive caused a significant
reduction in wear figures.

3. The field test showed that 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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PE3IOME

[aHHasa cTaTbsi 3aHUMAETCS BOMPOCOM B/IUSIHUS, OKa3bIBaEMOro NPUCYTCTBUEM JETePreHTHbIX Npu-
CafioK 1 YCNOBUSIMU UCTbITaHWIA, Ha pe3ynbTaTbl UCMbITaHU MOTOPHbIX Macen. C 3Tol Uenbio Ha
MCNbITATeNIbHOM CTEH/IE M Ha BCTPOEHHbIX aBTOMOGU/bHbIX ABUraTesIsiX M3yvasocb BMSIHUE feTep-
reHTHbIX NPUCaA0K asKuN-6eH30/1-CynboHaT 6apus + TuobeH3on-gochoHaT Gapus.

YBenmueHne KOHLEHTpaUMn JeTePreHTHbIX NPUCaSoK 0Kasaso NnosioKMTeNbHOe AeliCTBME HA MOLL-
HOCTb MOTOPOB M CHWXKaJI0 U3HALLMBAEMOCTb feTaseil MoTopa.
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Experiments were carried out to determine the solubilities of micro-
nutrients [Fe(lll), 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 of concentration
relationships without the knowledge of the composition 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 termed micronutrients which take part in the structure
of a plant’s organism and which are present there in a concentration of less
than 10~2wt. per cent. These elements, although their amount is more or less
negligible, play an important role in the life of a plant. The most important
micronutrients are: iron, boron, zinc, copper, manganese, cobalt and molybde-
num.

In a modern rural economy which applies industrial monocultural production
methods, the need for micronutrients increases every day. The applied pro-
duction technologies consume steadily growing amounts of NPK fertilizers
and, as a consequence the amount of harvested products of a given region,
constantly increases. The result of experiments, carried out with different
types of fertilizers, show that a further increase of macronutrients results in
a lower increase of products from a soil properly supplied with nitrogen,
phosphorous and potassium, but with the rise in the micronutrient con-
centration of the land, the result is a marked growth of the harvested product.
Therefore in countries with a developed agriculture a demand arises for
supplying the micronutrient 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 data that has appeared in literature, the supplement of micro-
nutrients can easily be solved with the aid of liquid fertilizers, among these
the polyphosphate solutions have the advantage that they dissolve the in-
organic salts until a degree determined by their original polyphosphate con-
centration [la]—14].

In Table 1, the solubility data of micronutrients are presented, related
to NP solution containing 8-24-0 (ortophosphate solution); 10-34-0 (40 —45 wt.

Table I.

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

Sy - 15()0,“%”3 11=37=0

Zn0O 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(S04)3*9 H20 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+
Na2Mo004-2 H2 0.5++ 0.38++ 0.5++
Na2B40 7¢10 HaO 0.90 0.90 0.9

Note :
+ precipitate formed after several days
++ highest concentration examined

per cent polyphosphate solution) and 11-37-0 (60—70 wt. per cent poly-
phosphate solution) macronutrient ratios and having only one micronutrient
compound. The numbers given above indicate the N-P25K20 concentration
of the fertilizer solution, in wt. per cent [la], [3], [4], [7]—{14].

The inorganic compounds of zinc, manganese, copper and iron are almost
insoluble in ortophosphate solutions (their solubility is less than 0.1 wt.
per cent) due to the formation of metal ammonium ortophosphates.

The relatively higher solubility of metal salts in solutions containing poly-
phosphates can be explained by the sequestering properties of the condensed
phosphates. If a polyphosphate solution is poured progressively into a solution
of multivalent metal ions, at first a precipitate forms which dissolves later
in the presence of excess polyphosphate. All the condensed phosphates form
insoluble salts with multivalent metal ions which transform into a soluble
complex compound in the excess of polyphosphate. This phenomenon is
termed sequestering property [15]. The sequestering property of the ammo-
nium polyphosphate solution used for fertilizers is attributed 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. In 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 final
products [Ib].

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 of the maximum allow-
able metal concentration of polyphosphate solutions. These data were de-
termined in pure systems, in dilute electrolytes and hence they cannot be
related to the complex mixtures of fertilizer solutions.

In concentrated polyphosphate solutions, the concentration of micro-
nutrient can be higher or lower compared to the previously mentioned data,
due to the unknown equilibrium processes. A further complication arises that
the form and the composition of the solid phases assumed 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
mixtures of micronutrients to fertilizers, the isomorph substitution occurs
more frequently in reaction products.

The large number of components made the generally used solubility dia-
grams inapplicable for the determination of solubility data 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 that the published data on micro-
nutrient solubility in polyphosphate solutions are extremely rare and insuffi-
cient, up to now the concentration data of the single micronutrients in poly-
phosphate solutions are available, but the data concerning cobalt are missing.

Hitherto only two brief references were found dealing with multicomponent
systems:

- Formainl stated [11] that the concentration of copper, zinc and man-
ganese in a polyphosphate solution can be calculated with the weighted
average of the single solubility data,

— based on Mortvedt’s publication the micronutrient concentration limit
of 3 wt. per cent cannot be exceeded and the storage time of liquid
fertilizers containing various nutrients is shorter than those which con-
tain only a single one [la].

2. The Method Used for the Determination of Micronutrient Solubility

For the solution of the questions outlined above, a method was elaborated
which can be applied for the determination of the solubility of micronutrient
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 method is discussed which can be applied in the case
of solutions containing three micronutrients. The principle of the method
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can be extended to polyphosphate solutions containing more than three micro-
nutrients, but in these cases the depiction in four, five or more dimensions is
impossible. This method was elaborated for the determination of micro-
nutrient solubility in ammonium polyphosphate fertilizers. It is conceivable
that similar problems can be successfully if this method is applied.

As the first step, the solubility data of the single micronutrient was determined.
The examined metal salt was poured into 100 g. of well mixed ammonium
polyphosphate solution, at room temperature until an insoluble precipitate
was formed. Then the solution was stirred for 24 hours and the precipitate
was separated from the solution with an ultracentrifuge (5,000 to 6,000 rpm),
and the micronutrient concentration of the clear solution was determined
by an atomabsorption spectrometer. If the pH value of the solution decreased
during the dissolution of the salt, ammonia gas was bubbled into the solution.

The metal concentration value of the clear solution being in equilibrium
with the formed precipitate was taken as the solubility of the examined salt.

Knowing the solubility data of the examined micronutrient salts, in the
second step the solubilities of rnicromdrient pairs were determined. A series
of solutions were prepared which contained 25, 50, 75 and 100 per cent of the
soluble amount of the given salt and into these well mixed solutions was added
the second salt, at room temperature, until the formation of an insoluble
precipitate. Then, if necessary, the pH value of the solutions was adjusted
to 5.85. The following procedures were similar as described above.

The metal concentrations of polyphosphate solutions containing two micro-
nutrients were presented with the help of a rectangular co-ordinate system,
the solubilities of the single micronutrients were plotted on the axes
in (g metal/100 g ammonium polyphosphate) [APP] units. The concentration
values of the solution containing two micronutrients form a plane limited
by the axes, this means that all points of this figure represent stable fertilizer
solutions. The border curves of the plain figure were approximated 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 method was used for the determination of the concentration
relationships of polyphosphate solutions containing three micronutrients:

The solubility relationships of three 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 micronutrient pairs was placed into a space
co-ordinate system. Here, the solubilities of the single micronutrients are given
on the X, y and z axes as point values, and the planes formed by the axes
represent the solubilities of micronutrient pairs. This is shown in Fig. L

Marking the tips of the solid with letters:

P2 Ea, 0, 0)
Ps (0, b, 0)
P4 (0,0, c)
Ps (A, B, 0)
P6 (C,0, D)
Pz (0, E, F)

(It is to be noted that the origin, formed by the axes is meaningless!)
The co-ordinates of the points being in brackets, represent the solubilities
of the individual metals or micronutrient pairs: P2, P3and P4give information
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Fig. 1
The Solubility of Micronu?rient Triad in General Case

a, b, c—the maximum metal concentration (g metal/100 g APP) of the system containing
single micronutrient

A, B, C, D, E, F=the maximum metal concentration (g metal/100 g APP) of the system

containing micronutrient pairs

a, B, y=the maximum metal concentration (g metal/100 g APP) of the system containing

micronutrient triad

about the concentration of the micronutrient, while points P5, P6 and P7
represent the solubility relationships of micronutrient pairs. Marking an op-
tional P*oc, &, B) point—here a, B and y give the solubility data of three micro-
nutrients being present in the solution—and let us connect this together with
the points P2, P3, P4, P5, P6and P,. These latter points are carriers of certain
information. Now, a plane can be placed on Pt and on both the points being
in neighbourhood of P4; 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 micronutrients. For the mathematical 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 Px, P2and P5:
* gk fi-II+ifi-«_£+i.£%_i
a a) yy a~ B a B

)
For the plain represented by Px, P3and P5:

1 b) b y\' A b bA)
For the plain represented by P7, P2and Pé6:

For the plain represented by Px, P4and Pe:
x( T\ y( a y aD) r
c [1-7j+i (1-c- 7+c'7]+7=1
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For the plain represented by P4, P4and P7:
fi : ’

a E ¢ E ek

X

For the plain represented by 13,, P3and P7:

2((]_ _B.-y_+_§___E_-I|--y+_Z =1
a{ b F F b) b F

Dealing with the examination of three given metals, the values of a, b, ¢
A, B, C, D, E and F are known from the previously discussed experiments.
The task is now the determination of the place of point V1. Knowing the
solubility relationships of the given micronutrient pairs, the form of the solid
is generally simpler as it is depicted in Fig. 1. During the determination
of the data representing the solid which describes the concentration relation-
ships of three micronutrients, the aim is to prove that 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 Representing the Solubility Relationships of Micronutrient Triad

3. Experimental Results

The application of the method discussed above is shown by the solubility
determination of micronutrients in 10-34-0 ammonium polyphosphate solution.
The 10-34-0 polyphosphate solution was prepared in the laboratory. Its
analysis data are as follows:
N = 9.68 wt. per cent
P20s= 34.00 wt. per cent

The distribution of the total P 20s:

ortophosphate 52.3 per cent
diphosphate  41.9 per cent
triphosphate 5.7 per cent

Density = 1.3488 g/cms
pH=5.85
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The used inorganic compounds—or micronutrients—and their metal con-
centrations are listed in Table 2.

Table 2.
Compounds used as micronutrient source
Compound
Micronutrient
name formula metal content
%

Boron Borax Na2B40-.10 H20 11.40
Molybdenum Ammonium

Molybdenate (NH4)eMoM 24-4H 20 54.40

tetrahydrate
Zinc Zinc Sulphate

heptahydrate ZnS04*7TH2 22.86

Zinc Oxide ZnO 80.85
Copper Copper Sulphate

pentahydrate CuS045H2 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)+12H20 11.6

The solubilities of the single micronutrients are presented by the numerical
values of a and b, in Table 3.

Fig. 3
Diagrams Describing the Concentration Relationships of Micronutrient Pairs in 10=34=0
Ammonium Polyphosphate Solution
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Table 3.
The solubility of micronutrient 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 micronutrient pairs.
As micronutrients Fe(lll), B, Zn, Cu, Mn, Co and Mo were selected and the
solubility of the given micronutrient pairs, determined by the method de-
scribed above, can be presented by one of the diagrams given in Fig. 3.

The solubility data of the micronutrient 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 method was selected, using this it could be proved
with relatively few experiments that the solutions characterized by the com-
ponent concentrations which are “inside” the constructed solid are stable
and no precipitate forms. In the case of solutions by which the concentration
data of the micronutrient components are “outside” the body, a precipitate
forms.

The method used was as follows:

In the cases of a, b, ¢, d, e and / of Fig. d/l, the component concentrations

were increased along the body diagonal, connecting together the point P and
the origin. The aim was to reach the point P. If in this case the solution was
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Fig. 4/1
Special Cases of the Solubility of Micronutrient Triads in 10=34=0 Ammonium Poly-
phosphate Solutions

stable, an attempt was made to “step out” from the formation i.e. more
inorganic salts were added into the solution. If this experiment resulted in
a precipitate formation, this verified the soundness of the presumption.

In the case of the triangle base prism shown in Fig. 4/2 g, thé increase
of component concentration was carried out along the arrow which lies on the
boundary plane, and a further increase of the concentration was attempted.

In the cases of h, i, j, k, and m of Fig. 4/2 the concentrations were similarly
altered, the directions marked with arrows, until the point P was reached,
taking the formations of h, i and j the samples characterized by A were also
prepared.

If the pH value of the solutions decreased due to the dissolution of the
micronutrients, it was readjusted again with ammonia gas until the value
of 5.85.

The numerical data of the solubility values of micronutrient triads are listed
in Table 4. The representation of the micronutrient 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, B the second and y the
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Fig. 4/2
Special Cases of the Solubility of Micronutrient Triads in 10=34=0 Ammonium Poly-
phosphate Solutions

third 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
metal salt, and the three planes of the spatial co-ordinate system being per-
pendicular to each other, the figures take place which describe the solubility
of 2—2 micronutrients. The values of these were presented above and with
their help the sizes of the solid can be calculated.

In the cases illustrated with Figure 4/1 a—f, the numerical values of the
a, B and y co-ordinates of point P are also presented in Table 4 on the one
hand, the cause of this 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
data of micronutrient pairs. In the cases of Fig. 4/2 g—m, the point P moves
along one ofthe edges or on the surface of the solid, therefore their co-ordinates
are not presented in Table 4.
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Table 4.

Micronutrient triad

B-Mo-Zn
B-Mo-Cu
Fe-Mo-Mn
Fe-Mo-Cu
Cu-Fe-Cu
Mo-Fe-Co
Cu-B-Co
Mo-B-Co
Cu-B-Fe
Mo-B-Fe
Fe-B-Co
Fe-Mo-Zn
Zn-Mo-Cu
Zn-Mo-Co
Mn-Fe-Cu
Zn-B-Cu
Cu-Mo-Mn
Co-Mo-Mn
Zn-Mo-Mn
Mo-Cu-Co
Mn-Fe-Co
Mn-B-Zn
Mn-B-Cu
Zn-B-Co
Mn-B-Co
Mo-B-Mn
Mn-B-Fe
Zn-B-Fe
Cu-Fe-Zn
Zn-Fe-Mn
Cu-Mn-Zn
Zn-Co-Mn
Zn-Fe-Co
Mn-Cu-Co
Zn-Cu-Co

Notes

+ The co-ordinates of point P cannot be given from the solubility data of micronutrient pairs.

++ Irregularities:

Solubility of Micronufcrients

The solubility relationships of micronutrient triads
in 10= 34=0 ammonium_polyphosphate solution

Type of solid

4e+

4»
4b++

4h
4
h
4T
dc++

41
ah

4k
4k
4
4
4m
4am
4am

(See Fig.

The co-ordinates of point P g metal/100 g

APP

2.08
1.30
0.07
1.30
0.67
0.67
0.67
100
3.66
3.66
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1. The solubility of Co is 0.45 g/100 g APP instead of the expected 0.07 g/100 g APP in the Mo-Cu-Co

system.

2. Based on the elaborated theory the Mo-B-Mn system could be represented by the solid depicted on
Fig. 4/1 c. In practice the solid given in Fig. 4/1 a. represents the system, i.e. the solubility of manganese

is 0.07 g/100 g APP instead of the expected 0.03 g/100 g APP 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 the equations of lines bordering
the plain figures can be set up using the symbols presented in Fig. 3. If the
required concentrations of micronutrients 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 and y=h

The solution is stable, if al<a and bl< b.
In the case of 3.b:
The equation of the bordering straight line is:

X

a“'r_l-
The solution is precipitate free, if:

ai hi

a b

In the case of 3.c:
The equations of bordering straight lines are:

x=a and y=--—- Xx+b.
The solution is precipitate free, if

—b
en a and bi rs.f—-—- «ai +h.
a

In the case of 3.d:
The equations of the bordering straight lines are:

b—
x=a and y—-------.Cx +b.
a
The solution is precipitate free, if:
. . b—c
air*a  and &zs‘““g“"“ b.

For fertilizer solutions containing three micronutrients the construction of
limiting conditions is similar, the difference is that in this case the equation
systems are set up which describe the bordering planes of the spatial figure.
The magnitude of the micronutrient concentrations aL, brand cx of the pro-
duced solution have to fulfil the demands prescribed by the equation system
for the production of a precipitate free, micronutrient triad containing ferti-
lizer solution.

The equation systems describing the 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
It is to be seen that the solution will be precipitate free, if:

ai“a: bi*b; ci”c.
In the case of 4.b:

X y Vi d\ z

— 15

a (o]

Clear solution can be produced, if:
. i 1 inf d\
ajsa; 6i™b; CI:S-(;""c"bl\ ________ .
In the case of 4.c:

X* Voo ooy lodvor
2 ] b£-|, bT\ IT) +— L

The conditions of the production of clear solution are:
(ii~a;  birtb; Ci N ———— 11— 1.

In the case of 4.d:

The condition of the preparation of the precipitate free solution is that the
values of alt bx and cx have to be the roots of the above equation system.

In the case of 4.e:

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:



272 S. G6r Nagy, P. Kaldi, Mrs. J. Bésan and A. Széanté Vol. 6.

b iy tet

The conditions regarding values al, bl and cx are the same as given in the
case of 4.d.
In the case of 4.9:

bel’
S Sy 1;
a ¢
The solution is precipitate free, if:
bi<b and o—i-nl
a C
In the case of 4.h:
X4l
a a
1

X p d + _Sl
atd U— !
The conditions regarding values ax, bl and cx are the same as given in case

of 4.d.
In the case of 4.i:

The conditions regarding values av bx and ci are the same as given in the case
of 4.d.
In the case of 4.j:

or-
=

X Z
-+ N1
a C

The conditions regarding values av bt and clare the same as given in the case
of 4.d.
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In the case of 4.k :

X z
— - 1
a C
\ z
T+—" 1
0 C
The solution is precipitate free, if:
cn  Cl 6l Cl
H-s |l and — k=l
a ¢ b e

In the case of 4.1:
X 'y z
B L

The solution remains precipitate free, if:

In the case of 4.m:

X
—p L g
b

a
X ( d\
A
a_"'fl c/

The solution remains precipitate free, if:

a\ tbL_l'
PR
ax bx [/ d\ ci
e — 1
b\ c) ¢
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PE3IOME

B xoae paboTbl, HanpaBneHHol Ha onpeaeneHne pacteopumocty B 10-34-0-om pacTBope nonmgoc-
(haTa ammmaka ceMn Hanbonee BaXHbIX MUKpoanemeHToB — Pe(LU), B, Zn, Cu, Mn, Co, Mo —,
aBTopamu Gbln pa3paboTaH TakoW MeTO, C MOMOLLbI KOTOPOro MOryT 6biTh 3afaHbl COOTHOLLE-
HUS KOHLEHTPaL WA MeTannoB B pacTBope nonndocgaTta ammmaka, cogepxxatliero B cebe Tpyu MUKPO-
3/IEMEeHTa, NPWU HEeM3BECTHOM COCTaBe M HEU3BECTHOW KOHCTaHTE YCTOWYMBOCTU 06pasytoLimnxcs
B pacTBOPE KOMMNMEKCOB. [aHHbI MeTo/[ MOXET 6biTb MaTeMaTUUECKM PacnpoCcTpaHéH 1 Ha pacT-
BOPbI YA06peHWiA, cogepxalyme 60nee TPEX 3NEMEHTOB.
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An alternative for using Bootean models for reliability analysis
of chemical plants is the application of Markow models. Therefore
a programme system for reliability analysis of complex plants was
developed which allows the application of Boolean Or Markow
models.

By means of this programme system several chemical plants were
investigated, among them a distillation plant engaged in a petro-
chemical work. For this example the method and the numerical
results are presented.

Various possibilities for raising the reliability of chemical plants
are used in practice. These are organizational as well as technological
measures which are derived from corresponding qualitative and
quantitative analyses. In this field is it most useful to combine both
analysis methods for using their different advantages and possibilities
of application in conformity with various industrial demands. The
reasons for these various industrial demands are

— the differences in the technological structure and behaviour

of the plants being investigated, especially their different
complexity,

— the differences in information concerning the reliability be-

haviour of applied equipment,

— and the differences in knowledge which is necessary for the

various stages in the planning of chemical plants.

Quantitative methods gain primary importance for reliability
analyses, because they are necessary for the solution of such problems
as the synthesis of optimal plant structures, the estimation of technical
and economic risks, and the planning of optimal maintenance strate-
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.
Binary models, which at present are mainly used, allow the determination

Vi
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of two states, which are as a rule the state of unrestrained function and the
state of total failure. All states between these boundary states are ascribed
to them. This simplification is possible for the reliability description of ele-
ments, the more so as other states cannot be exactly distinguished from one
another. The restraints of Boolean models are more disadvantageous for
the description of the reliability behaviour of complex systems. For instance,
Boolean models are not suitable to consider statistic dependences in the case
of hot redundance (power dependence of reliability). The calculation of relia-
bility data of special redundance groups (subsystems) in considering renewal
processes is also impossible, because different function states have to be re-
garded simoultaneously, as a state of function, state of failure, state of reserve,
and a state of repair.

The use of Boolean models is also problematical for the reliability analysis
of parallel systems with a split capacity. A reduction of their behaviour to only
two states would be an unjustified simplification.

An alternative is the application of Markow models using failure rates
and maintenance rates as primary dates. The limitation of the number of
system states depends on technological aspects and on the capacity of the
computers which are available.

Properties of the Markow model are:

(1) Each possible state is of accidental nature. The quantity Z of all states
is an accidental process £]Zy(i), tET\. For each state the future behaviour
is independent of the past (Markow property).

(2) The conditioned probability for an event in the time interval \t, t+ di]
is given by:

Pn(t+dt, t)= P(Z(t+ di) = Zj/z(t) =Z7) [0))
and by this equation the change-over rate:

Pa(t+ dt, t)

«n(0= . (2

In this way the failure rates and renewal rates, obtained by the primary
dates on the failure behaviour, can be easily used for quantitative
analysis in connection with distribution functions.

(3) The occurrence probabilities of the different states pj(i=0) must be
known. They characterize in each case the starting points of the failure
process.

(4) The probability for the occurrence of two events within the time interval
[t, i+ di] is zero.

The state probability for the time t+dt in relation to the state probability
for the time t is then given by:

Pi(t+at) =Pid)\1-2 ®«(0 d«]+ =~zpi(t)an(t) di (3)
\ v
X i

Ps(t+ dt) = pi(t)- i (02®«(*) <k+2P1(*)®nM dt
\ \
iy ij*
Pi(t+ dt) - ps{t) = -pi(t)~ais(t) dt+ 2P« (*)«n(0 dt (4)
\Y \Y
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By using:
an®=- i"] ©)

the sum of the state probabilities (in connection with the start conditions)
becomes one, and therefore:

Pi(t+ dt) - Pi(t) = Pj(t)an(t) d<+ 2pi(<)“Ji(<)
v

I
and:

Cl \
I

e e = 2,an(tPi(t) (6)

With di->-0 the mathematical model is given by a system of ordinary differen-
tial equations of 1. order with a dimension corresponding to the number
of function states.

Because [according to the property of the Boole model noted under (3)]
the probabilities of the start states must be known, an initial value problem
is given by:

p(t) =A(Mp(t)
p(t=0)={pi} @)

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 multicomponent mixture 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. It consists of 2 distillation columns,
heat exchangers and pumps. The heat exchanger E 5a is in cold redundancy
to the heat exchanger E 5, but 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 Z4are states of functionality,
the states Z5to Z10 are failure states. This relatively high number of states
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
pumps P 1, P 2, P 3, form a series system (in the sense of reliability logic),
which can be analyzed without 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.
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Fig. 1
Technological scheme of the separation system
Table 1.
State scheme of the heat exchanger system
State number Zi 7z 73 Zt z3 Zi 7z Zi
Element E4 ES Ed E4 E4 E4 E5
Broken down E5 E5a £6 Eba

Fig. 2
Aggregated reliability structure of the separation system

Vol. 6.
Zt Zio
ES E6
E6 E5a

Event sequences for systems with many different states are usefully de-
monstrated with state graphs, especially for deriving the change-over rates.
For the heat exchanger system, this state graph is given in Fig. 3. The events
(failures of the elements) are noted at the arcs of the graph. Considering
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State graph of the heat exchanger system (regarding the failure behaviour)

these comments, the following differential equation system is given for the
heat exchanger system:

dpi(t)y 1 3,i= 1(1)10
. =2,e»(0ft(0  pi(«=0)=1.0 8)
at (21 (0P Pift- 0)~0

By simplifying the problem, the matrix A* ={a"} can be divided into sub-
matrices, because only the state probabilities of the states Zxto Zi are of
interest for the determination of the survival probability. The special structure
of the differential equation system allows such a decoupling.

O

The matrix A contains the charge-over rates for the failure states of the
system, and the matrix B encloses the charge-over rates between function
states. The matrices G and D are zero matrices.

f—(awd + aw5+ \B) 0 0 0
B = aw4 —(awe + aw5a+ awe) 0 0
«W5 0 —(avv4+ anba+ awe) 0
ane 0 0 —(aw5+ anba+ QM)
"0 aws «W4 0
0 aw5a 0 0
0 owe 0 awd
0 0 awsa 0
0 0 aw 6 aw 5
0 0 0 awsa

For determining the survival probability of the heat exchanger system it is
therefore sufficient to use the reduced differential equation system:

Pb= Bps. (10)
The 4 function states which are of interest are then described by:

T)ts(l,)zlglpld) (H)
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3. Results of Calculation

For describing the time dependence of the survival probability of the ele-
ments the w eivcerr function is used:

(1)

The parameters @and { were determined on the basis of primary dates for
the failure behaviour of the elements by a computer programme [3]. The results
are given in Table 2. The calculation of the survival probability of the in-

Table 2.
Parameters of the Wibul1l function
for the survival probability of the elements

Element nin d-1 a
cl 0.926-10-4 1.2
El 0.128-10-4 1.69
E2 0.137-10-4 1.69
E3 0.116-10-3 1.44
B4 0.185-10-4 1.91
EbjEba 0.159-10-4 1.85
E6 0.186-10-4 1.91
E7 0.12-10-3 1.37
P 0.56-10-4 1.21
P2/P3 0.25-10-4 1.43
T7 0.235-10-5 1.0

vestigated separation system was carried out by means of a computer pro-
gramme demonstrated in Fig. 4 in its simplified structure.

The survival probability and the availability of subsystems (redundance
groups) respectively can be determined by special subprogrammes. By the
aggregation of these subsystems, a simplified structure of the superordinate
systems is obtained and analized in the following step. This procedure can be
repeated. The corresponding programme system was worked out for the
R 21 computer in Fortran IV. The structure of this programme system per-
mits the application of different reliability models.

This programme system was used for determining the time dependence
of the survival probability of the investigated separation system. The quanti-
tative results are given in Table 3. The values of the survival probability
are approximatable by the function:

R(t)=e I'u_75) 5 (12)

The analysis of these results showed the primary influence of the elements
F 3, E 7 and of the subsystems (E 4, E 5, E 5a, E 6) caused by the poly-
merization of the products in these elements.
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Fig. 4

Simplified structure of the programme system for reliability analyses of technological

A, A*

aji

systems

Table 3.

Time dependence of the survival probability of the investigated system

tind 40 80 120 160 200
H(t) 0.92339 0.79499 0.63647 0.46494 0.30837
SYMBOLS

, B, G, D change-over matrices

change-over rate

state indices

probability

state probability

change-over probability (from state Zi to state Zj)
survival probability

time

state

shape parameter of the Weibull function
parameter of the Weibuli. function
failure rate

renewal rate
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PE3OME

OfHOM 13 BO3MOXHOCTEN WMCCNEA0BaHUA HaAEXHOCTU XUMUYECKUX NPesnpusTUiA, BbIMOMHAEMOrO
C MOMOLLbI MOfENN Boolean -a, MOXET MOCNYXUTb NpuMeHeHne mogenn MAPKOBA. C aToii
Lenbto, B MHTepecax BbIMONHEHWNS aHann3a HaféXHOCTU KOMMIEKCHbIX XUMWUYECKUX MPeAnpUATUA,
6blna co3gaHa cuctema nNporpamm, Kotopas OTKPbIBaeT BO3MOXHOCTW ANA NPUMEHEHWUS MOAenel
Booklan -a unin MAPKOBA.

C nomoubto pa3paboTaHHON CUCTEMbI NPOrpamMm Obif0 UCCNE[0BaHO HECKONBKO NpesnpuATUi,
TaK CPeAm HUX U LieX BO3rOHKMN NeTPOXMMMUYECKOro 3aBofa. B cTaTbe ¢ NOMOLLbLIO JaHHOTO npumepa
nokasaH crnocob NpMMeHeHNs AaHHOr0 MeTofa, a TakXKe MonyyYeHHble pacyéTHble pesy/bTaThl.
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Propan-2-ol undergoes normal dehydrogenation and oxidative de-
hydrogenation on a Zn:Cr:Fe catalyst.

At low partial pressures, oxygen has a beneficial effect on the
dehydrogenation activity of the catalyst while at high partial pres-
sures complete oxidation of the alcohol takes place. In addition
to the surface reaction, there is also a homogeneous gas phase reaction
giving rise to the same product acetone. The results suggest that
different forms of oxygen are available for the mild 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 maintained only for a shorter time 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
must be maintained. This may be achieved by incorporating oxygen in the
feed. Rennabd and Kehl [8] reported that a Zn:Cr:Fe catalyst system is
a good oxidative dehydrogenation catalyst for butene. The present study is
an attempt 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 BDH 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 method 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 ammonia (BHD) keeping the system
stirred. A zinc oxide paste made with distilled water was added to the mixture
of freshly precipitated, thoroughly washed Fe(OH)3 and Cr(OH)3 and heated
for 10 hours on a water bath keeping the total mass stirred vigorously. After
reaction the solids were filtered, dried overnight at 110 °C and calcined at
550 °C for 5 hr.

Propan-2-ol and acetone (BDH., AR chemicals) found to be chromato-
graphically pure were used without further 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 C02 and moisture respectively.
N 2was 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 2504 before use. Duplicate runs were made at each set
of conditions to ensure reproducibility.

Activation was ensured by passing dry air over the catalyst maintained
at 450 °C for 20 minutes. The liquid products were analyzed by gas chromato-
graphy using a carbowax column at 75 °C and the gaseous products were
analyzed using an Orsat’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 catalyst for the dehydrogenation of propan-2-ol decreases with
time and finally reaches a very low stable value. The decrease in activity
with time is shown in Fig. 1. When the aged catalyst was regenerated the
activity was found to be slightly less than that of a fresh catalyst. After about
five runs the activity of the regenerated catalyst was found to have stabilised.
Even a stabilised catalyst loses its activity with the time of reaction as shown
in Fig. 1. The catalyst can be regenerated any number of times indicating
that the deactivation is reversible and oxidation restores activity. During
regeneration qualitative tests of the exit gas showed that there was no C02
proving that there is no coke formation on the catalyst. Acetone and water
were found to be the main products of reaction. The gaseous products do not
contain propylene, showing that the water formed could only have been
due to oxidative dehydrogenation of the alcohol. The gaseous product is
hydrogen from the normal dehydrogenation of the alcohol. The alcohol under-
goes both normal dehydrogenation and oxidative dehydrogenation, up to
about an hour of the duration of the run. Subsequently only normal dehydro-
genation takes place as revealed by the absence of water in the liquid products.
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Temperature °C----

Fig. 1
Effect of a) time at 400 °C and b) temperature on conversion of propan-2-ol

The mechanism in the initial stages appears to be similar to that suggested
by Mars and van Krevetlen [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 formation of acetone, with a maximum for a
mole ratio of oxygen to alcohol of 0.2 at 400 °C. The products are acetone,
water and carbon dioxide. For a partial pressure of oxygen of 0.2, the for-
mation of acetone is a maximum at 410 °C (Fig. 2). The variation of the
formation of acetone with temperature for various oxygen/alcohol mole
ratios is represented in Fig. 3. The results show that the oxygen content
in the feed and the temperature must be an optimum to obtain the maxi-
mum amount of acetone.

The oxygen in the feed can generally play a dual role in the reaction, viz.
a) maintain the active form ofthe catalyst, and b) prevent any coke formation.
The latter role appears to be unimportant 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. If the oxygen from the catalyst, adsorbed
or chemically combined, is participating in the reaction, gas phase oxygen
may replace the adsorbed oxygen or replenish the anion-vacancies created
by reduction of the catalyst surface during the reaction.
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Fig. 2
Effect of a) the variation in the mole ratio of Or/alcohol at 400 °C and b) temperature
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Fig. 3
Effect of temperature on conversion of propan-2-ol with the variation in the mole ratio
of Or/alcohol
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The amount of acetone decreases with time even when there is oxygen
in the feed (Fig. 4). This decrease in activity may be due to i) the progressive
reduction of the catalyst and the inability of the oxygen to oxidize simul-
taneously the reduced form, or (ii) due to inhibition of the reaction by the
accumulation of products.

| I | I | L
50 70
Time (min) - >

Bl
w
O

Fig. 4
Effect of time on conversion of propan-2-ol

The catalytic activity of the catalyst pretreated with C02 as well as the
oxidation of alcohol in the presence of C02 (Fig. 5) have shown that there is
no change in activity. So, it can be said that C02is not an inhibitor causing
the decrease in dehydrogenation activity with the time 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).

When propan-2-ol is fed along with oxygen, carbon dioxide may be formed
directly by combustion of alcohol (parallel) or by oxidation of acetone (con-
secutive) or by both paths (parallel and consecutive).

o SC=0+HD
>CHOH 1 & (1)
\ ~=-CO0 +C02 h 2
In the case of most catalysts with a high selectivity the products of com-

plete oxidation are largely formed through sequential oxidation of the target
product obtained by partial oxidation [12].
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Fig. 5
Effect of products on the reaction

Many catalytic oxidation processes considered recently as purely hetero-
geneous appear to proceed by the simultaneous operation of both hetero-
geneous and homogeneous mechanisms [13].

In order to find out whether the carbon dioxide is formed in the 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. First, various
mole ratios of oxygen and alcohol were passed through the empty reactor.
Acetone, water and carbon dioxide were formed. The conversion of alcohol
to acetone was maximum (14 percent) at a mole ratio of oxygen to alcohol
of 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
with alcohol in a homogeneous reaction. The formation of acetone was maxi-
mum at 420 °C and a further increase in temperature leads to the oxidation
of acetone. In contrast to propan-2-ol, methanol undergoes no homogeneous
reaction even after several hours at 460 °C if no catalyst is present [14].

The oxidation of acetone seems to be more sensitive to the partial pressure
of oxygen than the oxidation of alcohol. This can be seen from the constant
amount of alcohol converted in the two runs, i.e. i). at 0.15 mole ratio of
oxygen-alcohol, and ii). at 0.18 mole ratio of oxygen-alcohol, while the acetone
in the products is considerably reduced in the latter.

It is open to question whether the decomposition reaction

=-CHOH + Q >>C=0+H2 )

is an oxidative process or dehydrogenation with subsequent oxidation of
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Temperature “‘C —

Fig. 6
Effect of a) tlxe variation in the mole ratio of Or/alcohol at 400 °C and b) temperature
on the homogeneous conversion of propan-2-ol

hydrogen. It has been suggested that if there is any oxidative dehydrogenation
of a hydrocarbon, hydrogen should be completely absent in the product.
It is also required that hydrogen should not reduce these catalysts under
these experimental conditions [3].

The catalyst, subjected to pretreatment by hydrogen at various periods
of time, showed a decrease in catalytic activity for propan-2-ol decomposition
(Table 1). For the fresh sample, the initial catalytic activity 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
Per cent Per cent Per cent
Catalyst acetone/hr carbon dioxide/hr alcohol converted/hr
Fresh sample 50 18 70
Sample reduced 60 — 63
20 minutes
Sample reduced 48 50
60 minutes
Sample reduced 40 — 40

180 minutes
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to a 50 per cent conversion of propan-2-ol to acetone. This may involve
the adsorbed oxygen. On the catalyst which is reduced with hydrogen for
20 minutes, assuming that «all the adsorbed oxygen is removed, the activity is
due only to active metal-oxygen oxidizer groups as can be surmised from
a comparison of the percentage of alcohol converted and the yield of ketone.
For a fresh sample which contains excess surface oxygen [15] the conversion
of alcohol is 70 per cent whereas the ketone formation is only 50 per cent.
20 per cent of alcohol must have undergone profound oxidation by the loosely
bound oxygen. This is so, as shown by the presence of C02in the exit gas
in the initial stages. The other three pretreated samples are free adsorbed
oxygen and so the amount of acetone formed and alcohol converted are almost
equal. Increase in time of pretreatment with hydrogen causes increased
extent ofthe reduction corresponding to stripping off of several layers of oxygen
from the solid with a consequent reduction in conversion of alcohol to ketone.
Hence the catalyst oxygen is involved in the oxidation process. But the
attainment of a steady activity with time indicates that pure dehydrogenation
also takes place.

An aged catalyst, i.e. a catalyst reduced with alcohol was treated with
steam for several hours. There was no gas evolved while treating the catalyst
with steam. The activity for decomposition of propan-2-ol was checked on
the treated catalyst. There was no change in the activity of the catalyst.
It shows that the catalyst could not decompose steam, because if the steam
could be decomposed, the oxygen so formed could be expected to oxidize
the catalyst.

These observations lead to the conclusion that the decomposition and oxida-
tion of alcohol is taking place in several ways as suggested below. The oxida-
tion reaction may show a complex character due to the occurrence of nu-
merous simultaneous, consecutive and parallel reactions as shown below.

—02+ »CHOH=>»>C=0+ H20 (gas phase) ®3)

4 >CHOH+60r-*-3 =C=0+3C02+ 7H20  (gas phase) 4)
>CAOH-.=~C=0+H2 dehydrogenation (negligible amount)

Hr+(0)Aauce-nd; )

> CHOH + (O)iatttice“m> 0 = 0 -+H 20 @)

>CHOH-*>C=0+H: (surface)

The amount of acetone formed when oxygen and alcohol are fed is always
(even after one hour of the duration of run) greater than the amount formed
when the alcohol is fed alone because of the parallel homogeneous reaction
in the gas phase.

The qualitative test for carbon dioxide during the treatment of a fresh
catalyst with CO showed that C02is formed only in the initial stages i.e.
up to about 5 minutes. This clearly shows that the Zn:Cr:Fe cannot oxidize
CO with lattice oxygen at 400 °C. The initial formation of C02 must be due
to oxygen adsorbed on the catalyst in the process of preparing and calcining
the specimen in air. In contrast to CO treatment, hydrogen pretreatment
over the catalyst gives a definite degree of reduction corresponding to stripping
off of several layers of 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, ¢) non-removable oxygen
which may be promoting the normal dehydrogenation, and d) gas phase oxygen
for the homogeneous reaction. In the presence of oxygen in the feed it was
found that 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 amount 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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TRWON RO XDNOUTRWN

PE3IOME

Ha Zn:Cr:Fe-OM kaTanusaTtope [MponaH-2-0n npeTeprneBaeT HOPManbHOE M OKUCAWUTENbHOE fe-
rMAPOreHN3NpoBaHue.

MockonbKy napuuanbHoe AaBneHue UMEKOLWEerocs B HaMuMmM K1CNopoja BecbMa Mano, T0 3ToT
(haKT oKasblBaeT 61aronpusaTHoe AeCTBIE HA AETrMAPOreHN3NPYIOLLYH0 aKTUBHOCTL KaTannsaTopa,
Belb 60MbLUIOE NapUManbHOe AaBneHne K1cnopoaa BeaéT K NofHOMY OKWUCIeHUIo cnupTta. MoMumo
peakuyii, NPOUCXOAALMX Ha NOBEPXHOCTY KaTann3aTopa, 34ech MMeT MeCTO U FOMOreHHbIe ras3o-
(ha3oBble peakuuu, B pe3ynbTaTe KOTOPbIX 06pas3ytoTcsl NPoAyKTbl TWMa aueToHa. Pe3ynbTaTbl A0-
Ka3blBalOT MO-BMANMOMY (haKT TOTO, UTO NPK CaboM OKUCIEHUM NPONaH-2-0/1a B aLlETOH KUCIOPOJ
MPUCYTCTBYET B Pa3/INUHbIX COCTOAHUAX.
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Under the influence of ultraviolet irradiation benzyl alcohol undergoes
dehydrogenation on zinc oxide to give benzaldehyde, hydrogen per-
oxide and toluene. Oxygen in the adsorbed state as well as in solution
is essential for the reaction which proceeds through free radicals
generated at the zinc oxide surface. The rate of the reaction and the
behaviour of various products depend on the nature of the solvent.
A mechanism consistent with the findings is proposed.

Introduction

The mechanism of photocatalysed reactions of alcohols on an irradiated
catalyst is not well understood. The photooxidation of 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 H2 2. schwab [4] attributed the photocatalytic effect of ZnO
to its n-type semiconductivity. Illumination will promote electrons from the
valence band to the conduction band which are subsequently taken up by the
adsorbed oxygen to form O7, 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 Hanovia high pressure
quartz mercury arc. Radiations above 3800 A 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 mounted horizontally above a mechan-
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 at the desired temperature
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 lamp and shaken
throughout the experiments. Samples are removed through the side-tubes
at various intervals and analysed.

The estimation of peroxide was carried out by iodometry [5, 6]. Benz-
aldehyde and toluene were determined by gas chromatography.

The ZnO sample used was supplied by May and Baker (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, H202 and toluene. The yield increases with the increase
in weight of the catalyst to reach a steady value. This may be because with
an increase in weight of the catalyst, the amount of light absorbed also will
increase until enough ZnO is present to spread completely and uniformly
in the reaction vessel to absorb the maximum amount of light. Further ad-
dition of zinc oxide may increase only its depth and since light does not reach
the interior of the catalyst bulk it is not effective. This is further confirmed
by the observation that the bigger the reaction vessel, the higher the limiting
amount of the catalyst. The reaction proceeds very slowly in a solution de-
oxygenated with N2as well as on ZnO pretreated with N2to remove adsorbed
oxygen. Hence both dissolved and adsorbed oxygen are essential for the

rocess.
P Fig. 1 illustrates the influence of the concentration of the alcohol on the

Fig. 1
Influence of concentration of benzyl alcohol on the formation of benzaldehyde
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formation of benzaldehyde when acetonitrile is used as a solvent. In a non-
polar solvent like cyclohexane, at lower concentrations of the alcohol, the
amount of peroxide formed reaches a maximum, then decreases, again goes
to a maximum and then decreases as the reaction time is increased (Fig. 2).

Fig. 2
Influence of concentration of benzyl alcohol on the formation of H20:2

This oscillation in the concentration of peroxide is observed in the case of all
substrates undergoing dehydrogenation in cyclohexane suggesting this to be
a process depending on the solvent and not on the substrate. The phenomenon
is dealt with in detail elsewhere [7] and is hence not discussed here. The oscil-
lation is observed only for peroxide, while the other two products, viz. benz-
aldehyde and toluene show a normal increase with an increase in time as in
acetonitrile.

The reaction is comparatively slow in water. But in this case the concentra-
tion of toluene passes through a maximum (Fig. 3). Further studies revealed
that toluene itself, when irradiated with ZnO in aqueous suspension forms
peroxide and phenol. The other product, possibly carbon dioxide, could not
be detected since its concentration is very small. The rate of formation 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 former de-
creases, while the latter increases with time of irradiation, resulting in a ma-
ximum at 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 that water itself, unlike the other
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Toluene Mole T3!1

Fig. 3 .
Influence of concentration of benzyl alcohol on the formation of toluene

Fig. 4
Rate of formation and disappearance 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 mixture do not
affect the rate. But H202 initially added decomposes readily in water to
reach a minimum after which its concentration increases slowly (Fig. 5).

Catalyst :035g O Aldehyde from 03 M solution
Temp:28°C « Aldehyde from 0.3M solution
2U-  MediumWater with added HO
L /o

16 -

/** A KOG from 0.3 M solution

A HO in 0.3 M solution with
added H QO

e /K O Toluene in 03 M solution

v m Toluene in 0.3 M solution
-------- 0O _ with added HO:

Time (hrs )

Fig. 5
Influence of initially added hydrogen peroxide on the formation of benzaldehyde and
toluene from benzyl alcohol

These studies prove that H20 2is not formed through any secondary reaction
involving other products. In addition the decomposition of H20 2 in water
is not due to its interaction with aldehyde or toluene in the system.

The formation of peroxide at irradiated zinc oxide surfaces involves the
reduction of molecular oxygen [1]. This creates electron deficient sites on the
catalyst at which the alcohol gets dehydrogenated. Thus the formation of
peroxide on irradiated ZnO is an acceptor reaction while the decomposition
can proceed both by donor and‘acceptor type mechanisms. Hence there is
competition between the alcohol and peroxide for donor sites, which may
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 02, Oj, 0~, O2- etc. 02 is the most probable
species under our experimental conditions. This suggestion is supported by
K ttriacose and Markham [1] and also by Garten and Eppinger [8]. 02 is
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formed by the transfer of electrons from the conduction band of ZnO to the
adsorbed oxygen. The organic reactant 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 that the reaction is very slow in a solu-
tion deoxygenated with N2 In the light of these observations a mechanism
can be proposed for the reaction.

ZnO (ZnO)+ + *

O2 (ads)+e — Oz (ads)
C6H 5CH20 H (ads) + 02 (ads) CLIsCHOH (ads) + HOT (ads)
CO6LUICHOH (ads) _ v CBH5CHO + H(ads)
HO:2 (ads) + H (ads) — H2 2+e
(ZnO)++e —> ZnO

The reaction that proceeds in the homogeneous phase with the assistance
of dissolved oxygen may be as follows :

HYo02_>. ho2
HOZ +HOZ? — h 202+ 02
H02+CeH6CHOH — CeH6CHO +H22

or
CBHECHOH +02  CEBHSCH(0H)02

C6HECH (0H)02+CEH5CH20H C6H5CH (OH)02H + C6HSCHOH
C6HSCH (0H)02H _H>- C6HSCHO + HX 2

That 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 that the photocatalysed reactions of benzylalcohol on
zinc oxide proceed through free radicals generated at the surface of the 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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PE3IOME

BeH31HOBbIM CNUPT Nnog AeicTBMEM YNbTPa(MONeTOBOr0 CBETA U B NPUCYTCTBUM OKWUCK LIMHKA Aerng-
pOreHnsupyeTcs, ¥ Npu 3ToM 06pa3yeTcs 6eH3anbjerns, nepekucb Bogopoda u Tonyon. C TOUKM
3PEHUS X0/ peakLmi 0YeHb BAXXHO KakK KOMMYeCcTBO aficopbupoBaHHOM, TaK U KONMYECTBO HAXOAs-
Liefics B pacTBOpE OKMUCK LiMHKA. Cama e peakLims npoTeKaeT Yepes nocpecTBo cBO60AHOrO paju-
Kana, 06pa3ytoLLerocs Ha NMOBEPXHOCTU OKWUCK LIMHKA, U KOTOPbIA ABNSAETCS KakK Gbl MPOMEXYTouU-
HbIM coefnHeHneM. CKOpOCTb peakLuu W CBOICTBa 06pa3ytoLierocs NpofAyKTa 3aBUCAT OT KO/u-
uecTBa pacTBOpUTENs. B cTaTbe AenaeTcs NpeanonoXeHne 0THOCUTENbHO BO3MOXHOMO MexaHU3Ma
peakuum.
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The main results of a project—still under way—dealing with little
known and little studied aspects of fluidization are presented. The
mechanism of particle formation in a fluidized bed, from solutions,
the knowledge relating to particle size changes and the bringing
about of steady state conditions are presented in Part 1. The ex-
perimental apparatus and method are shown, followed by the results
obtained with different model materials with and without solid
material addition. It is proved that steady state conditions can be
created —irrespective of the model material used—by adding solid
material to the system.

Introduction

The amount of solid intermediate 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. If the material to be for-
mulated 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 material
is in a liquid form. There are a number of methods to be used to produce
solid particles from the solid material content of solutions such as classical
operations (e.g. crystallization-filtration-drying and optionally granulation;
evaporation-atomization-drying-granulation, etc.) and particle formation in
gas fluidized bed (from here on termed 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 inten-
sive operation used to substitute classical multistep operations.
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Description of the Process

Direct particle formation 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 of 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 with the fluidizing air, while the solid
material content of the liquid is retained in the bed. A flow of solid particles,
its mass corresponding to that of the solid material content of the liquid fed
in is continuously taken off from the apparatus.

It should be noted that this process is suitable not only for the extraction
of the solid material content of any liquid, but according to literature refer-
ences it has also been successfully applied to process melts, two component
high temperature liquids, suspensions and pastes.

Direct particle formation consists of a number of consecutive and compe-
titive elementary steps. The elementary steps are as follows: mixing of the
particles, dispersion (atomization) of the liquid, partial evaporation of the
solvent from the particles, wetting of the particles, agglomerization of the
particles, désintégration of the particles (and also of the agglomerates) and
drying. The most important elementary steps with respect to steady state
operation conditions (or the bringing about 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 of the liquid wetted particles is evapo-
rated, leaving behind its solid material content on the surface of the particle.
This mechanism brings about a relatively slow but steady and uniform growth
of the particle size. Particle formation from elementary subparticles takes
place when fluidized wet particles collide and consequently stick together
forming liquid-bridge-held agglomerates. Upon the evaporation of the solvent,
solid bridges are left behind and agglomerates become stabilized. This mecha-
nism results in the rapid growth ofthe particle size and a parallel rapid decline
in the number of particles in the fluidized bed. Particle growth in direct
particle formation carried out in fluidized beds can occur together by both
mechanisms.

Particle degradation is the result of the mechanical wear and surface tem-
perature changes of the particles in the fluidized bed. Particles moving accord-
ing to a disordered pattern, collide with each other and the wall. If there is
sufficient kinetic energy involved in the collisions, minute particles can break
off from the surface of the particles already 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, whether it is in the vincinity of the atomiz-
ation process or farther away towards the wall where drying takes place.
Thus there are a number of temperature changes taking place on the particle
while it is in the fluidized bed. It is not surprising that a time and place de-
pendent thermal field is created leading to internal stresses that create radial
cracks and eventual falling apart of the particle [3].
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It is essential for the succesful completion of the process that steady state
conditions, and particularly, steady state particle size distributions be achieved.
Steady state conditions in the fluidized bed can be brought about by meeting
the following requirements [4].

— the amount 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 amount of heat required to evaporate a given amount 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 the
particles charged into the fluidized remains constant if the input and output
mass flow rates are kept equal. The number of particles in the fluidized bed
decreases due to agglomerization and product offtake. When the number
of particles formed in unit time due to particle degradation is greater than
the number of particles “consumed” for agglomerization, then steady state
conditions can be brought about. If the number of particles formed in unit
time due to particle degradation is equal to or smaller than the number of
particles consumed in the agglomerization process, then no steady state con-
dition can be arrived at. In such cases, external means are required to increase
the rate of degradation sufficiently enough or a solid material flow of appro-
priate particle size and mass flow rate has to be called upon to establish the
steady state conditions.

It should be noted that both literature references and the experience gained
in this laboratory indicate that with the majority of materials steady state
conditions can only be brought about by external means.

Experimental — Apparatus and Method

Experiments 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 (diameter
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. Input
and output air flow temperatures are monitored by resistance thermometers.
Input air flow temperature is controlled by a setpoint controller.

The solution to be processed is stored in a thermostated reservoir and is
pumped by a dual head calibrated piston metering pump into the pneumatic
atomizer where atomizing air is introduced via oil filters and flowmeter.

Solid material feed-in is accomplished by a vibrating feeder. The delivery
tube of the feeder is placed close to the top of the fluidized layer, but outside
of the spraying cone of the atomizer.
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Fig. 1
1 — oil filter 8 — motor
2 — electric air heater 9 — thermostated tank
3 — under plate 10 — pump
4 — temperature controller 11 — tank
5 — temperature measuring instruments 12 — vibration feeder
6 — pneumatic atomizer 13 — pneumatic discharge pipe
7 — cyclone 14 — manometer

Pneumatic offtake is used to take off continuously solid material from the
fluidized layer. Offtake air flow rate—a dependent variable—is controlled
by a valve and using a flow meter its value is set to maintain the mass flow
rate of product granules at 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 eliminate fluidization irregularities, mechanical agitation is
used as an auxiliary measure. The mixing head is formed of three slanting
blades located at 120° each. The mixing element is located immediately above
the distributing plate, in the bottom layer of the bed. It is powered by a vari-
able speed electromotor.

Experiments were conducted as follows:

A given amount of 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. At a bed expansion of 1.3 the particles are
preheated by hot air to the required temperature. Once this temperature level
is reached the mechanical agitation of the layer is initiated at a bed expansion
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of 1.7. Then the atomization of the liquid thermostated at 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]. Experiments are continued
until definite steady state or non-steady state conditions become established.

Results

The model materials used to study direct particle formation were as follows :
urea, potassium carbonate (hydrated), potassium phosphate, sodium dichro-
mate, sodium nitrate and ammonium nitrate.

Fluidizing and drying air temperatures, layer expansion, initial particle size,
solution concentration, atomization rate, geometrical ratio characterizing the
bed, and mixer rotation speed were as follows :

ti; =100 °C,

Y/Yxa =1.6—1.8,

do =0.63-0.8-10-3 m,
do =0.72.10-3 m,

c' =500 kg/m3,

w =3.5—3.7-10-4 m3h,
YmD =0.75,

n =80 min“l

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 formation in fluidized
beds, the physical properties of the particles in the bed are time dependent.
When no steady state conditions can be established this change extends
through the entire run.

Changes of the physical properties of the particles as a function of time
in the fluidized bed could not be directly determined. Therefore, time 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 materials studied
alone. To illustrate this point, the time 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
time and average residence time of the solid material is plotted on the figures.
Apart from a short initial section, average particle size increases linearily with
increasing time. Accordingly, distribution curves (cumulated “less than”
curves) are successively shifted towards higher values.

Time dependent changes of various particle size fractions of the product
formed in a non-steady state process were studied. Time dependent changes
of the relative amounts of the various urea fractions are shown in Fig. 4.
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Fig. 3

It should be noted that similar changes were observed with potassium car-
bonate and sodium nitrate model materials. The amount of the successive
size fractions at a given moment and their time dependent changes can be used
to make conclusions about the mechanism of particle growth. At a time
0 = 0 the initial urea fraction 0.4—0.63-10-3 m is in the fluidized bed. As
particle growth proceeds the amount of particles in the above range decreases.
At the same time the amount 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-]10~3 m. At the same time,
the amount of particles smaller than 0.4-10-3 m in the bed becomes negligible,
so it is obvious that the (0.63—0.8)-10-3 m fraction is formed by surface
deposition mechanism. Along with the increase of the amount of fraction
(0.63 —0.8)*10~3 the next fraction: (0.8 —1.00*10~3 m also sets out, but its
rate is smaller. When the amount of particles in the (0.63—0.8)-10-3 m range
is close to its maximum, the growth rate of particles in the (0.8—1.0)-10-3 m
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Fig. 4

range is suddenly increased. Then as the amount of particles in the
(0.63—0.8)-10-3 m range starts to decrease the amount of particles in the
(0.8 —1.0)-10-3 m range shows a steep increase and approaches its maximum.
By that time the amount of the next fraction, (1.0 —1.6)*10-3 m also becomes
significant.

Microscopical observations revealed that 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 amount
of agglomerates, 1—3% can be found in the fraction (1.0—1.6)-10-3 m.

It can be seen from Fig. 4 and the microscopic studies that for the urea
model, material particle growth primarily takes place by surface deposition
and the role of agglomerization in particle growth is negligible. These same
conclusions held for potassium carbonate and sodium nitrate 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 amount of particles is the
(0.40—0.63)*10~3 m initial fraction is decreased, is very small and practically
unchanged. At the same time, even at 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 that particles bigger than 2-10-3 m were practically all
agglomerates. Accordingly, it can be stated that with potassium phosphate
the primary 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.

It can be concluded from the experimental results shown that the number
of particles formed by degradation processes under the above conditions is
not sufficient to bring about steady-state particle size distribution. At the
same time, based on the changes of the relative amounts 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 state conditions, i.e. steady state particle size
distribution, solid material of a given amount and particle size distribution
was introduced in the bed.

The feed rate ratio of the solid material was calculated as:

B = - —mmrmeeee 100% @)

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 state conditions were
also achieved. Based on these studies, conclusions could be made as to the
time required to achieve steady state conditions and the stability of steady
state conditions.

Particle size distribution curves obtained at various time intervals for urea
are shown in Fig. 6. Particle size distribution in the early, non-steady state
section is shifted towards bigger particles and its standard deviation is also
increased. In the experiments reviewed here, steady state conditions were
achieved at about 0 = 2.

More than 40 experiments with steady state sections were studied in this
respect and it was found that steady state conditions did indeed occur in most
cases at 1.5<0<3. In a few exceptional cases, however, as much as 3—4
times the average residence time had to elapse before steady state conditions
became established. The value of 0* is influenced by operational and process
parameters, most sensitively by the ratio of solid material feed rate. With
increasing solid material ratio, the time required to achieve steady state con-
ditions decreased.
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Fig. 6

When the curves describing the time dependent changes of the amounts
of the fractions are studied (cf. Fig. 7) it can be seen that in the initial phase
of particle formation they are similar to those obtained in the non-steady
state processes (cf. Fig. 4). Thus, the deduced conclusions are also valid
in the case of the first phase of steady state particle formation. The time 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 most frequent case
is that 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 that average particle size changes follow a maximum curve (curve 3



310 B. Denes and Z. Ormés Vol. 6.

in Fig. 8). This is the case when added particle size is much smaller (about
twofold) than that of the initial particle size.

Physical characteristics of the granules leaving the system in steady state
conditions change around an average value. It is due to the statistical nature
of processes occurring in the fluidized bed (interparticle collision, collision
with liquid particles, etc.). The stability of the steady state section is character-
ized by the magnitude of changes taking place in the amounts of the various
size fractions leaving the system. It can be seen in Fig. 7 that changes of the
relative amounts of the various fractions in the product leaving the system
are minor in steady state conditions. From the analysis of the results of over
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40 steady state experiments it was concluded that the relative amounts
of the various fraction change no more than +5%.

To summarize it can be concluded that 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 material. This leads
to a steady state particle size distribution of the product.

SYMBOLS

B solid material feed ratio, %

¢' solution concentration, kg/m3

d particle size, m

D diameter of the apparatus bed, m

D(x) relative amount of particles passing a sieve of opening x, % w/w
Oi relative amount of particle fraction i, % w/w

(0] mass flow rate of solid material, kg/h

n rotation speed of mechanical agitator, min-1

t time, h

t average residence time of solid material, h

T" temperature of air, °C

X opening size of the sieve, m

Y  height of the fluidized layer, m

Ym minimum height of the fluidized layer, m

w' feed (atomization) rate of the solution, m3h

0 dimensionless time co-ordinate, ©= t/t

©* the time required to achieve steady state conditions, dimensionless
SUBSCRIPTS

o initial value K output

b input — average value
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PE3IOME

B AaHHOM LMKne cTaTeil NPUBOAATCS Hanbonee BaXKHble Pe3ynbTaTbl UCCNEAOBAHNIA, BeAyLLMXCA U B
HacTosLLee Bpems, N CBA3aHHbIX C 3TO MaNoM3BECTHOM W HEUCCNeA0BaHHOK 061acTbio MPUMEHEHMS
MeTo/ia NCeBAOOXMKEHNS. B NepBoii YacTu JaHHOTO LMKIa NoKa3aH Npouecc 06pa3oBaHus rpaHyn
13 pacTBOpa B MCEBAOOXKWKEHHOM CMOe, NMPOLLECChl U3MEHEeHWs pasmepa rpaHyn, a Takxe faércs
MH(OPMALIMS OTHOCUTENbHO YCTAHOBNEHUS CTALMOHAPHOrO pexuma. Bcnef 3a 03HaKOM/EHWEM
ONbITHOI YCTAHOBKU M METO/1a, NMPOMU3BOANTCS 060LLLEHME PE3YbTAaTOB OMbITOB, BbINONHEHHbIX C pas3-
NIMYHBIMU MOZIENbHBIMI MaTepuanamu npu nogaye TBEPAOro MaTepmana u 6es ero nogaun. Ha ocHo-
BE 3TUX Pe3y/bTaToB 6bI/10 YCTAHOBAEHO, YTO HE3ABMCUMO OT MaTepUasbHbIX 0COGEHHOCTEl Haxoas-
LMXCS B PacCTBOPE KOMMOHEHTOB, NP NOMOLLM NoAaumn TBEPAOro MaTepmana MMeeTcsl BO3MOXHOCTb
AN YCTaHOB/EHUS CTaLMOHAPHOTO PeXxuma.
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Physical characteristics of the granules (particles) formed in a steady
state gas fluidized bed from solutions depend on the values of the
independent variables (parameters). Therefore, it is indispensable
for the practical embodiment of the process that the trends or func-
tional relationships between the physical properties of the product
granules should be known together with their parameters. The in-
dependent parameters of the process, and the results of experiments
investigating the effects of solid material feed ratio, particle size
of the initial solid material, concentration of the solution and feed
(atomization) rate of the solution are presented here. From the analysis
of the experimental results, the effects of the parameters studied
upon the main physical characteristics (particle size, porosity, wear
resistance, rolling properties, and moisture content) were determined.

The Parameters of the Process

In practice it is essential that the physical characteristics of the particulate
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 material can be influenced by changing the
values of the independent parameters of the process. Therefore, it is essential
that the functional relationship between the physical characteristics of the
particulate solid material 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 parameters

— the characteristics of the solid material,
— the concentration of the solution.
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Process parameters

— the size distribution of the particles fed in,

— the ratio of the mass flow rates of the solid material fed into the parti-
culate material leaving the system,

— the feed (atomization) rate of the solution,

— the degree of dispersity of the solution fed in,

— the moisture content and temperature of the air fed in,

— the ratio of the minimum bed height to the bed diameter,

— the extent of bed expansion.

Apparatus 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 material offtake,

— the characteristics of the elements of the auxiliary process equipment
(e.g. size, shape and rotation speed of the mechanical agitator, etc.).

The linear velocity of 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

Experiments were carried out in the apparatus described in Part 1 [1] fol-
lowing the technique detailed there. Urea was used as a model material 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 temperature of the fluidizing and drying air, the extent
of bed expansion, the initial particle size, the concentration of the solution,
the atomization rate, the characteristic geometrical ratio of the bed and the
rotation speed of the mechanical agitator were as follows (unless otherwise

specified) :

T& = 100 °C, c' =500 kg/m3
Y/Ym=1.6-1.8, w =3.4 —3.7-10-4 m3/h,
do =(0.63-0.8).10“3m, YJD = 0.75,
do =0.72-10-3 m, n =80 min-1

a The Effects of the Particle Size

and Mass Flow Rate of the Solid Material

Steady state conditions can be achieved by introducing a solid particulate
material of appropriate particle size and mass flow rate into the continuously
fluidized layer. To characterize the amount of solid material fed in, the so-
called solid material feed ratio was defined [1]:
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The effects of solid material feed ratio were examined in the 9.2—54% range.
The solid material fed in was urea of two narrow particle size ranges [din=
= (0.4 —0.03)-10~3 m and (0.63—0.8)-10-3 m]. Steady state conditions were
achieved in both cases. The physical properties of the particulate material
formed in steady state conditions were also examined. The cumulated “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 distribution curve belonging to (9= 2 of
a non-steady state experiment, i.e. without added solid material is also shown.
It can be seen that the particle size distribution of the product is significantly
different from the distribution obtained in the non-steady-state case, soon
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after the addition of even minute amounts of solid material. With increasing
solid material feed ratio, the distribution curves are shifted towards smaller
particle size ranges.

Wi ith increasing solid material 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
*

The position of the lines depends on the size of the particles fed in. For
smaller particles, the lines run lower, i.e. decreasing initial particle size results
in decreased average product particle size. Thus, a considerably smaller solid
material feed rate is required to produce the same average particle size if small-
er particles are fed in as seed crystals.

Experiments were carried out with a smaller size fraction [din= (0.2 —0.4] »
*10~3m] but the results did not unequivocally support the trends obtained
previously. Presumably, the main reason for this failure was that fluidizing air
carried out most of the fine particles as dust. Therefore, the actual solid ma-
terial feed rate was considerably smaller than intended.

It was concluded that particle size could be changed only in a well defined
range. The lower limit of this range was determined by the flow rate of the
fluidizing air, while the upper limit depended on both the growth rate and the
average residence time of the particles.

No characteristic trend in the average porosity, average density and bulk
density of the product could be observed when the solid material feed ratio
was changed. It is worthwhile noting that both the wear resistance and the
rolling properties of the granules were extremely 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 the granules produced and
the concentration of the solution was examined experimentally. Regarding
the concentration of the model solution, the amount of urea was changed
in the 300—600 kg/m3range.

It was found that with increasing concentration, the particle size distribution
curves were shifted toward bigger particle sizes (Fig. 4). For example, with

300 kg/m3 solutions the amount of particles bigger than 1¢lir3 m was less
than 10% while with a concentration of 600 kg/m3 this value was as high
as 60%. Accordingly, the average particle size ofthe product was also increased
1.6 times (Fig. 5). The relationship between the average particle size and

300 40 500 6500

0
cl[kg/m31
Fig. 5
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the concentration of the solution could be approximated by a straight line
in the range studied.

The increase of particle size induced by increased concentration is related
to the rate of crystallization taking place on the surface of the particle. The
driving force of nucléation and crystal growth is the difference between super-
saturated and equilibrium concentration values. In this case, supersaturation
was caused by the evaporation of the solvent. Starting with 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 of the average particle size.

There was no unequivocal change either in the porosity, the wear resistance
or the 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 that of the fluidized
bed decreased from 1% w/w to 0.2% wjw in the concentration range studied.
Presumably, this was due to two reasons. The first reason was that at a con-
stant evaporation rate the amount of solvent to be evaporated decreased with
increasing concentration. The second reason was that with increasing particle
size the 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
moisture content.

No limiting value of technological origin, restricting the concentration range
of the solutions to be processed in the gas fluidized bed, was found. The energy
consumption per unit mass ofthe product increased with decreasing concentra-
tion, so there are economical limits relating to the lowest solvent concentration
limits which can be processed.

c. The Effects of the Feed Bate of the Solution

At a constant concentration, the feed rate of the solution directly determines
the productivity of the particle formation operation, so it is one of the most
important parameters of particle formation. An urea solution of 500 kg/m3
concentration at five different feed rates in the 2.4—4.8*10-4 m3/h range was
used in the experiments. This range was calculated from the heat balance
equation using preliminary experimental data and the heat loss figure of the
apparatus.

Experimental results proved that the size of the particles taken off from
the bed increased with 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 material characteristic. Once the moisture
content of the bed was beyond this value then the stabilization of the loose,
weak aggregates held together by liquid bridges could not proceed via drying
and the formation of solid bridges. If the moisture content was increased
beyond the critical one, then there was a sudden decrease in the particle size,
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later there were fluidization disturbances of ever increasing severity, while
eventually the entire fluidization process collapsed.

In the experiment, shown in Fig. 6 and carried out at an atomization rate
of 4.8-10~4 m3/h the moisture content of the bed was beyond the critical value.
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Fig. 6

The aim of this experiment was the determination of the consequences of
a slight overwetting in the bed. Apart from that 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 m3/h feed
rate range due to an increase in the extent of agglomerization.

The theoretically possible particle size growth under the experimental con-
ditions used was calculated for the case of particle growth via ideal surface

layering. Starting with an average particle size of d0=0.72'10~3m the product
granules could grow as big as (dat= 1.0 —1.3*10-3 m, depending on the magni-

Fig. 7
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tude of the average residence time. It was concluded from these and other
microscopic results that particles formed and grown via the agglomerization
mechanism could be found with a high enough probability only among the
big particles, above 1.3-10~3m. The effects of the feed rate upon the amounts
of particles bigger than 1.3-10~3 m were also examined. It was found that
the amount 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
of the bed, this value suddenly dropped (from 22 to 3 w/w) (Fig. 7).

This was in agreement with the previous findings, i.e. loosely structured
agglomerates held together by liquid bridges could not be stabilized.

Feed rate also effected the average moisture content of the bed, i.e. the
product taken off from the bed. It was found that there was a slight, then
a sudden increase in the moisture content of the product with an increasing
feed rate in the 2.4—4.3-10~4m3h and 4.3—4.8-10-4 m 3/h ranges, respectively.
Above 4.8-10-4 m3/h the moisture content became higher than the critical
one (Fig. 8).

With increasing feed rate the porosity of the product was increased in the
15—25% wjw range, the wear resistance was between 80 —85% while the coef-
ficient of the rolling properties decreased from 0.55 to 0.4.

SYMBOLS

solid material feed ratio, %

concentration of the feed solution, kg/m3

particle size, m

inner diameter of the bed, m

D(x) the relative amount of particles passing the sieve of opening x, % w/w
Gi the relative amount of the iNeparticle size fraction, % w/w
solid material mass flow rate, kg/h

rotation speed of the mechanical agitator, min -1

time, h

average residence time of the solid material, h
temperature of the fluidizing air, °C

oo w

—A— =5



1978 Particle Formation in Fluidized Bed. II. 321

X opening of the sieve, m

X moisture content relating to the dry material, % w/w
uTkr. critical moisture content, % w/w

Y height of the fluidized bed, m

Ym minimum height of the fluidized bed, m

w'  feed (atomization) rate of the solution, m3h

© dimensionless time co-ordinate, ©= t/t

Indices

0 initial value

in input value

out output value

— average value

S steady state value
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PE3IOME

®dusnyeckune cBoICTBa FPaHyYATOB (3EpeH), NONYUeHHbIX NPU CTALMOHAPHBIX YCNOBUSX M3 pacTBOpa
B MCEBA0OXWKEHHOM CMOE, ONpPeAenstoTCs BeNNUMHAMM HE3aBUCUMO M3MEHSIIOLLMXCSA NapaMeTpoB
npouecca. MoaToMy B XOAe MPaKTUYECKOro OCYLLECTBNEHUS MpoLecca COBEPLIEHHO Heo6X0AMMO
3HaTb TEHAEHLMM B3aMMO3aBUCUMOCTEN MeXAY YNOMSAHYTbIMM NapaMeTpaMu u hU3M4ecKUMm CBOM-
CTBaMW rpaHyNsTHOTO NpoAyKTa. B flaHHOI cTaTbe NPUBOAATCA HE3aBMCMMO M3MEHsIoLLMecs napa-
METpbl NPOLECCa, a TaKKe Pe3yNbTaTbl OMbITOB, LIE/bI0 KOTOPbIX SABASANOCLUCCNEA0BAHME BANSAHUS,
0Ka3blBaEMOro f0M1eit nofaun TBEPAOro BELECTBA, Pa3MepOM BBEfEHHbLIX 38peH, KOHLEeHTpalmen
pacTBOpa U CKOpOCTbo BBOAA (pacnblifeHns) pacTBopa. Ha ocHoBe NoAYyUYeHHbIX pe3ynbTaToB 6b110
YCTaHOB/MEHO BAMSHWE, OKA3biBAEMOE W3MEHEHWEM BENMUMH UCCNe0BaHHbIX NapamMeTpOB Ha OCHOB-
Hble (IM3MYeCKne CBOWCTBA 3&peH (pasmep 3&peH, MOPUCTOCTb, TBEPAOCTb HA M3HOC, CMOCOGHOCTHL
K KaueHuto, BNarocofiepxaHue).






HUNGARIAN JOURNAL
OF INDUSTRIAL CHEMISTRY
VESZPREM
Vol. 6. pp. 323—332 (1978)

PARTICLE FORMATION
FROM SOLUTIONS IN GAS FLUIDIZED BED. I11.

THE EFFECTS OF BED GEOMETRY, MECHANICAL AGITATION AND MATERIAL
PROPERTIES UPON THE PHYSICAL CHARACTERISTICS
OF THE PARTICLES FORMED

B. Dencs and Z. Ormeés

(Research Institute for Technical Chemistry
of the Hungarian Academy of Sciences, Veszprém, Hungary)

Received: May 3, 1978.

The physical characteristics of the particles (granules) formed from
solutions in steady-state gas-fluidized beds can be effected, among
others, by the geometrical ratio of the stationary bed and the rotation
speed of the mechanical agitator in the bed. The effects of the above
parameters upon the physical characteristics of the product granules
were tested on urea as a model compound. The results obtained in
this study are presented here. Experiments were also carried out
with other model compounds. It can be concluded that the physical
characteristics of the particles basically differ, first of all, according
to the various growth mechanisms. The particle growth mechanism
is governed, on the other hand, primarily by the quality (chemical
and physical characteristics) of the dissolved component.

Introduction

The physical characteristics of the particles produced from solutions in gas
fluidized beds can primarily be effected by changing the settings of the oper-
ational parameters. The independent operational parameters were classified
in Part 2 of this series [1]. The effects of changing the minimum bed height-bed
diameter ratio upon the physical characteristics of the granules formed 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 with increasing geometrical ratio. To our best knowledge there is
no report on the use of mechanical agitation in fluidized beds to improve
particle formation from solutions. There are also no references in literature
about the effects of mechanical agitation (and rotation speed in the 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*
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cal or chemical characteristics of the dissolved material upon the physical
characteristics of the particles formed. Therefore, recent research activity,
the results of which are presented here, was concentrated on the investigation
of the effects of the above mentioned independent parameters.

Experimental

Urea, potash, sodium nitrate, ammonium nitrate, tri-potassium phosphate
and sodium dichromate model compounds were used to carry out experiments
in the apparatus described in Part 1 [1]. The same experimental technique
was followed. The temperature ofthe fluidizing/drying air flow, bed expansion,
initial particle size, concentration and atomization rate of the solution, and
the characteristics of the geometrical ratio and agitator speed were as follows
(unless otherwise specified).

7 =100 °C c' =500 kg/m3
Y/Ym=1.6—1.8 w = 3.5—3.7-10-4 m3/h
dp =0.4—0.63-10-3 m Ym/D =0.75

do =0.52-10-3m n =80 min-1.

Steady state conditions —i.e. steady state particle size distribution—were
achieved by initial solid particle introduction. Solid material feed rate was

20—26% (B) while average particle size and size range were din= 0.52-10~3m
and din= (0.4—0.63)-10-3 m.

Results

a. Effects of the Minimum Bed Height/Bed Diameter Ratio

Appropriate selection of the so-called geometrical ratio, the ratio of the
stationary bed height to the bed diameter (Ym/D) is very important for any
fluidized bed operation and this is also true in the case of particle formation
from solutions in fluidized beds. This ratio not only effects the flow and mixing
phenomena of the fluidized bed, but the physical characteristics of the granules
formed. The geometrical ratio characterizing the stationary bed is the mini-
mum bed height to the bed diameter ratio. Experiments were carried out
to determine the relationships between the product characteristics and the
geometrical ratio.

The minimum bed height to bed diameter ratio Tm/Z> was varied in the
0.5 —1.6 range using urea as a model compound. The bed diameter was kept
constant and the bed height (mass of the bed) successively increased. It could
be concluded that initially the average particle size incresaes with the increas-
ing ratio, then, depending on the material in question (mechanical stability
of the particles), it approaches a limiting value or passes a maximum, as shown
in Fig. 1.

The above change of the average particle size is the result of two counteract-
ing factors. With increasing bed height the average residence time increases
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resulting in increased average particle size. At the same time, 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. YmjD ratio
is depends on the material in question. There are materials 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 time, both at higher
and lower Ynm/D ratios. Thus, the maximum place of the function can be
shifted either way. If the experiments are carried out at Ym/D values lower
than that corresponding to the maximum place, then average particle size
increases with increasing YmjD and the opposite is true if the initial FmzZ>
value is beyond that 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 the range studied, wear resistance is
80—90%, and the rolling coefficient is in the 0.4—0.5 range. The moisture
content is decreased from 1.1% to 0.1% with increasing YmjD 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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and urea as a model compound. The design of the agitator is shown schema-
tically in Fig. 2. The rotation speed was varied in the 0—240 rpm range.

It was found that an increased rotation speed resulted in shifts towards
decreased average particle size and also in more narrow size distribution
(cf. Fig. 3). Correspondingly, extremely narrow particle size distributions
could be achieved at high rotation speeds. For example at 240 rpm about
95% w\w of the granules fall in the 0.4 —1.0-10-3 m range, while at 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 tr/pml

Fig. 4

range. At even higher rotation speeds, the particle size decreases at a lower
rate and eventually approaches a limiting value. The rpm value found at the
end of the quasi linear relationship is termed the critical rpm value.

Apart from the quality of the material in question the value of the critical
rom primarily depends on the design of the agitator element. The particle
size decreasing effect of increased rotation speed is readily explained by the
fact that agitation decreases the number of aggregates held together by wet
bridges before they could be stabilized. This reasoning is substantiated by the
observation that the amount 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 state
towards a sort of ordered state. This phenomenon is brought about by the
centrifugal action of the mechanical agitator. With certain agitator element
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 at 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 the fluidized bed.

Upon increasing the rotation speed of 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

Experiments were carried out with various materials, such as urea, sodium
nitrate, potash, sodium bichromate, ammonium nitrate, tris potassium
phosphate, with and without initial solid material feed. One of the objects
of the experiments was to determine if steady state conditions could be
brought about without initial solid material feed. The other object was to
determine if material quality proper had any effect on the growth mechanism
and physical properties of the granules formed.

Steady state conditions with the materials studied could not be achieved
without initial solid material feed. This can be seen when the major physical
characteristics are examined for there is always a definite time trend. The
most obvious is the change of average particle size with time (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 material feed rate was maintained at 24+2%. From the
examination of the major physical characteristics, it could be concluded that
steady state conditions were indeed achieved with all model materials. After
a time, amounting to about twice the 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 time dependence of the average particle size is once again
shown here (cf. Fig. 7).

Conclusions relating to the growth mechanism concerned can be drawn
from the slopes and intercepts of the lines shown in Fig. 6 and 7. In the case
of urea, sodium nitrate 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 with nearly identical slopes. Thus, it can be concluded that the same
growth mechanism is effective. Their particle size indicates that 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 nitrate and tris potassium
phosphate, the lines are in the higher particle size ranges and the slopes are
also larger.

Both values indicate that particle growth takes place mainly via particle
agglomeration. Calculations indicated that surface layering could result in
growth amounting only to a maximum of 0.3—0.4*10~3 m. Thus, after the

appropriate residence time has possed the initial particle of din= 0.52-10~3 m
could not be any bigger than bl 0-3 m. However, with the above materials
a severalfold increase in the average particle size could be witnessed as early
as a fraction of the average residence time. This proved unequivocally that
the governing growth mechanism was agglomerization. Naturally, it is also
accompanied, by growth via surface layering, but its role is negligible.

The physical characteristics of the steady state products formed from the
six test materials were compared. Since experiments were carried out under
identical conditions, differences necessarily reflect the effects of material
quality.

Depending on the model material in question, the steady state particle
size distributions can be very different (cf. Fig. 8). The particle size range,
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the shape and correspondingly the particle size distributions can be very dif-
ferent. In the case of urea, sodium nitrate and potassium carbonate dihydrate
which grow primarily via surface layering, curves lie in the 0.4—1.6-10-3 m
range and their shapes are very similar. Sodium dichromate, ammonium
nitrate and tris potassium phosphate grow primarily 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 major characteristics of the products are summarized in Table 1.

Table 1.
Major physical characteristics of the product granules
d.-103
Test substance (m) %S»/». (E@ (fb) % >\jv/w
growth via surface layering
CO(NH2)?2 0.64 6.8 86.7 0.6 1.03
NaNO03 0.66 8.8 84.7 0.66 0.03
K2C03-2H2 0.77 9.2 72.4 0.62 7.6
growth via agglomerization
191 275 91.3 0.42 0.01
nh4no3 2.20 30 92.3 - 18
K3sPoa 3.86 22.3 96.6 0.40 2.4

The physical properties of the granules formed not only differ among
various model substances, but 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, tban in the case of
growth via surface layering. At 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 that the material quality profoundly
influences the particle growth mechanism which, in turn, determines the
physical characteristics of the products.

SYMBOLS

initial solid material feed rate, %

concentration ofthe solution,kg/m3

particle size, m

bed diameter, m

D(x) relative amount of particles passing the sieve of opening x, % w/w
Ox relative amount of ith particle fraction, % w/w

lwl= A Nvs]
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K wear resistance, %

n rotation speed of the mechanical agitator, r.p.m.
t time, h

t average residence time of the solid material, h
T" air temperature, °C

X sieve opening size, m

X moisture content relating to dry material, % w/w
Y height of the fluidized bed, m

Ytr minimum bed height, m

w' atomization rate of the solution, m3h

0 dimensionless time co-ordinate, 0 = t/t

£p ;porosity, % v/v

() rolling coefficient, (—)

Subscripts

0 initial value

in input value

out output value
— average value
S steady state value
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PE3IOME

Ha (manyeckue CBOINCTBA rpaHyNATOB (3€PeH), MOyYaeMbIX B CTallMOHAPHBIX YCOBUSX U3 pacTBopa
B MCEBAOOXWKEHHOM ra3oM C/loe, MOXHO MOBAWATL Hanpumep 6narogaps U3MeHeHMIo reoMeTpu-
UECKUX NPOMOPLUIA HEMOABMXKHOIO CNOSA 1 YMCNa 060POTOB MEXaHUYECKOK MeLLanku, PacroioXeH-
HOVi B cNnoe. BnusiHWe, 0Ka3biBaeMOe M3MEHEHNEM YKa3aHHbIX NapamMeTpoB Ha (r3NYecKue CBONCTBA
rpaHynsaToB NPOAYKTa, MCCNEA0BAN0Ch HA MOJeNLHOM MaTepuane — MoueB MHe. Mpu OHUX U Tex
e YCNOBUAX aBTOpamMu 6bin NPOAEeNaHbl IKCNEPUMEHTbI C MOfIeNIbHbIMW BeLLeCTBAMMW Pa3IMYHOIo
XMMUYECKOro COCTaBa. Ha OCHOBAHWMM MOMYYEHHbIX AAHHbIX ObINO YCTAHOBMEHO, UYTO (IM3MUECKME
XapaKTepPUCTUKM 06pa30BaBLLIMXCA 3EPEH B 3aBUCMMOCTM OT MeXaHW3Ma poCTa 3EPeH UMEKT Pe3Ko
pasNnyHble 3HaUeHUs. A MexaHW3m pocTa 3épeH onpesenseTcs B NepByk0 o4epeb Ka4yecTBOM MaTte-
puana (HhU3MYECKUMM N XUMUYECKUMN XapaKTepuCcTUKaMW PacTBOPEHHOTO KOMMOHEHTA).
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According to experimental experiences, it is known that real geo-
metrical conditions appear to be too simplified in the Carman capillary
model of packed beds, therefore, its application concerning momentum
transfer also seems to be impossible. A new hydrodynamic model
with varying cross-sections was developed, based upon experimental
experiences. Characteristic geometrical dimensions of the model were
defined on the basis of the measurement results of momentum trans-
port, and then the correlations accepted for the calculation of transfer
coefficients occurring in empty tubes, were applied for the geo-
metrical model. The transport mechanism of packed beds is rather
well characterized by the formulas obtained in this way, which can be
applied for the calculation of the transport coefficients of these beds
with 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 number of papers
were published, and with the elaboration of the experimental data an effort
was made to give correlations of general validity for the determination of the
heat and mass transfer factors [1, 2, 3, 4, 5, 6].

In spite of this, no criterial equations of general validity exist at 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 Sieder —
Tate equations do, for the case of internal flow occurring in empty tubes.

According to literature, the friction factor of packed beds is well characterized
by the Eroun equation [7]. The Carman model set up for packed beds gives
a lower value for the friction factor than the Ergun equation.

Therefore, the possibility of setting up a new model with the modification
of the Carman 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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proximate the better 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

Carman was the first who endeavoured to convert the hydrodynamic condi-
tions of packed beds to flow conditions occurring in empty tubes, substituting
the given irregular pore volume for flow by parallel and straight capillary
tubes. These capillary tubes are characterized by the hydraulic equivalent
diameter:

h=4 "

In the case of the validity of the substitutive model, the pressure loss of the
packed beds for given flow conditions can be obtained from the correlation
for empty tubes, as:

4p = 2e« /,
P POn @
since the tube friction coefficient for laminar flow [8] is:
_ 16 16
I= Re v~Duo’ ©)
%
and its substitution into (2), gives:
Ap=32-_ \PI) )
Bh

The hydraulic equivalent diameter can be further written by the charac-
terization of the particles by a ball diameter, having the same volume as the
particles:

Da=2pp. ©)
T3P Py

Calculating with the superficial velocity, instead of the real flow velocity
arising in the pores:

V=evp. (6)
Substituting Equations (5) and (6) into (4), gives:
2ip=72 (1—e)2 v rjL @
&V Dp

According to experimental examinations, the pressure loss of packed beds
isratherunderestimated by (7). Therefore, the substitutive capillary tube system
elaborated by Carman, describes the hydrodynamic properties of the packed
beds rather unexactly. Experimental results have shown that the constant
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of Eq. (7) has to be increased to the ratio 25/12, consequently the pressure loss
of the bed will be:

(1—e)2 VrjL
e3v. D%

mr8= 150 (8)

which represents the well known Brake —K ozeny formula [8]. The quotient
of these two terms yields:

K Ap 72 9

Apn ()

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],

but the most frequently used one is the Brake —K ozeny equation. So at

equal velocity, the pressure loss of the packed bed will surpass that of the
substitutive model by 110%.

The deviation can be attributed 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 than its height
(tortuosity) ;

— the cross-section of the channels does not remain constant, but 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 rather considerable
portion of the occurring pressure loss and proceeding kinetic energy loss
without exception. It seems reasonable, therefore, to substitute the channels
of constant cross-sections in the substitutive model by Carman, by periodically
changing channels—although kept constant by sections. The Carman model

and the new substitutive model are demonstrated 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: 1)1 and T)2, resp.) repeat
periodically and have equal length, i.e.:

Di'mDii—bo- D4 (10.a)
and

Lx (19.b)
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— the volume of the substitutive system with changing cross-sections is
equal to the volume of the substitutive system of the constant cross-
section (i.e.: to the volume of the pores). Hence:

2D\=d \ + D%. (12)
In order to determine 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—Apt + Ap%
and applying Eq. (4), reap.,
2Vpo Vi V2
Do ut+DlI

(12)

will be obtained.
— the superficial velocity of the new substitutive system should correspond
to that one of the packed bed, or rather:
vID T2v 2DT = kvvODR. (13)

The equation (11) must 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)
@=122

Summarizing the foregoing, it can be seen that the physical model substitut-
ing the packed bed, can be considered as a tube bundle of circular cross-section,
the average diameter of which can be obtained by Eq. (5), although the tube
diameter is not constant, but, it can be assumed that the half length of the
tube sections have diameter Dx, while the other half length has diameter Z>2.
The intercorrelation of the characteristic diameters 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 :
the pressure loss of the straight tube sections and that one of the sudden
changes of the cross-sections. The pressure loss of the straight tube sections,
according to Eqg. (2) can be written as:

» Do
ovz /2.

Ap|:2qv|2£)\ f|+2 (15)
D1

1)1
With the application of continuity, the effective velocity and effective
friction coefficient can be defined and following Leva [9], we can write:

fi =aRe? '
this yields:
Api = 2v§Q80 fo o 2—(2 (16.a)
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and in shorter form :
2 L E
APl=2¢ve— U -, (16.b)
where :
E =ci-3~n+ ca-3-“. (17)

For laminar flow and introducing the particle Reynotds number:

~1 o=2ere— [I217— i], (18)

where :
DpVQ

BeB= (19)

The pressure loss, due to the sudden changes of the cross sections, consists
of two portions: the pressure loss at the sudden expansion and at the sudden
restriction of the tube, respectively. Its first term can be written asa Borda —
Carnot loss, while the second one can be expressed by the usual loss coefficient,
namely :

2 (VI-v2+ i (20.a)
and it can be assumed, that:
therefore :
o , L
4P2:2 ve (20.b)
where :
(21

The total pressure loss of the packed bed is the sum of Equation (18) and
(20) as:

Ap=*2eve— \\2E — + _J. (22)

If 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). Ergun [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. It can be expected that with the application
of this model further transport processes can also be described. In the following,
examinations will be carried out for heat transfer.
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Heat Transfer in Packed Beds

In the last thirty to forty years, significant experimental work was carried
out 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] stated that the heat transfer factor is inversely proportional
to the porosity of the bed, and in their opinion the experimental results can be
described by the following correlation:

. 2.876 0.3023
eja- (24)

which can be applied in the following range :
10-=[lep< 10,000.

Whitaker [1] obtained the following correlation:

r (I-eVvI* /1-eU /31
ejH=10'4 ( +02 (Ttr) Ji'

The applicability ranges are :

(25)

Ren
3.7s 8,000,

Pr~o0.7,
0.34ses0.74.

The difference between Eq. (24) and Eq. (25) can be seen at the first glance,
appearing in the exponent of the Reynolds number and in the dependency
on porosity. Numerically Eq. (25) will always produce a smaller value for the
heat transfer factor than Eq. (24) does. The deviation with the small Reynolds
numbers may also attain 60%. Instead of continuing the analysis of the ex-
perimental 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 diameter T){the flow is laminar, its velocity is v1;

— the fluid enters the tube of diameter i)2 practically with diameter Di
(and therefore having velocity v}), but due to the sudden change of the
cross-section the flow turns turbulent, forming eddies in the ring of
width (2)2—Zz>));

— in the above mentioned ring, no temperature gradient exists (i.e. the
temperature gradient can be neglected due to the intensive eddies),
thus heat transfer essentially occurs at the wall of diameter I)2.

For the determination of the heat transfer coefficient in the laminar region,
the Sieder—Tate correlation can be applied based upon the Graetz solution
[10], which describes the experimental results with an accuracy of +12%,
except water, i.e.:

Uyi

Nu= 1.86 \ReP
u e rL)

(26)
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2.

For turbulent flow, the adequate Siede r—Tate correlation is again applied
[10], which can be used with an accuracy of +15% and —10%, respectively,
ie.:

Nu = 0.027ReO-oPrW'pO.iiK. 27)

According to publications, the latter correlation can also be rather safely
applied to the transition region, where the flow conditions are unstable.

For the application of Eqs (26) and (27), the Reynolds number and Nusselt
number must be modified, using the packed bed characteristics. Thus:

A viDio voDog viDi 2 y ReB

. . . (28.2)
] i voDo 3 1-{ i
and:
Nui= 2212 %2 i, (28.b)
A 31—
where :
. di-Dp
— 29
Anpi A (29)
The characteristic simplex is:
Di Do D\ 2 ep Dv
Li Li Do 3 1— D\
Let:
= 30
G—Dd (30)
then:
Di 2 efi 1
(31)

17~3 1-e ~RCI
Substituting Equations (28), (29) and (31), and Eq. (26) can be written as:
. 186 1513 (1-eYls

'Z a s el

If the transformation is also similarly carried out for the turbulent region,
applying the former conditions, Eq. (27) becomes:

0.027A
NU* =7 PridOst (33)

Nup J?eJ/3Pri/3y>0-i4. (32)

The constant K in Equations (27) and (32), resp., takes into consideration
the Sieder—Tate formula related to a developed flow pattern, but due to
the short length of the channel this cannot be relied upon. According to the
preconditions, the halflength of the channel bears diameter Z)1, while for the
other half length the diameter is D2. If it is assumed that the length of the
channels corresponds to the particle diameter, then:

Li=Li=Dv/2 and £=0.5.
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Thus, the coefficient cons’dering the unsettled nature of the flow pattern is
K =1.9, based upon reference [11]. If the heat transfer coefficient and the
Nitsselt number, resp., of both sections are averaged for the total channel

length, we obtain: _ _
NUD—CIBN(:EI:CZZ?_- Bl;)N Us2
and with substitution of the constants:
Nup= 0.36jVmpi + 0.64/Tm#2
Substituting Equations (32) and (33) into Eq. (34)

fl —e 13 1 4 -6,0.2

Nuv ._.-Re +0.068—  --—-- ' P ri3y,0.1
[14 ¥E P e\ y fv ']
is obtained.
The héat transfer factor:
i (1-eyi3 1 (l-eY>-2
lh=1.4 Rep2'3+ 0.068 - Rep
Ne 7 e

where for gas systems: gou ---1 has been assumed.
Transformation of Eq. (36) yields:

ReT Rel

(34.a)

(34.b)

(36)

(36)

(37

Eor the comparison of Equations (24), (25) and (37) with the experimental
results, calculations were carried out. Fig. 2 shows the curves obtained for

Fig. 2.

Product of heat transfer factor and porosity vs. R eynot1ds number
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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 that 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 stated that although the
developed new model contains many presumptions (the majority of which are
natural presumptions based upon experience), but considering the momentum
transfer as well as the 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:

10<Rep< 10,000.

SYMBOLS
A = surface area, m2;
a = surface area per unit volume, m2m3;
¢ = coefficient;
D = diameter, m;
E — constant;
F = constant;
F = cross-section, m2;
/ = panning friction coefficient;
jn = heat transfer factor;
K = coefficient;
K = constant;
L length, m;
P = periphery, m;
p = pressure, N/m2;
V. = volume, m3;
v = velocity, m/s;
a = heat transfer coefficient, W/mX ;
B — geometrical simplex;
A = difference;
e = porosity;
r — dynamic viscosity, kg/ms;
A = thermal conductivity, W/mK ;
0 = mass density, kg/m 3;
$ — viscosity number;
tp — sphericity.

Dimensionless numbers

Nu = Nusseut humber;
Pr - Prandtl number;
Re — Reynolds numbers.
Indices

0, 1, 2= serial indices;

= calculated by the Blake formula;

= effective;

—hydraulic;

= serial index;

= referring to pore and solid particle, respectively;
= referring to solid media;

= wetted.
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PE3IOME

Ha ocHOBe pe3ynbTaTOB 9KCMEPUMEHTOB M3BECTHO, UTO KanuanspHas Modenb KapmaHa Ans Ha-
CafIOYHbIX CMOEB CAMLIKOM YNpoLaeT AeiiCTBUTENbHbIE TeOMEeTPUUECKME COOTHOLLIEHMS, MO3TOMY
eé MpuMeHeHWe NS nepefadn MMMYNbCa HEBO3MOXHO. McXoas U3 3KCMepuMeHTabHbIX Habto-
[eHWii, aBTopamMmu 6bina COCTaBNeHa HOBas FMAPOAMHAMMUYECKAA MOAeNb C U3MEHSIOLMMCS pas-
pe3oM. XapakTepHble reoMeTpUYecKme pasMepbl MOAENN BbINU YCTAaHOBNEHbI HA OCHOBE U3MepeHUit
nepeHoca NMMyNbCca, a 3aTem K 3TOi reoMeTpUUeckKoi Moaeny NpuUKNaabiBaich 3aBMCUMOCTM, 06-
LWeNnpuHATLIE 41 pacuéTa Koa(MUMUEHTOB NepeHoca NPoLLeccoB, NPOUCXOAALLMX B NMYCThIX TPy6ax.
Mony4eHHble TaKUM 06pa30M 3aBUCUMOCTM OUYEHb XOPOLLO XapaKTepu3yoT MexXaHU3M nepeHoca Bo
MHOXECTBaxX C HacafKoW, W C A0CTaTOYHON HaAEXHOCTbIO MOTYT GbiTb WCMOMb30BaHbl ANS pac-
uéTa KOa(hMULIMEHTOB NEPeHOCa YKasaHHbIX MHOXECTB.
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Two calculations methods used in practice are presented. Both in
research and industrial practice, there are frequent calls for the
calculation of average steady particle size from known operation
and process parameters. The calculation method presented here can
be used for this purpose if the primary growth mechanism in surface
layering. In our opinion the accuracy of the method is sufficient. In
general, the average particle size desired is predetermined for the
various industrial products. Therefore, the second calculation method
shown here permits the determination of the initial solid material
feed ratio ensuring the average particle size desired.

Calculation of the Average Particle Size

One of the most important physical characteristics of granules produced from
solutions in gas fluidized beds is the average particle size. In Part 3 of this
series [1] it was shown that the particle size range of various materials was
approximately the same when particle growth took place mainly via surface
layering. Atthe same time, the distribution curves were also similar. 1fthe 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, at least as far as the average particle size is concerned.

The solid material 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 primary growth mechanism is surface layering.

The mass balance equation of direct particle formation reads :

Grin-\-CW —G"outH- I'* (1)
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The mass flow of the solid material leaving the system in steady state
conditions can be written as:
- doutai ]

6rout = 6— "QSont-Nout * (2)

In the case of ideal surface layering, neither agglomerization nor disintegra-
tion take place in the fluidized bed. Correspondingly, the number of particles
introduced into and taken out of the bed is equal in steady state conditions.
In practice, as it was demonstrated in Parts | to 3 of this series [1—3], ag-
glomerization and disintegration always accompany surface layering. In this
ease, the values of the input and output numerous flows are slightly different
as given by the following relationship :

N out —bJVine 3)
If ¢ <1 then agglomerization, if then disintegration takes place in the
fluidized bed.
The numerous flow of particles entering the system is:
s G,
iVin = - 4
dinQen
Solid material feed ratio is defined as:
Gin
B=- 5
Gin+ c'w' ©

from which the mass flow rate of the solid material fed into the system can be
expressed as:

din= L5 (6)

Let us substitute Equations (2), (3), (4) and () into Equation (1). The av-

erage particle size of the solid material leaving the system in steady state
conditions can be obtained after substitution and rearrangement as:

13

- 1 . @m
dout—ein bB ' c'w’ izsout (7)

Experiments were carried out with particulate, solid material of sp< 0.05,
correspondingly the actual and particle densities were approximately equal

[1-3]:
QuinQ- (s)
The average particle density of the solid material leaving the system in
steady state conditions can be approximated as [4]:

At—q(s —ejw)* ©)

The relationship used to calculate the average particle size of the solid
material leaving the system in steady state conditions can be obtained after
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substitution of Equations (s ) and (9) into Equation (7) and rearrangement:

. 1-B)
dout—din ' L 10
bB(1-e Pri) 9
The solid material feed ratio, B ; average input particle size, din; solution
concentration, ¢' and atomization rate w' are the independent parameters in
the above equation. The average porosity of the solid material leaving the

system sRrtand 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 approximating values under different experimental conditions.

In the case of particles grown by surface layering it can be assumed that
s « 1, i.e. changes of the numerousness of the particles in the bed due to
agglomerization or disintegration are negligible, or rather their effects are
complimentary. The average particle size of the product obtained in steady
state conditions was calculated using Equation (10) and compared with the
results of sieve analysis (cf. Fig. I). It was found that the difference between

the calculated and measured average particle size was less than 20 % for at
least 78% of the experimental runs.

Numerical values of b were also obtained for all experiments. It was found
that in the case of surface layering growth mechanism 0.7<6<1, 4, the most
frequent value was close to :. At the same time, it could not be proved une-
quivocally that changing the operation and process parameters effected the
value of b. In the case of particle growth via agglomerization b values signi-
ficantly different from 1 were obtained (Na.Cr.0;:0.21; K304:0.03).
Using then known b values and Equation .., the average particle size was
recalculated and compared with measured values (cf. Fig. 2). In the case
of bu 1 the difference between calculated and measured values did considerably
decrease, being less than 20% in all cases and less than 15% in 84% ofthe cases.

It can be concluded from these results that in the case of particle growth
taking place via surface layering the average particle size of the solid material
leaving the fluidized bed in steady state conditions can be estimated by
Equation 1o0.
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Calculation of Solid Material Feed Ratio

In practical direct particle formation it is very important that physical
characteristics of the product meet certain preset requirements. These require-
ments vary widely, depending on the intended use of the product. Most
frequently, the average particle size and the particle size range of a given
major percentage of the product are specified (e.g. in the case of pelletizing

machines).
Attempts were made to calculate the 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:

Nin+Q (1)-N out(t):d—N{;rzl(?. (11)

The following relationships were substituted into Equation (11):
jVin — Uinthn ,
-Vout = Jioutf/out,
Nn=mrGr,
Q=qOR.

Thus, numerous flows were expressed by specific numerousness and source
terms were made independent from the mass of the fluidized bed. The equation
thus obtained can be rearranged by using the solid material balance equation
of direct particle formation [Equation (1)] and the definition equation of solid
material feed rate ratio [Equation (5)] can be read as:

Bc'w' dnR(t) (12)

-nl - ' i):
a -B)Gn nin+a() (1-B)Gr Hout() dt
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It is noted that the mass flow rate of dust precipitated in the cyclone is also
present in the solid material balance equation. Calculations would become
extremely involved by attempts 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 experimental results, the q(t) relationship was examined in steady
state conditions. It was concluded that q(t) approached a limiting value
irrespective of the values of the solid material feed rate ratio and average
initial particle size (cf. Fig. 3). In the case of urea the limiting value is:

s» = 0.3 x 106 particle/kgh.

pn
COINH:); 1
dn- 072 -10m
Y B - 0092 o}
0235 .
0341 — O
0459 zr A
dn - 0.52-10tn
B - 0096 - X
n
o]
o /ro- 6
1
030 »10° particle/ kgh
------------- O— = Xfimmm o
aB yi o— a—fe . —X-
0 , . |
0 2 i 6
t[hl
Fig. 3

Equation (:2) reads in steady state conditions as:

Bc'w’ . c'w’ 13
. —B)On raln+<7>z—(l_E)BB /tout—0. (13)
If Equation (13) is rearranged for the solid material feed, rate ratio (B) and

the relationships describing input and output numerousness values are
substituted as:
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then the following equation is obtained:

(14)

Solid material feed rate ratios required to produce granules of various
average particle size were calculated with Equation (14). The parameters of
the equation were selected to represent the effective values of the parameters
used in the actual experiments aimed at determining the effects of solid material
feed rate ratio [2]. Thus calculated and measured values could be compared.

The following parameter values were used for the calculations:

¢ =500 kg/m3,

w’ =3.8X10-4 m3h,

g,, =0.3x106 particle/kgh,
or =0.44 kg,

din =0.72x10-3 m,

QIn =1270 kg/m3

et =1100 kg/m3.

Values of the B(dout) function, calculated using the above parameters and
Equation (14), are plotted in Fig. 4 along with the experimental values.

According to the tendency obtained from Equation (14), average particle
size decreases with the increasing solid material feed rate ratio. The agreement
between calculated and measured values over the range studied is satisfactory.
The calculation method was checked against experimental results obtained
with sodium nitrate, potassium carbonate, sodium dichromate, ammonium
nitrate 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 parameters required for the calculations
(ow , g,,) can be obtained from a single experiment. The calculation method
shown here can be used equally well for surface layering and agglomerization
particle growth mechanisms to obtain the solid material feed rate ratio which
ensures a product of predetermined average particle size.

SYMBOLS
b: proportionality coefficient characterizing changes of the numerousness, (—);
B : solid material feed rate ratio, (—);
¢': concentration of the solution, kg/m3;
d: particle size, m;
G: mass of the solid material, kg;
G: solid material mass flow rate, kg/h;
K: flying dust mass flow rate, kg/h;
n: specific numerousness, kg-1;
N : numerousness, particle;
N : numerous flow, h-1;
q: specific particle source in the fluidized bed, kg-1 h-1;
Q: particle source in the fluidized bed, h~I;
t:  time, h;
w': atomization rate, m3/h;
g: actual density of the solid material, kg/m3;
Q. particle density, kg/m3;

ep: void volume fraction, (—).

Subscripts

in: input value:

out: output value;

-: average value;

R: value relating to the fluidized bed,;
~: limiting value at t-*~.
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PE3IOME

B [aHHO/ CTaTbe NPUBOAATCA [Ba PACcUETHLIX MeToAa, NPUMEHUMbIX Ha MPaKTMKe. B nponssoacT-
BEHHOI NPaKTUKe U B XOfie NPOBeAeHUs UCCNefoBaHUi YacTo MOXET BO3HWUKHYTb HE06X0AUMOCTb
B 3a61aroBpeMeHHOM OMpedeNieHn cpeaHero pasmepa uyacTul, TBEpPAOro MaTepuana Ha BbIXofe,
B C/lyyae CTaLMOHAPHOIO PEXMMA 1 U3BECTHBIX MPELECCUOHHBIX U PEXMUMHbBIX XapaKTepucTuk. Ans
3TOW LieNX MPUrO/eH NOKAa3aHHbIA PacY&THLIA MeTo4 B TOM C/lydyae, €CNM YacTuLbl OCHOBHOTO Ma-
Tepuana yBennumBatoTCs B NepByto oyepedb NyTéM NMOBEPXOHCTHOrO Haci0eHNs. Mo MHEHWO aBTo-
POB TOYHOCTb [JAHHOrO0 METOZA MOXHO CUMTaTb Y[O0BJETBOPUTENbHOM, B XOfie OCYLLECTBEHNSA
KaX/0ro KOHKPETHOro 3afjlaHus 06blYHO MPeanuchbIBAeTCA KaKoB [OMKeH 6biTb CpeHuii pasmep
NpoM3BOANMOr0 NPOAyKTa. [pyroil pacuéTHblii MeTof AaéT BO3MOXHOCTb AN MPUBAUKEHHOTO
pacuéTa NponopLmMn BBOAUMOr0 TBEPAOro MaTepuana, He06X0AUMOro A1 NPOU3BOACTBA NPOAYKTa
C 33/laHHbIM Hanepéf cpefHUM pasMepoM rpaHyi.






HUNGARIAN JOURNAL
OF INDUSTRIAL CHEMISTRY
VESZPREM
Vol. 6. pp. 351-360 (19781

ZUR GLEICHGEWICHTSBERECHNUNG UND BEWERTUNG
GASFORMIGER ENERGIETRAGER
BEl HOCHTEMPERATURPOZESSEN

Fratzscher, W., Hebecker, D. und. Gaffke, H.

(Technische Hochschule ,,Carl Schorlemmer” Leuna-Merseburg,
Sektion Verfahrenstechnik)

Eingegangen am 20. July, 1978

In der Arbeit wurden Gase, bei deren Dissoziation komplexe Stoff-
systeme entstehen, hinsichtlich ihrer Eigenschaften als Energietrager
im Temperaturintervall (1—6)x103 bei einem Druck von 1 bar
untersucht. Dabei eignen sich (von den betrachteten Gasen) in
energetischer Hinsicht besonders H20, NH3 und H2S, wéahrend eine
exergetische Analyse die relativ groBen Verluste, die bei der Ver-
wendung von NH3 als Energietrager in Kauf genommen werden
missen, deutlich aufgezeigt.

Hochtemperaturprozesse haben u. a. im Rahmen der angewandten Plas-
machemie grofle Bedeutung erlangt und sind in verschiedenen Wirtschafts-
zweigen vom grofien Interesse (z. B. chemische, metallurgische, elektronische
Industrie). Grinde flr die Realisierung derartiger Prozesse sind insbesondere:
— Verschiebung der Gleichgewichtslage auf die Seite erwiinschter Produkte,
— wachsende Reaktionsgeschwindigkeiten mit ansteigender Temperatur
und daraus resultierende Miniaturisierung der geometrischen Abmessun-
gen chemischer Reaktoren,
— Madoglichkeit zur Verwirklichung hoher Reinheitsférderungen und Quali-
tatsverbesserung von Produkten.

Eine wesentliche Voraussetzung fur 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
Untersuchung der Eigenschaften von Energietrdgern, insbesondere in energeti-
scher Hinsicht, bereits Aufnerksamkeit gewidmet worden [1, 2]. In [1] erfolgte
die Analyse des energetischen und exergetischen Verhaltens einfacher, mole-
kularer gasférmiger Substanzen (F2, ClI2, S2, 02, N2, H2). Im weiteren soll die
Diskussion auf komplexere Stoffsysteme ausgedehnt werden, wobei vor allem
wieder der Wert der transportierbaren spezifischen Energie und die Tempera-
tur, bei der diese bereitgestellt wird, von Interesse ist.

2%
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Im fiur Stoffwandlungsprozesse (unter dem hier betrachteten Aspekt) nutz-
baren Temperaturbereich von etwa (1—5)X103A und bei mittleren Driicken
(<50 bar) wird eine Reihe von Gasen teilweiser oder nahezu vollstdndiger
Dissoziation unterworfen, wahrend lonisation im allgemeinen keine signifikante
Rolle spielt. Es ist daher das Vorhandensein komplexer Stoffsysteme zu
erwarten, die vorwiegend aus Molekllen, Atomen und Radikalen der als
Energietrdger eingesetzten Substanz bestehen.

Unter der Voraussetzung, dal sich das reagierende Stoffgemisch im Zustand
des thermodynamischen Gleichgewichtes befindet, kann bei fixierten Werten
von Druck und Temperatur die Zusammensetzung eindeutig bestimmt werden,
wenn die Mengenrelationen des Gemisches im Anfangszustand ebenfalls
bekannt sind. Bei gegebener Zusammensetzung lassen sich Enthalpie- und
Entropiewerte des Stoffsystems nach einfachen thermodynamischen Bezie-
hungen ermitteln.

Bestimmung der Gleichgewichtszusammensetzung chemisch
reagierender gasformiger Systeme

Bekanntlich ist eine explizite Formulierung der Bedingungen des thermo-
dynamischen Gleichgewichtes fir die verschiedensten Spezialfélle auf rein
mathematischen Wegen aus der allgemeinen Gibbs’schen Relation ableitbar.
Man gewinnt dabei letztlich die Aussage, dal3 alle thermodynamischen Poten-
tiale im stabilen Gleichgewicht einen minimalen Wert annehmen [3]. Wird
zweckmalRiger Weise auf die Formulierung fur die freie Enthalpie zuriick-
gegriffen, folgt fur eine chemische Reaktion | zwischen den Konstituenten
| (bei realisiertem thermischen und mechanischen Gleichgewicht) die Bedingung

AVnRi=o (1)
wobei fil —chemisches Potential des Species I,
vn — stéchiometrischer Koeffizient des I-ten Species in der i-ten

Reaktion.

Es soll nun ein aus n Species (Y{) bestehendes, reagierendes System idealer
Gase (eine Voraussetzung, die im angegebenen Bereich der intensiven Para-
meter anwendbar ist) betrachtet werden, die sdmtlich als nach der Beziehung

M=: PakK<» (2)

(®,{ — Anzahl der Atome | im Bestandteil i) in ihre m Elemente x(I) zerfallend
gedacht werden kénnen. Die F, setzen sich aus den Elementen gemaR

y,— NQig . v &)

zusammen. Wegen (:) muBl daher gelten (fur ideale Gase), dal

2 ®a p)+ET In +RT Inxij- /m{T, p°) =BT jdin  +In&g=0, @)
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bzw.

I ®,Inx, —Anxi=[£ — ®dp<?]IL + (1. 1 ®,jIn(£)

(° — Referenzzustand, x — Molanteil.)

Man erh&lt (n—m) Bedingungen (4) fur alle Species i, die nicht atomar
vorliegen. Weiterhin steht die Normierungsbeziehung

Z*i=1
i=l

oder

In|2aij=0 (6)

zur Verfiigung. Die restlichen (m—:) Relationen zur eindeutigen Bestimmung
der xi( i= 1 (1) n, kdnnen aus Massenbilanzen oder, hier zweickméRiger, aus
der Bilanzierung der Atome gewonnen werden. Dafur 148t sich angeben, daR

n
ZI ®ylll= binn I=\(I)m

rsp.

™ nR
2 duXl=bi— (6)
1 n

gelten mull [nR — Molzahl einer fiktiven Anfangssubstanz, w, — Molzahl des
Species i im Gemisch, b, —charakterisiert die Zusammensetzung der Anfangs-
substanz analog Beziehung (3)].

Da nur (m—1) Relationen erforderlich sind, kann eine relative Darstellung
mit Bezug auf z. B. Basiskomponente 1= 1 gewdahlt werden, wofir (s ) zu

n
2 'Gm
S =r.=Vi-i I1=2()m (7
b
SO
I
wird (Vt_i — Anzahl der Atome des Elementes | zu der des Elementes 1).

Die Beziehungen (4), (5) und, aus (7),
In 12 ®dHx;j —n [2® ii*i)-b Vi-i=0 (8)

bilden das zu 16sende Gleichungssystem, das bei Anwendung eines modifizierten
Newtonschen Verfahrens mit analytischer Ableitungsbildung auf m lineare
Gleichungen (= Anzahl der Basiskomponenten, hier Elemente) reduziert
werden kann. Fir vorgegebene Atomverhdltnisse V bestimmte Werte von
Druck p und Temperatur T 1&4Rt sich ausgehend von geeigneten Startwerten
x° iterativ der Losungsvektor der Molanteile x eindeutig (mit vorzugebender
Genauigkeit) bestimmen, der den angegebenen Bedingungen genigt.
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Ermittlung von Enthalpie,
Entropie und spezifischer Warmekapazittat von ldealgasgemischen

Nach den bekannten Beziehungen der Thermodynamik folgt die spezifische
Enthalpie des betrachteten Stoffsystems aus

Xihi
2 XiMi

die spezifische Entropie aus

(Ina:i+1In”"-j]
«=> (10)
g XiMi

und die spezifische Exergiednderung des Stoffgemisches vom Referenzzustand
(p°) zum Zustand, der durch die intensiven GroRBen p und T (gekennzeichnet
wird (Zusammensetzung jeweils aus der Gleichgewichtsbedingung), ist schliel3-
lich

Ae=Ah-TOAs (11)
mit Ah=h—h° (Energieinhalt des Stoffgemisches bezogen auf den Ausgangs-

zustand, der dem Bezugzustand . entsprechen soll) und As=s—s°.
Die molaren GrofRen sind deméR

_ n_
h = 2@iN (12)
S=2*i ~- Xi+In jJ (13)
und
Ae= Ah —To-As (14)

zu ermitteln. Die spezifische Wé&rmekapazitdt des reagierenden Gemisches bei
konstantem Druck erhdlt man wegen

qQR— (15)

durch numerische Ableitungsbildung. Die Werte fur sf(T) wurden (4)
entnommen.

Diskussion einiger Ergebnisse

Es wurde das Verhalten folgender Gase untersucht (p=1 bar):

1. S02) als komplexes Gemisch aus S, O, S2, 02, S:0, SO, S02, S03;
2. S0Y(

3. NHsmit N, H, N2, H2, NH, NH2, NH3;

4. NFsmit N, F, Na, F2, NF, NF2, NF3;
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HCI mit H, Cl, H2, CI2, HCI,

H2 mitH, O, H2, 02, OH, H:0;
C02 mitC, 0, C2,C3,02, CO, C02;
CoJ

H2S mit H, S, H2, S2, HS, H.S.

Auf den Bild 1 und 2 ist die Gleichgewichtszusammensetzung der oben
angegebenen Stoffsysteme ., 3, 4 liber der Temperatur aufgetragen. Es wird

©= N> o

Bild. 1.

Gleichgewichtszusammensetzung des durch Dissoziation von Schwefeldioxyd entstehen-
den Stoffsystems in Abhéngigkeit von der Temperatur
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T «icP K
Bild 2.

Gleichgewichtszusammensetzung der durch Dissoziation von NH3z und NFs entstehenden
Stoffsysteme in Abhangigkeit von der Temperatur

deutlich, dal fur das Gemisch 1 im Bereich T a 2000 K im wesentlichen nur
S 0. existiert und die instabile Verbindung SO bei ca. 3600 K maximale Kon-
zentrationen erreicht, wahrend NH: und NFs nahezu im gesamten betrachte-
ten Temperaturbereich dissoziiert vorliegen.

Analog erkennt man aus der Darstellung 3, dal die Verbindungen, die
bereits im Bereich relativ niedriger Temperaturen dissoziieren, vergleichsweise
groBe Energiemengen beinhalten, wobei die Breite des Temperaturintervalls,
in dem wesentliche Zerfallprozesse ablaufen, den Anstieg der Funktionen
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Ah(T) bestimmt. Die aulRerordentlich stabile Verbindung CO zeigt daher erst
ab ca. 5000 K merkliche Dissoziation.

Fir die absolute GroRe des Energieinhaltes des Stoffsystems ist hauptséch-
lich die aufzuwendende Dissoziationsenthalpie verantwortlich, die bei der
Rekombination der Zerfallsprodukte wieder frei gesetzt und fir andere
Zwecke, z. B. Stoffwandlungsprozesse, verfigbar wird. Damit deutet sich

Bild 3.
Molarer Energieinhalt dissoziierender Verbindungen in Abhdngigkeit von der Temperatur
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gleichzeitig an, daR die chemischen Eigenschaften der Energietrdger die
Durchfiihrung der beabsichtigen Stoffwandlung beeinflussen kénnen (d. h.,
die Auswahl eines Energietrégers sollte nicht nur unter Berucksichtigung seiner
energetischen Eigenschaften erfolgen).

Da die Molzahl des Stoffsystems mit steigender Temperatur zunimmt (also
variabel ist), wurde der spezifische Energieinhalt (analog zu Bild 3) auf Bild 4
dargestellt. Man erh&lt hierbei die Aussage, da H20 und NH3z bei Tar3000 K,
bzw. NH:iund NFs: im verbleibenden Temperaturbereich, die vergleichweise
hdchsten spezifischen Energien bereitstellen kdnnen.

()

22

20

16

12

10

Spezifischer Energieinhalt dissoziierender Verbindungen in Abhangigkeit von der Tem-
peratur

Das Verhdltnis von aus einem Stoffstrom bei reversibler ProzeRfiihrung
maximal gewinnbarer Arbeit zu der fir die Aufheizung des Systems notwendi-
gen elektrischen Energie (die nur aus Exergie besteht) stellt einen exergetischen
Wirkungsgrad dar, der auf Bild 5 in Abhangigkeit von der Temperatur auf-
getragen wurde. Daraus ergeben sich fir die im oberen Temperaturbereich
energetisch etwa gleichwertigen Gase H20 und NH: ganz offensichtliche
Differenzen, die auf den unterschiedlichen Entropietermen beruhen. Vergleichs-
weise geringe Verluste kdonnen fir H2S tber einen weitern Temperaturbereich
konstatiert werden. S0. zeigt zu HCI bzw. C0: analoges Verhalten und wurde
der Ubersichtlichkeit halber nicht eingezeichnet. Zum Vergleich mit nicht-
dissoziierenden Gasen ist der Carnotfaktor (mit logaritmischer Mitteltempera-
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Bild 5.

Exergetischer Wirkungsgrad fir die Aufheizung dissoziierender Verbindungen in Ab-
hangigkeit von der Temperatur

Bild 6.

Spezifische Warmekapazitat dissoziierender Verbindungen in Abhangigkeit von der
Temperatur
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tur) als unterbrochene Linie eingetragen worden. Eine sehr illustrative Kenn-
zeichnung der Dissoziationsbereiche der unterschiedlichen reagierenden
Stoffsysteme ist mit der Darstellung deren spezifischer Warmekapazitat ber
der Temperatur maéglich (Bild 6), die als ergdnzung der Aussagen von Bild 4
dienen kann.

SYMBOLVERZEICHNIS

b — GroBe zur Kennzeichnung der Zusammensetzung der Ausgangssubstanz;
cpr — spezifische Warmekapazitat des reagirenden Gemisches beip = const. ;

e — spezifische Exergie;
h  — spezifische Enthalpie;
h —molare Enthalpie;
m  —Anzahl der Basiskomponenten(Elemente) ;
M — Molmasse;
n — Anzahl der Species;
n — Mozahl;
p — Druck;
R —universelle Gaskonstante;
s —spezifische Entropie;
s —molare Entropie;
T —abs. Temperatur;
V — Atomverhaltnis;
X — Molanteil;
X —Basiskomponente (Element);
V. — Species des betrachteten komplexen Gemisches;
p —chemisches Potential;
V — stochiometrischer Koeffizient;
& — GroBe zur Kennzeichnung der Zusammensetzung eines Species Y aus den Elemen-
ten X.
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SUMMARY

In the article some properties of complex gaseous systems in the range from 1,000 to
6,000 K at a pressure of 1 bar were investigated. These properties are such ones, that give
the possibility to characterize the applicability of those systems as a carrier of energy
for several technological processes.

Energetic consideration leads to the conclusion, that the HaO-, NHs- and HaS-systems
seem to have the best behaviour, while exergetic investigation allows to estimate the
energy losses appearing in the NHs-system.

PE3IOME

B pa6oTe nccnefytoTca TepMOAMHAMUYECKMe CBOWCTBA ra3oBIHeproHocuTeneld, obpasyroLux npu
amccoumaumm B TemnepaTypHoM uHTepeane 1000—6000 K npu pgaBneHnm 1 6ap KOMMEKCHbIe
pearupytoLime CUCTeMbl. B 3HepreTMyecKom OTHOLLEHUW 0COBbIA MHTepeC NpeACTaBNsAeT MPUMEHEHVE
H2, NH3 HZ. MNpu akcepreTM4eCcKoOM aHanuse UCCnefyemblX ra3oB BbIB/AOTCA CPaBHUTENbHO
60MblUMe noTepu Npu NnpumeHeHnn NH3B KauyecTBe 3HeproHoCUTENS.
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MACCOMEPEAAYA MPU HANNYNN CNOXHOW XUMUNUECKON
PEAKUMW B CUCTEME ,,FA3->XXNOKOCTb®. II.

MOC/IEAQOBATE/IbHAA XMMNYECKAA PEAKLMA, ONMNCbIBAEMAA
HE/IMHENHBLIM KWHETUYECKUM YPABHEHMEM

MapumaH A. H., YepkawuH B. B., PaccagHukosa H. U.
(MHcTuTyT Katanmsa CO AH CCCP, Hosocnbmpck 630090, CCCP)

Moctynuna B pepakumio 8 Asryct 1978 r.

B pa6oTe paccMOTpeHbl BOMPOCHI, CBSI3aHHbIe C MPOTEKaHWEM B 06BbEMeE Xnj-
KOW (hasbl MOCNeA0BaTENIbHOM XMMMUYECKON peakumn

KaTtanusato n . KatanmsaTto t-
Ap s flg Karanmsatop [ s Ay Karanmsaro Pv.

VI3yyeHbl 3aBMCMMOCTM CPefHero Avddy3noHHOro MOTOKa, CPefHUX KOHLEH-
Tpauuii BelLecTB M M36MpaTeNlbHOCTU Mpolecca OT MapameTpoB MOZENN.

MonyyeHHble pe3y/bTaTbl CPaBHMBAKOTCA C pe3ynbTaTamu npejblayLiel
paboTbi [1].

B npegbigywieii pabote [1] o6cyxganvicb BOMPOCHI, CBA3aHHblE C MPOTEKaHWEM B
obbeme XXMAKOW (hasbl NocnefoBaTesibHOM peakuun nepBoro nopsigka. Hapagy c
PaccMOTPEHHbLIMU, CYLUIECTBYET Uefblii paf MPOMbILIEHHO BaXKHbIX MPOLIECCOB, B
KOTOPbIX Ppa3NoXeHWe LeneBoro npoaykra MpPOUCXOAMT C yvyacTMeM KOMMOHeHTa
rasoBoil (hasbl MO peakuuMy BTOPOro MopsgKa:

4L _~p KaTanusatop ® g A4 Kataausatop N £
Mo Takoi cxeme NPOTEKalT MPOLECChl MapuuasbHOro OKWUCAEHUS U X/I0PUPOBAHUS
napauHos [2—75].

Mcnonb3ysa Mofenb macconepefayn, MpensiokeHHyto B pabote [s], U coxpaHas
CnpaBefMBOCTb BCEX AOMYLEHUA paboTbl [1], 32 WCKAKOYEHWEM NPEeAnonoXeHns
0 MpOTeKaHWM 0benx peakuuini Mo MepBOMY MOPAAKY, MOAYYMM Chefylouine ypas-
HEHMS1 MaTeMaTUYECKOro OMMcaHWst pacCMaTpUBaeMOil CUCTEMBI:

a

pewy) XA o () XA 5 picace 1
0* Oy cy ]

Pew(y) =°=--%b(y) "'+ vhca- oifcacn )

y
()¢ oy V oy )
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C Ha4Ya/lbHbIMKX N rPpaHNYHbLIMWN YCNOBUAMU

Osi/N 1 X —0; <7a = Cao: €8 —CBO
acs
= 0 < 1, n =0; o =0;
y=a, ny ny
Y—O0; 0<X"1; cn=1 NAo=0
ay
Mpegnonaranocs, 4YTo
LLly) =Do - (1—bo)y2 @
10-3=Do=s1.

a 3asucumoctb W(y) 3apaBanacb Kak B [s].

YpaBHeHUs (1)—(3) ¢ yyetom (4) 6b1am pelleHbl YMcieHHO Ha OBM c ncnonb3o-
BaHMEM MaTPMYHON NPOrOHKW U PasHOCTHOW cxembl KpaHka-HukonbcoHa. Bbluumc-
NANNCbL 3HayYeHUs cpefHero 6GespasmepHOro AM@y3MOHHOro MNoToka BewlecTsa A

1

0
CPefHMX KOHLeHTpauwuii Bewects A n B

11

Ca= J JCa(x, y) dxdy (6)
0o
11

Ce=J JOb(3;,Y) dx dy U
00

1 u3bupateNbHOCTU NO BelyecTBy B

Q '(aCa- (pBCnCs A
®RCa+ ®Calse

Pe3ynbTaTbl pacyeToB npeAcTaBfeHbl B Tabnuuax 1—4 u Ha puc. 1 n 2. [aHHble
Tabnuubl 1 NO3BONAIOT CPABHUTbL MOJYYEHHbIe 3HAYeHUs CpedHero 6e3pasMepHoro
Anddy3MoHHOro nNoToka BewecTsa A ¢ gaHHbIMK paboTbl [s], B KOTOpOI mpegno-
naranocb npoTekaHue B 06bemMe XMAKONW (has3bl OLHOM peakLuu MepBOro nopagka.
N3 aToll Tabnmupbl cnegyet, UTO CYLLeCTBEHHbIE Pa3NMynMa B 3HAYEHWUAX Y 418 ABYX
yKa3aHHbIX 3ajay HabngaTca, eciv OAHOBPEMEHHO BbIMOHATCA COOTHOLUEHMS
cpe/Pe>0,5 u c/p/Pe> O,]. B NpOTUBHOM C/ly4ae 3HavyeHUs AUGEHY3MOHHOro NOTOKa
M cpeAHel KOHUEHTpauumn BewecTsa A, NosyyeHHble MPU pelleHnn ypasHeHuid (1)—
(3), ¢ yaoBneTBOPUTENbHOW TOYHOCTbIO COBMAJAT C pe3y/bTataMy pacyeToB Mo
mogenu (s).

[JaHHble Tabmubl 2 CBUMAETENbCTBYIOT, UYTO MPY TAKMX Xe COOTHOLLEHWAX napa-

meTpoB <p|/Pe>0,5 n (fjJPe> 0,1 HabnogaeTca 3aBUCUMOCTb 3HayeHuii CB OT BMAaa
KUHETUYECKOW (PYHKUMM B ypaBHEHUAX (1)—(2).

Takmm 06pasom, Ans paccmaTpuBaemoi mogenn obnacTb ,,MeAfeHHbIX" peak-
uMiA, KOTopas B JaHHOM C/ly4ae XapakTepu3yeTCs He3aBUCMMOCTbIO CpefHero audg-
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M3MeHeHMe 3HaYeHWUn n36MpaTensHOCTM M3MmeHeHMe 3HaumniieH cpefiHero
no ANvHe peakTopa. Anhy3nOHHOro NOTOKa MO A/IMHe peakTopa.
Do0=0,01; ®B= 10. D0=0,01; ®B=10.

O603HaueHns *1 Pe O60o3HaueHuns K Pe

0 400 1000 0 400 1000

X 2,0 100 il 100

* 10,0 10,0 m 5,0

o 10 0,5 N 10,0 100

\Y 5,0 X 400 30

a 400 0 10,0 10
\Y 5,0 0,5

(hYy3MOHHOTO MOTOKA W CPeAHUX KOHLEeHTpaLuil BelecTB OT BMAA KWHETUYECKOM
thyHKumMK, cywectayeT npu (p%Pe==0,5 n <pYPe<0,1. B 370l 06nacTu gns pacyera
3HayeHnit CAun CB MOXHO [OCTATOYHO HAAEXHO MO0/1b30BaTbCA aHANUTUYECKUMM 3a-
BMCMMOCTSIMU, KOTOPbIE O6bINN NonyyeHbl B paboTe (1).

Oco60 cnefyeT OTMETUTb TOT (akT, YTO ANS AaHHON CUCTEMbI, B 06LLEM, He yaa-
NoCb NOMyunTb 06nacTb ,,6bICTPLIX" peakuuil, OTAUYMTENbHOW O0COBEHHOCTbIO
KOTOPOI fBNAETCH HE3aBUCUMOCTb CpefHero AW(Y3MOHHOTO MOTOKA W CPeaHUX

KOHLIEHTPALWiA BeLWeCTB OT MapaMeTpoB MOAENN, XapaKTepu3yrLWux ruApoAnHa-
MMWYECKOE COCTOSHWNE CUCTEMBI.
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Tabnnua 1. CpaBHeHWe pacCcUMTaHHbIX 3HAYeHW CcpefHero  Angdy3noHHOro
NnoToKa BewlecTBa A € AaHHbIMU paboTbl [6].

Ondhy3noHHbIA NOTOK y

Pe ®& s HacToAWas no AaHHbIM
paboTa [6]

05 0,01 0,01 0,093 0,093
100 0,093

0,1 0,01 0,097 0,097
10 0,101
100 0,102

100 0,01 1,006 1,007
/:(;) 1011
10, 1211
100,0 1,383

10 10 01 0,148 0,147
10 0,153
10,0 0,169
100,0 0,176

10,0 01 0,01 0,275 0,275
100 0,276

100 0,01 1,031 1,030
0,1 1,032
10,0 1,209
100 1,329

1000 10 0,01 2,565 2,566
100 2,566

100 10 2,713 2,712
100 2,719

400 10 3,172 3,169
30 3,176
100 3,192

Tabnnua 2.  CpaBHeHWe pacCUMTaHHbIX 3HAYEHWI CPeAHUX KOHLEHTpaL Wi BeLlecTBa
-»Bc pesynbTaTamu paboTbl [1] npu

Do0=0,01; Co=0

Cs
Pe K 2
no AaHHbIM HacTosiLan

[1] paboTa
0,5 0,01 0,01 0,001 0,001

100 10-S 10-5
on 0,01 0,009 0,009
10 0,001 0,003

100 10-4 10-4
100 0,01 0,326 0,329
0,1 0,298 0,322
10,0 0,021 0,107
100,0 0,002 0,019
1,0 1,0 0,1 0,033 0,034
1,0 0,022 0,030
10 0,004 0,013
100,0 100 10-4 0,003
300 100,0 10 0,001 0,001
100 0,001 0,001
400 10 0,004 0,005
30 0,004 0,004

100 0,003 0,004
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[encTBnTeNbHO, NPW HEBOMbLUMX 3HAYEHMSX [[B 10) Takaa obnactb MMeeT

MecTo gns 3HadeHuiny n CAnpu <dRe>10, ogHako 3HavyeHus CB CU/IbHO 3aBUCAT OT
Be/IMUMHBI NapamMeTpa Pe, Kak 3T0 MOXHO BMAeTb M3 Tabmubl 3. Tpu 60/bWNX Xe

Tabnmua 3.

3aBMCUMOCTb 3HAYEHWIA cpeaHero AMQ@Y3MOHHOTO NOTOKA U CpeaHuX
KOHLIEHTpaLWiA BelliecTB OT napameTtpa Pe npu

Ne =1¢; <p!:1,0;/)0:0,01

Pe Yy CA cB
oa 0,355 0,02962 0,84
0,5 0,355 0,030 0,27
1,0 0,353 0,030 0,16
10,0 0,411 0,023 0,016
30,0 0,544 0,016 0,004
100,0 0,667 0,010 0,001
300,0 1,432 0,006 10-4
1000 2,566 0,003 10-5

3HAYEHNAX @B B CMly TOrO, YTO BTOPAs peakuus MAET CO 3HAYMUTENIbHON CKOPOCTbIO
ny n CAyxe He OCTalOTCA MOCTOAHHBIMK Npu <Pe>10.

3aBucuMocTb M3bupaTensHocT 0 OT nmapameTpoB Pe, @A M <B npefcTaBneHa
B Tabnuue 4.

Tabauua 4.
3aBUCUMOCTb M36MpaTenbHOCTU 0 OT NapaMeTpoB MOAENMN Mpu
D0=0.01 n Cao= Cso=0.
Pe
Ts

05 1,0 10,0 100,0 1000,0
0,1 0,01 0,999 0,999 1,0 1,0 1,0
1,0 0,932 0,967 0,998 1,0 1,0
10,0 0,745 0,856 0,984 1,0 1,0
100,0 0,471 0,703 0,946 0,994 0,99
1,0 1,0 0,944 0,970 0,998 1,0 1,0
10,0 0,792 0,872 0,984 0,999 1,0
100,0 0,567 0,738 0,947 0,994 1,0
10,0 1,0 0,973 0,984 0,998 1,0 1,0
10,0 0,893 0,925 0,987 0,999 1,0
100,0 0,811 0,857 0,953 0,994 1,0
100,0 10 0,945 0,964 0,993 1,0 1,0
100 0,887 0,916 0,972 0,995 1,0

MpvBeaeHHble B 3TOW Tabnuue AaHHble MO3BONAKT CAeNaTb BbIBOL O CYLLeCT-
BOBaHMW TeX e obnacteit ,,BbICOKOA* W ,,HU3KOW" N36MPaTeNbHOCTUN, HaIMYMe KO-
TOpbIX 6bII0 0OTMeYeHO B paboTe (1).

O6nacTtb ,,BbICOKON* M36MpaTeNbHOCTU MMeeT mecTo npu qp|/Pc<0,l n xapak-
TepusyeTca TeM, 4TO 3HayYeHns 0 B 3TON 061aCTU NPAKTUYECKM He 3aBUCAT HU OT Pe,

HW oT (PA. O6nacTb ,,HU3KOW" M36upaTenbHOCTU cyllecTByeT npu <pe/Pe>10 u Xa-

3
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pakTepusyeTca pe3kuMm pocTtoM O npu yBeAMYEHUW 3HAYEHWIA nan Pe. Mpome-
XYTOUHaa 06nacTb onpefenseTcs COOTHOLIEHUEM o1 =Cp”/Pers 1o.

Hapwuc. 1 12 npefcTaBfeHO U3MeHeHe n3bupaTe/ibHOCTU U CpeaHero Auhdy3mnoH-
HOrO0 MOTOKAa MO ANWHEe peakTopa MpW BCMbIBAHWW CEPUM OLMHOYHBIX My3bIpPei.

Kak BMAHO 13 3TUX PUCYHKOB, npu (p~/Pe”OJ1 n nobbix 3HaYeHUsAX (A BeNNYMHA
0 noctosHHa M 651m3Ka K eguHuue. Mpu cp%/Pe>0,1 3HayeHne 0 yMeHbLUAeTCa Mo
ONNHE peakTopa TeMm CWfibHee, 4yeM MeHblie @YPe. lMpu [OCTATOYHO 6OMbLUKX
o?/Pe cTaumoHapHble 3HaueHna 0 u Cpa pgocturaroTcs Ha 60/1ee KOPOTKOM Y4yacTke
peakTopa.

3HayeHUs 6e3pasmepHOro AMM@PY3MOHHOro MNOTOKA NPU BCEX PACCMOTPEHHbIX
3HaYeHMAX <B OCTaBa/IUCb MPAKTUYECKWU MOCTOSHHBIMKU MO A/IVMHE peakTopa, eciu
BbIMOJIHANOCL HepaBeHCTBO <pWPe3= 10. B npoTWBHOM cnyyae BefMyMHA Y Pe3Ko
YMeHbLLIanacb Ha HayasbHOM Y4acTKe peakTopa, a 3aTeM, CTPEMUIAach K cTauMoHapy
Tem 6bICTpee, YeM 60nbLIe BbINO 3HAYEHUE (A.

B 3aknt04YeHne OTMETUM, YTO BCE OMUCAHHbIE Bbllle 3aKOHOMEPHOCTM MO3BOJIAOT
NOHATb SABMIEHMA, NPOUCXOAALLME MPU NPOTEKaHWM B 06beMe XMAKON (hasbl peakuum
paccmaTpvMBaemMoro Tuna W, UCXOAA M3 CTpaTerMyecknx CcoobpaxeHWid, Bbl6paTb
ONTUMaNbHY TaKTUKY BefeHus npolecca B LesoM. Hanpumep, eciv He06XoAMMO
noayyatb LeneBoi NPoAYKT C MMHMMa/bHbIM KOMYeCTBOM MpUMeECeli, TO npoLecc
cnefyeT BecTM B 06/1aCTW ,,BbICOKOI™ M3bupatenbHocTM. OfgHako, Mpu 3TOM KOH-
LleHTpaLmsa nNpoaykra B pacTBope 6yfeT HeBbicoka. C Apyroli CTOPOHbI, CYLLECTBYIOT
MPOoLEcChl, B KOTOPbIX NOBOYHbIE MPOAYKTbI peakuun ABAAIOTCA TaKXe MOoJIe3HbIMY,
NnMB0o Nerxko npespaLiaroTCcsa B TaKOBble, UM XOPOLLO OTAENATCA OT LEefIeBoro npo-
OyKTa. B TO e Bpems, M0 TEXHONOTMYECKMM COOBpaxkeHMsM, Heobxoauma AocTa-
TOYHO BbICOKAsA KOHLEHTpaLMA LefeBoro npogykra. pu Taknx ycrnoBusax npoLecc
BbIFTO4HO BECTM B 06/1aCTW ,,HU3KON“ M36MPaTENbHOCTU MU B MPOMEXYTOYHOW 06-
nact. Takum 06pa3oM, KOHKPETHbIA BbIOOP OMNTMMaNbHOI0 FMAPOSMHAMUYECKOTO
pexuma BefeHUs npouecca ¢ y4eTOM U3/0XEHHbIX B JaHHOW paboTe pe3ynbTaTos U
TEXHONOrMYeCKNX TpeboBaHU NO3BOAUT AOOUTLCA Xenaemoro pesynbTaTa.

OBO3HAYEHWA
oa — 6e3pasMepHan KOHLEeHTpaLusa BellecTsa A;
OB — TO Xe N4 BelecTsa B;
Op, OB — cpefHUWe 3Ha4YeHMs KOHUeHTpayuii Ca n C.;

O po, OB0O — HayanbHble 3HAYEHUS KOHLIEHTpaLuil BellecTs A u B;
Opo, OBo — cpefHUe 3HayYeHWst KoHUeHTpaumnin Cao un Ceo;

D(y) — 6e3pa3MepHbIn KO3a(hMLMeHT KOHAYKTUBHOIO NepeHoca No KoopAuHate y;
D<,, — KO3(hpuumMeHT TypbyneHTHOWR Anddy3nmn B Sape NOTOKa;
fi,n — CKOpPOCTM NepBOil U BTOPOIi peakuuii B KMHETUYECKON 061aCcTW, COOTBETCTBEHHO;
K i, KI  — KOHCTaHTbl CKOPOCTE NepBOi 1 BTOPOIA peakuuidi, COOTBETCTBEHHO;
, Ly  — xapakTepHblii NUHElHbLIA pasmep Mo KOOPAMHATaM X Uy, COOTBETCTBEHHO;
WM — CKOpOCTb TeYEHUs B Afpe NOTOKa;
w — 6e3pa3MepHast CKOpPOCTb TeYeHWsi NOTOKa;
X,y — KOOpAUHAThI;

(6] — CENeKTUBHOCTb;
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VHAOEKChI

1 — nepBas peakuus;

2 — BTOpas peakuus;

~ — 3Ha4YeHMe BEe/IMUMHBI, OMNpeaensemMoe BApe NoToKa;

X — 3HauyeHue BENNUMHBI, ONpejenseMoeHa NOBEPXHOCTM pasaena (has.
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CHEMICAL REACTION ACCOMPANIED BY MASS TRANSFER
IN LIQUID-GAS SYSTEM 1.
Consecutive First and Second Order Chemical Reactions
A. N. Gartsman, V. V. Cherkashin, N. |I. Rassadnikova

The authors deal with the consecutive reactions
Ags-V Aliqu. P-Pgj». B + Aliqu. >C

taking place in liquid phase. The relationships existing between the parameters of the
model and the mean diffusion flux, the mean concentrations and the selectivity of the
proces:E, ]are studied. The results are compared with the data presented in the previous
paper [1].
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THE THROUGHPUT AVAILABILITY
OF A CAPACITY-DIVIDED PARALLEL
CONNECTION WITH INTERNAL CAPACITY RESERVE
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The throughput availability of a parallel connection divided as to its
capacity was examined by applying the queuing theory. It became
obvious that the substitution of a large plant by small plants could
bring about an increase in the availability, provided the partial
plants possess a capacity reserve. This reserve must, however, exceed
a minimum value. There exists an optimum number of partial plants.
It is essentially determined by the efficiency of the repair shop.

Introduction

In the chemical industry many production processes are chains of successive
transformations of materials leading from the raw material to the final product.
Thus it is possible to introduce a rank order of process engineering systems.
In most cases a distinction is made—proceeding from the simple to the com-
posed—between the process group, the process stage, and the process, etc. [1].
That means that a process stage involves several process groups. Here, we
are interested in the process stages, wich are composed of similar process
groups in parallel connection that 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 parameter in expressing the reliability [2], [3]. In this connection
gr means the actual quantity of production produced during a certain period
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and qi the quantity of production which could be produced in ideal circum-
stances during the same period of time.

Different methods are known by which VD can be calculated. Recently it
was proposed that the results of the queueing theory should be used for the
calculation [4]. In this way, connections can be established with a modern
and much developed mathematical dispicline. After Biehounek [4] had con-
centrated on representing the mathematical fundamentals, we shall now deal
with the question, in which the circumstances the division of one process
stage into several similar process groups will bring about an increased avail-
ability.

Let ma€{0,1, ..., m} be the number of process groups which are intact at
a certain instant. Defective groups are repaired. On the other hand, disturbances
occur on groups which so far had been functioning well. Hence, nd is time-
dependent. One of the peculiar features of this function is its range of values:
it is a discrete set, i.e. nd(rt) possesses a constant value during certain time
intervals [ij_x; if] (riC[i;_:; 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. It is to be constant during the same intervals as is na.
The capacity gs of the process stage is calculated from naand g0 according

to:
s(Ti) = na(Ti)qG&(Ti). @
Its mean value during interval | = (t0; tO+t) is:
Ne (€)]i = S 2 «a(n)ro(t))Nb Ah=h- ti-i, 2 Ah=t. ®3)
-1 =1

If g\ is the (constant) capacity of o process group, by means of which
the m groups produce the quantity ofproduction planned in ideal circumstances
and during the time interval I, Eq. (3) will, together with Eq. (1), result in the
throughput availability of:

2 na(Ti)qQTi)/ih

C[oc(TiLt i

o= maGift «(gGN @)

Fundamentals of the Queueing Theory

First of all we shall consider the special case qa(r) =gaN=const, dealt with
in [4]. Eq. (4) will then come up to:

_tlleTi)Ah [na(mli
= 1
Fr . ©)

The average number [na(ri)]/ of the intact machines is attributable 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 time of running ETt= Aql The efficiency
of the repair shop is determined a) by the average time needed for the repair
Pal (it also comprises the skills of the mechanics and such organizational
questions as availability of spare parts, etc.), and b) by the number . of
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repair units (mechanics or work teams 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
important in dealing with our problem. One can see it when considering a
process group breaks down at an instant when all the repair units are engaged.
This group must wait until the repair work can be started. The result is a
mutual interference between the process groups. It brings about an additional
decrease of the mean value [Na(Ti)Jo Another argument which may be used in
substantiating that the average repair time is insufficient in order to express
the efficiency of the repair shop is the fact which has been established by
experience that ps: cannot be reduced at will, but will be maintained at a
value of kglrr >, even if the repair technology is perfect.

Rather, the duration of the defect-free time of running of a process group
and the duration of the repair work are largely determined by laws of prob-
ability. Hence, the figure na(r) depends on uncontrollable variables and may
be conceived as a realization of the stochastic process:

Voar= {va(), rzT). (6a)

The same also applies to nd(t), the number of defective process groups. The
relevant process is described with:

NiT={Na(r), teT}. (6b)
The relationship between the processes is expressed as:
Voa(T)+ Vd(T)= w. (7)

For stationary ergodic processes the mean value [n/{T)], can be approximated
through the expected value EN.d Eq. (5) is transformed into:

y 7‘Er7.é1ra7 1 Eana 8

The introduction of the expected value ENdestablishes the connection with
the queuing theory, where the number of defective process groups is generally
described as the number of demands made on the service system.

The service system consists of a waiting room and the service shop, where
15 independent service units work m parallel. The special system considered
here is characterized by the fact that only a finite number of sources of the
flow of demands exists (the in process groups) and that once a defect has been
repaired any group may be in need of repair again later on. It is described as
a complete service system [5], [7]. Moreover, it is a pure waiting system. Such
systems were investigated for the first time by Palm [¢], [s] who proceeded
from the following basis (see also [7], [9]):

a) all process groups are similar regarding the average number 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 time of running and the duration of repairs are distributed
exponentially with the densities:

/ e 1/iCGe-/"0i ta:0
r(«) =, e =, (<0 («)
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d) the process groups function independent of each other. Breakdowns
occur by chance, they are not attributable to systematic causes equally
effective in all groups (shortage of raw and auxiliary materials, and
energy etc.),

e) the service system is in the state of the statistic equilibrium.

The probability function p.(i, r) =P[N(r)=i], i.e. the probability that i
demadns are made at instant Ton the service system, will then be expressed by:

(T) eopi(O) 0=5i:£?

Pi(i)=+ \., (10
THIT. (i j ~ (0 ) I m
[7]. In Eq. (10) Q = i ,and /q(o) is calculated as follows:
Q
. il /m1l i
[pi(Cy1-1 {?G+ 2 (11)
1=1+1
We explain the usage of the equations for m=1. In this case a service unit

is available for each process group, and Eq. (11) can be simplified to yield:

[**(0)M:- 2 o(7) 1P= (1 + eB)m (12)

The expected value ENdis:

m_~ m(m\ i m (m —I\
ENd= 2 ijoi(i)=2 . UeGi>i(0) = QampdO) 2 ., Ne (13)
i=o i-0 V1) -1V *—1)
and, eventually, after the index has been shifted:
ENa= oaw (\ + oG)m-1pi(0). (14)

With (12) and (14), Eq. (s ) results in:

If a service unit is available for each process group, the throughput
availability of the process stage is identical with the availability (1+(249)-1
of the individual process groups. This result is understandable intuitively.

As opposed to the 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 og, w and I. Eirst the probabilities for each special pair of numbers
(m, I) must be calculated according to the Egs. (10) and (11), and then ENd
must be determined. So the application of the equations is rather troublesome.

However, ENdyields in a simple way other parameters of the system, for
example, the average number:

ENW= (1+ go)ENa- gam (16)
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of process groups waiting for repair, and the average number:
FNS=o0oGm - EN&) (17)

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 may
discuss the influence of machine interference. Using the equation ENa=
=ENWH+ENS, 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

NVQ;—%QQm—ENd) and N FON=%(1-f- nNO)ENd—oQ. The expression N Vn

expresses the decline of production for process groups which have just been
serviced, whereas N FOw takes the machine interference into consideration.
In Fig. 1 both shares are contrasted with each other for I=1in order to illustrate

5 o m 15

Fig. 1.
Splitting up of the non-availability into the shares 1VFS and NVy, for I= 1 and Qg=0.1

their proportions. 1f m increases, the significance of N FOvwill also increase.
Since the length of the queue is dependent upon the number of service units,
it can be expected that | exerts a decisive influence on the throughput
availability. Fig. 2 confirms this assumption.
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The dependence of the expression NV Won |

As a whole, it becomes apparent that the throughput availability decreases
with the growing numbers of process groups [4]. This result is in contradiction
with the real behaviour of the throughput availability in the case of divided
capacities. When searching for the causes of this discrepancy, an error in the
basic mathematical considerations can be ruled out. Paim’s model is widely
used in practice and generally accepted. Rather, it must be assumed that the
suppositions used by us do not fully correspond with the conditions prevailing
in practice.

The internal capacity reserve
Up to this point, the calculation was based on the specialization of Eq. (4)
by assuming that the capacity of a process group possessed the constant
value an:EdS (/s meaning the capacity of the process stage). In general,
1l
plants of the chemical industry may, however, be adapted to a certain extent
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to changing their service conditions. If necessary, it is possible to increase
the output. The nominal capacity ~ON 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"= (forin—<ass fenaxe Thus a capacity
reserve is produced, which can be considered as being a special form of mani-
festation of the hot redundancy [3]. It 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=gQ\=const, means
a considerable limitation. It shall be eliminated in the following. For this
purpose, we introduce the internal capacity reserve rm of a process group
corresponding to:

_~Gmax —C'Gmin__
rm= --—---- el 20, Qg min= QgN * (19)

If, at a certain instant, the share r with o <r<rJ/lis used, one process group
will possess the capacity :

?2G(T)=Gw][l+r(n]. (20)

The value of r depends on the number nAof intact process groups. Hence,
r is a indirect function r=r\n&r)] of r, the fundamental course of which is
shown in Fig. 3. The transition form r(r) to r(nA) is based on the assumption

Fig. 3.
Fundamental course of the function r = r(nai)

that the change of output 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 / = (o ; tO+1):

1 *
[?2s(T<= Tj?(;N__z1 nai[ 1+ r(nai)]dii -- goM«ae()]( * (21



376 J. Biehounek Vol 6.

To shorten the formula, equation:

1 N
Wae(Dli= — 2 . ™aill + r(<al)] (22)

introduces the effective number of elements being intact in the interval I :

_ ?CN-[VNae(M](r  [Wae(n]t
g= -

4
gaN'mt ~  m (239)

follows therefrom as the throughput availability.

The function nae(r) means the realization of the stochastic process Nal=
= {iVa(r), rGT}, and [wee(r)]i is the mean value of this realization within the
period t. It may be approximated again by the expected value, provided —and
this is assumed here —the necessary conditions are fulfilled. One obtains:

ENae{T)

VD- (23b)

According to EqQ. (22) Na(r)=Na(r)[l + r(.Aa(1))]. Apart from that, Namay
be expressed by Ndby means of Eq. (7), yielding:

ENa E(m —Na)r
1( )=Fdo+ ........ (24)
m m

Vi>=1

Fdo is the throughput availability without the internal capacity reserve.
Because of Ad(r)<m, the expression JE(m—N &r is not negative, so that:

E(m —N a)r
z1IFd = Fd—F p0= — ----eme- =0 (2%)

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:(c) render a general discussion of the results impossible, so that the
dependence of the throughput availability on og, m, r and | can only be
illustrated by means of examples. This requires an assumption as to r(nali).
r is selected so that the quantity of production comes as close to the desired
value as possible, and independent of the number of intact elements, however,
without exceeding this desired values. So, the capacity reserve should only
be utilized if at least on element has broken down. The dependence:

m nai = "

,\lﬁ rm+ 1
r(wai) = . m (26)
() rr Wéi- .

0 Nai=o

meets this necessity.
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Fig. 4 illustrates the influence exerted by the capacity reserve on the
effective number of process groups. It shows that this number increases if the
reserve is utilized, and resulting therefrom is the increase in the throughput
availability.

| T P
—1 4 1 LJ
{ . . ‘Jl FoimH
* 11 IIII
to 5 0 tort 5
a)
> 1 } [
; ng_lrl ----------------- [na. wit
—+ 1!
t, 5 10 t0*t 15
h)
Fig. 4.

Real (Fig. 4a,) and effective (Fig. 4b) number of intact elements (calculated for rm—0.2)

Fig. 5 shows VDas a function of m for different values of the parameter
r and for the fixed values . and 0.05 for | and @ respectively. First of all,
it becomes obvious that if m is fixed, the throughput availability increases
with r. This behaviour can easily be explained. On the other hand, attention
must be attached to the course of VDif m increases. In this case, and provided
rmpossesses a certain minimum value, an optimum number of partial plants
is achieved. In this respect, there is a difference with regard to other calculation
methods (see e.g. [3]). Fig 6 illustrating the correlation VD=V D(g0, m) with
m as a parameter explains this difference in detail. For pQ->0, Fd—1 does,
however, develop like a (relating to parameter m) monotonously increasing
function. That means that, in general, VD(g0, mx)> FD(g0, m2) is not valid
for m1> m2and for all 0Q. Rather, there exist such values of m, for which in
certain intervals of the variable (3 FD is characterized by a more favourable
course. Fig. 6 also shows that for large values of gQ the division of capacities
will not entail any advantages. As a whole one can say that the division
of the total capacity into m partial capacities does not lead to better results
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0.05 01 0.15
fm

Fig. 7.
Optimum number of partial plants as a function of rm for oo =0.05. Parameter: |

if m is increasing. On taking into consideration the limited repair capacity
and that with increasing m also the number of the defective partial plants will
increase, this result seems to be meaningful.

Wi ith increasing rm the optimum number of the partial plants will, at first,
increase. Later on, the extremum will again be shifted towards smaller values
(Figs. 5 and 7). This effect will, however, become apparent only if the value
of rmis large enough, so that it should be of a very great practical significance.

The number | of the repair units exerts a considerable influence. This is shown
if comparing Figs. 5 and 9. With increasing | the optimum of partial plants
is shifted towards larger values, and the maximum value of VD increases.
All this shows that the efficiency of the repair shop decisively determines 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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PESIOME

VccnepnoBsanach nponyckHas CNOCOBHOCTb napannenbHOro BKAKOYEHUA C paS,qu'IEHHOVI MOLLHOCTbIO
npun ncnonb3oBaHNM BCoMoraTesibHbIX CPeACTB TEOPUN MacCoBOro OﬁCI’Iy)KVIBaHVIFI. Mpwu atom cTa-
HOBWUTCA ACHbIM, 4YTO 3aMeHa O,U.HOI‘/JI MOU.[HOVI YCTaHOBKM Ha T YCTaHOBOK Mmanoi MOLLHOCTN MOXeT
NPUBECTN K MNOBbILLEHUIO I'IpOI'IyCKHOI?I CNoCoOBHOCTU, eCn, KOHEYHO, OTAENbHbIE YCTAHOBKU UMEKT
pesepBbl MOLWHOCTU. 3TU pe3epBbl MOLLHOCTU BCE-TAKWM LO/MKHbI MPEBLICUTb MUHUMAaNbHOE 3Haue-
Hue. ViMeeTcd OoNTUManbHOE KONMYECTBO OTAE/bHbIX YCTaHOBOK. B OCHOBHOM OHO onpefensercs
npon3BoANTE/IbHOCTbKO PEMOHTHbLIX MaCTEPCKUX,
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Bubble and sieve-plate column cascades equipped with selective
partitions can be considered pairs of columns connected by connecting
tubes or selective partitions. Liquid mixing processes, taking place in
these connecting tubes or on these partitions, seriously influence the
liquid-phase hydrodynamics in these systems. The mixing char-
acteristics presented here have been designed to model these processes.
The relationships between the mixing characteristics and the major
bubble and sieve-plate column operating parameters were determined.
Similarities in the mixing processes, occurring in the connecting tubes
and on the selective partitions, were identified.

Introduction

One of the gas-liquid systems used in chemical technology is the dynamic
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 ovérall
empty cross section of the apparatus) [1, 2]. At gas velocities below 0.5 m/s,
the commonly known bubble system is obtained. Apparently, the two systems
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 dynamic
foam structure is obtained.

Over the past decade, new and specific types of sieve-plate columns were
developed at the Research Institute for Technical Chemistry of the Hungarian
Academy of Sciences, Veszprém, sieve-plate columns with selective partitions
[3, 4, 5]. As described earlier, the fundamental characteristic of the apparatuses

4%
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equipped with selective partitions is the intense mass transfer process taking
place across the rigid permeable partition (e.g. sieve mesh), installed vertically
(in general) between the columns. Mass transfer is due to the pulsating move-
ment, a characteristic feature of the system. The partition is a selective one,
i.e. there isno mass transfer with respect to the gas phase [5].

The basic unit of the process consists of two bubble or sieve-plate columns,
separated by areas of stainless steel gauze, installed vertically between the
columns. Cascade systems are generally arranged horizontally and can be
created by connecting sequences of the basic column-partition-column units.
The most frequently used system is the counter-current sieve-plate cascade
with selective partition [5, 6].

Due to the cascade system the flow structure of the liquid phase is obviously
rather complex. Apparently different flow conditions exist in the columns,
the connecting tubes (between the columns) and on the gauze partitions.
Essentially, the units of the apparatus can be considered single-layer bubble
or sieve-plate columns with transversal flows. Mixing in bubble columns was
extensively studied. Most papers consider these units to be partially mixed
[7, 8, 9. On the contrary, previous investigations by the present authors
proved that systems consisting of cascades with selective partitions were
almost perfectly mixed, a fact explained by their special design and method
of operation [4, 10].

In the course of further studies on the hydrodynamics of these cascades,
emphasis was placed on the investigation of backmixing in the connecting
tubes and transmixing through the partitions. Since cascade systems are
composed of pairs of bubble and sieve-plate columns, connected by connecting
tubes and partitions, such pairs have to be studied first. The effects of major
apparatus design and operation parameters upon transmixing through the
partition and backmixing in the connecting tube were investigated.

Fundamentals

The same model was applied to both the transmixing and backmixing column
pairs. The one-dimensional model is shown in Fig. 1.

Wa w+e Wb

Qi C @

W G 9 qa

"G, c2 c2
Fig. 1.

Schematics of the column-pair model

The major assumptions of the model are as follows:

— wa—wl=w2—wbh=w,
— the units are perfectly mixed,
— 0 flow rates are equal in both directions.

In steady-state conditions, a balance equation system describing the model
can be constructed as:
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WaCol + ©C2= wici + wc\ (1)
WhCo2+ ®CI = w 2c2 + 0C2 (2)

Let:
" ©

when the model is applied to the column pair with connecting tube, where w*
is the backmixing flow rate. It can easily be shown that the backmixing flow
rate thus defined is identical with the parameter of the non-dimensionless form
of the internal-recirculation model [11].

0 = wr* )

in the case of a column pair with partition, where w** is the transmixing flow
rate. The transmixing flow rate is analogous to the multiple RA, the parameter
of the transfer model developed for columns with partitions [5] (of. Fig. 2).

4-W, RA W,,-W2
a C Co2
d c2
w, RA W2
C (7] Q
Fig. 2.

Schematics of the “transfer” model

Mixing flow rates can be calculated, in both cases, from the balance equations
of both units.

Experimental

There were two methods available for the study of mixing processes in pairs
of columns:

a) The first method was based on the residence time distributions of the
apparatuses.

b) The second method could be used only in steady-state conditions [4,
10]. In short, the mixing characteristics in steady-state conditions can
be calculated from the material balance equations constructed for the
phase in question, in each unit of the multi-unit system, if the following
conditions are met:

— with respect to the phase in question, the units can be considered
perfectly mixed, i.e. the mixing characteristics of material 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 magnitude
is taken off from the phase in question.

After careful comparison, the second method was selected. The experimental
setup is shown in Fig. 3.
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Fig. 3.
Schematics of the experimental set-up

The apparatus (1), made of Persplex, is a pair of columns with either back-
or transmixing. The units are 60 cm high, with a cross section area of 50 cm2.
In the case of the column pair with backmixing, a horizontal tube is installed
in the wall separating the columns. The length, diameter and height of the
tube can be changed. In the case of a column pair with transmixing, a given
portion of the separating wall between the columns is covered with fine mesh
gauze (perforated plate), and the area and the diameter of the holes on it can
be changed.

Brine, used as tracer, is fed from a container (7). Tap water is introduced
via the overflow unit (4) by pumps (5). Liquid is taken off via openings (2)
and (3) by pumps (6). Part of the liquid in Column 1 flows through the partition
wall or connecting tube into Column 2. The amount of the flowing liquid is
controlled by regulating the offtake rates. Part of the liquid from Column 2
is taken off via an overflow unit. The liquid level in the system can be main-
tained by changing the vertical position, HOof the overflow unit. Air obtained
from a compressed air network is introduced into the saturating column (8)
after an appropriate relief branch. Saturated air enters the columns via the
cyclone (9) and measuring 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 determined conducto-
metrically. Sampling is resumed a few minutes after the run is initiated and
it is repeated on a minute basis until steady-state conditions are achieved.

The parameters that varied during the examination of backmixing are as
follows :

— the amount of liquid flowing through the connecting tube (w),
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— linear gas velocity with respect to the empty cross section area (v'),
— level of the liquid leaving the system at the secondary side {HQ),
— height of the connecting tube measured from the sieve-plate bottom

bl »
— length of the connecting tube (2,
— cross section area of the connecting tube (q).

The parameters that varied during the examination of transmixing processes
are as follows:

— the amount of liquid flowing through the partition (wP),

— gas velocity calculated with respect to the empty cross section area («'),
— concentrations of the liquid flows entering Columns 1 and 2 (cOland c(2),
— height of the level of the liquid leaving Column 2 (HO0),

— 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 the w* vs w
curves corresponding to the fact that a higher flow rate in the connecting tube

Fig. 4.

Changes of the backinixing flow rate through the connecting tube as a function of the
liquid flow rate
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increasingly prevents the mixing back of liquid elements from Column 2 into
Column 1. Due to the limitations imposed by the physical dimensions of the
apparatus, no flow rate could be achieved beyond the 4.4X10~6 m3/s value.
However, it seems reasonable to assume that practically no backmixing can
occur at 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 |

Fig. 5.

Backmixing flow rate as a function of gas velocity

a slight increase in w* with increasing gas velocity, a fact caused by increased
pulsations brought about by the higher gas velocity [5, 6].

It can be concluded from the w* vs | relationship (length of the connecting
tube) that there is an almost linear decrease in the value of w*
up to Z<2X10~2m, while with longer tubes to* approaches a constant value
(cf. Fig. 6). There is a possible explanation for this characteristic shape,
which is as follows. The amplitude of the pulsation characterizing the system
at the gas velocity applied (0.6 m/s) is some 2X10~2m [6], i.e. backmixing
at /< 2X10~2m is due, mainly, to pulsation, while at ~ 2X10~2 m it is due,
primarily, to turbulent axial diffusion.

Changes of the backmixing 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 5X 10_5m2, as in narrower tubes
there is practically no chance for backmixing due to bubble movement [6].
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Fig. 6. Backmixing flow rate as a function of the length of the connecting tube

Fig. 7.
Backinixing flow rate as a function of the cross section area of the connecting tube
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The liquid level height in Column 2 HO, and foam height proportional to HQ
are also linearily proportional to the backmixing flow rate, w* (cf. Fig. 8).

Fig. 8.
Backmixing flow rate as a fonction of the height of the overflow opening

This change of w* can probably be explained by the observation that the
amplitude of the pulsing movement increases with the increasing liquid level,
while its frequency does not decrease proportionally. It is also apparent from
the figure that the height of the connecting tube, measured from the sieve base
plate y0, has practically no effect upon the magnitude of the backmixing.

Changes of the transmixing 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). Apparently the higher 110the greater w** becomes.

As shown in Fig. 10 the transmixing 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 dynamic foam range and, in fact, approaches a limiting value
with fine mesh partitions (25X 10_e m, 45X 10_e m). This isin agreement with
the earlier results obtained with fine mesh gauze partitions [4]. It can also
be seen in Fig. 10 that w** increases with increasing opening size dp though
the free surface areas of the partitions with different openings are maintained
equal. This phenomena is probably due to phase boundary effects.

It is apparent from Fig. 11 that the transmixing flow rate is practically
independent from the input liquid concentrations and changes linearily with
the increasing partition surface area, A. These results are in agreement with
earlier findings at wP= 0 [4, 10].
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Fig. 9. Transmixing flow rate as a function of the liquid flow rate through the partition

Fig. 10. Transmixing flow rate as a function of the gas velocity
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Fig. 11.
Transmixing flow rate as a function of the surface area of partition wall

It is apparent from the above results that the two mixing parameters are
not only analogous, but that the two mixing processes, i.e. backmixing in the
connecting tubes and transmixing 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 similarity is, no doubt, the identical mechanism underlying these
processes. Both backmixing and transmixing are brought about by pressure
—drop—induced pulsations [5], the characteristic feature of the operation [6].
Differences between the two mixing processes can be attributed to the fact
that there a gas transfer takes place through the connecting tube, while no
such process exists through the selective partition constructed of fine mesh
gauze.

It was assumed that a continuous transition could be achieved—at least—
with respect to transmixing (backmixing) between a fine mesh gauze partition
of free surface area Ax and a connecting tube of cross section g=Asz, the
length of which is equal to the thickness of the mesh gauze. Standard mesh
gauzes up to 3.5X 10~e m and perforated plates of a thickness of 4XH0-4 m
with openings of (1, 2, 3, 4, 55 and 8)X10-3 m with free surface areas of
0.5 X104 m2both, were used. The results are presented in Fig. 12. It can be
seen that the transmixing (backmixing) flow rate does indeed change
continuously with the logarithm of the bore diameter. Curves pass a maximum
point at a bore diameter of 25X 10-3 m. The bore diameter corresponding
to this maximum can be considered, in all probability, a diameter above
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Fig. 12.

393

Transmixing (backmixing) flow rate as a function of the logarithm of the diameter 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 transmixing and backmixing processes.

SYMBOLS
A - surface area of the selective partition, m2;
Asz _ —free surface area of the selective partition, m2;

d, @ —steady state liquid concentrations in Column 1and 2, kg/m3;
(li G2 —input liquid concentrations in Column 1 and 2, respectlvely, kg/m3;

dp —diameter of the opening of the selective partition, m;

Ho height of the overflow opening in Column 2, m;

| length of the connecting tube, m;

q cross section area of the connecting tube, m2;

V' — gas velocity with respect to the empty cross section, m/s;
w — flow rate of the liquid through the connecting tube, m3s;

V\b, Wb — liquid feed rate into Column 1 and 2, respectively, m3/s
—flow rate of liquid flowing through the selective partition, m3/s;

w>|, w2 — liquid offtake rate from Column 1 and 2, respectively, m3/s;

w = — backmixing flow rate, m3/s;

wox — transmixing flow rate, m3/s;

yo height of the connecting tube from distributing bottom sieve plate, m;

3 mass transfer coefficient characterizing mass flow rate through the selective

partition, m/s;

B —flow rate between elements of the column pair in both directions, m3/s.
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PE3IOME

Kackagbl 6ap60Ta)KHbIX N MEHHbIX KO/MIOHH CENEKTUBHbIMU nepe6opKaM|/| MOryT paccMmaTpuBaTbCa

KakK

KOMMMEKTbI TAKUX KOMOHHbIX Nap, KOTopble NGO CoeauHEHbI NepexoaHoii Tpy6oit, 6o pas-

[eNeHbl CeNekTUBHOM Nepe6opKoit. Ha ruapoanHamMmuKy Xuakoi (asbl KackafHbIX yCTaHOBOK 3Ha-
UMTENbHOE BAUSHME OKA3biBAOT MPOLIECCHI MEPEMELLNBAHNA XUAKOCTH, NPOUCXOAALLME B YNOMS-
HYTbIX Tpy6ax U Ha CeNeKTMBHbIX Mepe6opKax. B Lensx MoaenMposaHus, aBTopamMmn bl COCTaB-
NeHbl XapakTepuCTUKN NepeMeLlMBaHms, a 3aTeM PaccMaTpUBaIMCL 3aBUCUMOCTM MeXay napameT-
pamu nepemeLLNBaHUs U Hanbosee BaXKHbIMU NapamMeTpamm, BAUSIOWUMI Ha PaboTy 6ap60TaKHbIX
1 NMEHHbIX KOMOHH. Ha 0CHOBaHWU NOMYYEHHbIX Pe3ybTaToB GblNN BbISBEHbI CXOAHbIE YEPTbI MEXY
npoLeccamn nepeMeLLMBaHNs, XapakTepHbIMK AN NepexofHbiX TPY6 W ANS CEeNeKTUBHbIX Mepero-
PO/IOK.
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The authors established that the so-called counter-current bubble
and sieve-plate columns equipped with selective partitions cannot be
considered completely countercurrent units, rather a complex con-
vective flow structure is formed in them. A calculation method based
on the principle of minimum energy was developed to determine
the magnitude of the flow through the connecting tube and the
selective partition, respectively. A cascade model was created to
describe the flow conditions in the liquid phase. The steady-state
concentration characteristics in the cascade system could be calculated
by the method presented here using the results described in Part 1
relating to pairs of sieve-plate columns. Calculated and measured
values agreed well.

Introduction

As mentioned in Part 1 studies on pairs of bubble and sieve-plate columns
are necessery to describe the hydrodynamical conditions of cascade systems.
The cascade, in fact, consists of the pairs of columns studied. However, only
a part of the necessary information could be obtained from the investigation
ofthe mixing processes in the column pairs. A closer examination of convective
flow system of the cascade reveals (cf. Fig. 1) that the results presented in
Part 1 describe the magnitude of backmixing in the connecting tubes and
transmixing through the selective partitions only in those cases when flows:

m,i.m, 2, .. -, mfali

and
w2,2,U>2.3--—, NEn

through the connecting tubes and flows:
WF,, wr2 WF,
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Fig. 1.
Schematics of the convective flow system of the counter-current cascade

through the partitions are also determined along with the input and output
flows. Experience has proved that the earlier assumptions used [1], i.e.:

WF\,= Wft,= ...= WFn— 0 (1)

and consequently:
l,1=200,2= ... = wi,n1=wi, =W, n (2)

and :
w2, 2= w2, 3= “‘:wz‘n:21:2,0 (3)

hold only in the case of specially designed systems. In the majority of cases
the formal term *“counter- current” can be used only because the directions
of input and output flows at the primary and secondary sides of the cascade
are opposite. The liquid flow inside and between the units can no longer be
considered to be countercurrent. The experimental determination of the
components of the complex flow pattern is extremely difficult.

Computation of the Components of the Convective Flow System

The flow through the connecting tube, wtj and through the partition, nif,
can be calculated due to the almost obvious realization that the formation
of the complex flow pattern is governed by the principle of minimum energy.
Flows w{j and wpi assume values determined by input and output flow
rates, apparatus design and operation parameters which ensure that energy
losses in flows inside the system are minimum. When the overall energy loss
is the smallest all the flows through the connecting tubes and the partitions
are stabilized with respect to time. This stabilized condition can be described
by energy balance equations in which the energy losses corresponding to flows

jand Wpj are the terms. Energy loss appears as a pressure drop over the
connecting tubes and partitions, i.e. over resistances against liquid flow.
Thus, changes in the pressure drop over connecting tubes and partitions as
functions of design and operation parameters have to be determined to facilitate
the construction of the energy balance. Experiments were carried out to
obtain these functions presented as empirical relationships [2].



1978 Hydrodynamics in Sieve-Plate Columns II. 397

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:

WI1,0-WI,n=W2,I =W2,0 @)

Naturally, calculations can be carried out in other cases as well [2]. If Eq. (4)
is valid and the major design parameters of each cascade unit are equal, then
due to the symmetry of the system the relationship :

Wi = W21+ = W n-1 = W2, nj+1 (6)

relating to the flows through the connecting tubes is also fulfilled (cf. Fig. 1).
The directions of flows wlsand wl0as well as w2j and w0 are the same. It
also holds for the flows through the partitions that:

= (6)

but their directions are opposite. If js n-i 2 (where the symbol 4 is used to
represent a division operation with integers) then the direction of wP points
from side i= 1 towards side i= 2.

Naturally, due to Eqns. (5) and (6) the corresponding pressure drop values

are also equal :
dpi, 1= dp2,j+i = dpi, n-j —dp2 n—3+l @)

ApFs=Apw,,-, (8)

It follows that the liquid from any unit in which there is a branching (i.e.
there are flows leaving the system both through one of the connecting tubes
and the partition) can reach the exit port of the apparatus on no more than
two routes. In steady state conditions, the pressure drops along the two routes
are equal. In the case of 2 the following pressure drop balance equation
can be constructed for the jthcell at the i= 1side:

dpi, j+ dpi, j+1+ ..+ dpi, s—2= dpFj+ dp2,1+ ... + dp2i. 9)

Allowing for Equations (5) and (6), Eq. (9) can be rewritten when the number
of units is an odd number, n:

2(dpi,j+ dpi,i+i-f-... +Api,,, ") + dpi,i+ ... +dpi,j_i= dpFj+ dpi,i+ ... +dpi,j_i. (10)
After eliminations :

2| 2 dpi,jj = dpFd. (1

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 iir 2 flow rate balance equations. Together with
the empirical relationships [2] the equation system can be solved resulting
in flow rates wljand wPs. For example, if n is an odd number the equation
set becomes:

5
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MH2
2|,2:i4pi.i:4p*|'
H-2
2% 4PCi = /IPFj
<2Apl,n+2=Np2nt2 (12)

Wl 0= 101, 1+ WFj

WLl = Wj,8+ fi)Ft
WILI= M,j+1 + MFj+

1i>1,Si2=m ,s4.2+1+ » 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 the results presented in Part 1 [6] and the determination
of the flow rates through the connecting tubes and selective partitions.

The countercurrent cascade system consists of pairs of bubble or sieve-plate
columns separated by selective partitions and the column pairs are connected
by connecting tubes. Flow rates through the connecting tubes and selective
partitions are determined by the input liquid flow rates, design and operation
parameters (as detailed in Part 1) allowing for the principle of minimum
energy. Transmixing and backmixing processes take place in the connecting
tubes and through the selective partitions, respectively. (Their properties were
also detailed in Part 1.)

Model of the Cascade System

A mathematical model was developed to describe the cascade system operating
in steady state conditions. An important prerequisite of the model was that
use could be made of the previous numerical data 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 of the model are shown in Fig. 2.

The following assumptions hold :

liquid phase is perfectly mixed in the units,

useful volumes of the units are equal, V,

r=12; 0"=jr=n+ 1,

flows between the units have the following meaning :

jwj+i: flow from the jtbunit into the j + 1th unit in the ith row,

jtpr®: flow rate of opposite direction between the same units,

rr®: flow from the jth unit in the ith row into the jthunit in the other row,
the equivalencies:

IV®'= U= a2 = i, = b (13)

are valid.
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Fig. 2.
Schematics of the cascade model

The balance equations constructed for the units 1rsjrsn form a constant
coefficient first order linear differential equation set, which in the case of
steady state conditions, becomes simply a linear equation set. The vector-
matrix representation of this equation is shown in Table 1.

The coefficients used in the Table 1 are as follows

<M j= - + jWij-i+ uifp);
di.i = Wi

eii= w)(i)

fl.o —avtp".

J2n+1 - neiwid.

The model can be advantageously used in this form for computerized
processing. However, a modified version was also required for input flow rates
W j and wp, and the mixing parameters as initial data. The schematics of
tbe modified model are shown in Fig. 3.

a) for the input flows:

w\.0o=oMill and w2.0= n+iwiP (14)
b) for the output flows:
win=nddi and  We.r=1ith) (15)
c) for flows jbetween the neighbouring units:
ifi= 1then:
Wi = |j+ia»jh- J)d+| (16)
ifi=2then:

w2,i= ﬁ-lM—{z) —jlffz-) 1 a7)
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Schematics of the modified cascade model
d) for flow mH between units of the same “column”:
wrj =\w A —wf?! (18)

e) flows w*j are defined as in the model in Part 1 or as the backmixing
flow rate w* in the internal recirculation model.

If i=1then:
* ) JWiH (19)

Ifi=2then:
V\z‘]: j-lu>i2)+ JNg-1 —w2, j (20,

f) flows w** are defined as in the model in Part 1, as the transmixing flow
rate w**:

(21

The above cascade model was used for the mathematical description of the

flow conditions in the counter-current cascade system. The criteria for the
applicability of the system are as follows:

a) Liquid phase is almost perfectly mixed in the units;
b) Volume differences between the successive units are negligable;

¢) Characteristic dimensions ofthe connecting tubes and selective partitions
in the units are equal.

It was mentioned in Part 1 [7] that former observations [1,5] substantiated
condition a). With respect to condition b) it was determined that liquid
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Experimental investigation of backmix-
ing and transmixing in a sieve-plate
column pair.

u Y

Computation of the mixing parameter,
(w*, w**) from the model of the sieve-
plate column pair.

1 f
y

Determination of the mixing parameters
vs. design and operation parameters
relationships for the sieve-plate column
pair (graphic representation).
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Experimental investigation of the
pressure drop over baffle openings and
partitions in sieve-plate column pairs.

Determination of the pressure drop (Ap,
Apy) vs. design and operation parameter
relationships (emprical equations).

\Y

Calculation of the convective flow system

wp) of the counter-current cascade
on the basis of the pressure drop balance
equation.

JANERAN ~

Graphic determination of the mixing

parameters (wi,j; wj ) of the counter-
current cascade.

Experimental determination of the
established (with respect to time) cell-
concentrations in the counter-current

X
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
gallance equation set of the cascade mo-
el.

Fig. 4.
Application of the cascade model for the calculation of the counter-current cascade (Calculations
schematics)

volumes held in the units of the counter-current cascade were equal within
+10 —15%. This difference can be considered negligable. Condition c¢) was
ensured by the appropriate design of the apparatus.

The model and the apparatus were fitted as follows:

— cells of the apparatus correspond to units of the model,
— concentrations c{ mmean the steady state concentrations in the respective
cells,
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— flow rates wpsand wxj 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,

— transmixing flow rate w** is considered with the quantitative
characteristics of transmixing taking place through the selective parti-
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 at different para-
meter settings the equilibrium concentration achieved in the cells of the
counter-current cascade were determined according to the computation scheme
shown in Fig. 4. Measurements were also carried out to determine the equi-
librium concentration series in the cells at equal parameter settings. Computed
and measured values were compared and the adequacy of the model 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,
g 0. Relative deviations also relate to G 0. It can be concluded from the
comparison that there is a sufficient agreement between the measured and
calculated values, so the model can be considered adequate for the mathematical
description of flow conditions in a bubble and sieve-plate column cascade
equipped with selective partitions. Regardless of the complicated nature of
the model, its development can be considered a significant step in the field
of the calculations relating to counter-current cascades.

SYMBOLS

A,i, bi,j, di,j, e,j,/i. ] — algebraical expressions;
A — surface area of the selective partition, m3;

ci,j —liquid phase concentration in the (i, j)th unit of the cascade, kg/m3;

ci*j — dimensionless concentration in the (r, j)lh unit of the cascade, (—);

i, —natural numbers;

Ac — deviation between measured and calculated dimensionless concentrations, %.

n — number of unit pairs in the cascade;

dpi,j — pressure drop of the liquid flowing from the (r,j)tb unit over the connecting tube,
kg/ms2;

4pFj — pressure drop of the liquid flowing through the partitions between members

of the unit pairs of the cascade, kg/ms2;
q — cross section area of the connecting tube, m2;
V' — linear gas velocity with respect to the empty cross section, m/s;
\% — useful volume of the apparatus, m3;
pCj+i — flow from the jthunit into the (j+ 1)th unit in the itb row of the model, m3s;

—flow from the (j+ I)th unit into the jth unit in the itb row of the model, m3/s;

vfp — flow from the jth unit in the ith row of the model into the jib unit in the other
row, m3/s;

wi,i — flow from the (i, j)th unit of the cascade into the (i, j + | )th unit, m3/h;

wf, — flow between the jlb unit pairs of the cascade, m3/s;

iv*j — ba?:/:kmixing flow rate corresponding to flow rate wi,j defined in both directions,
m3s;

tcf* — transmixing flow rate between the jth unit pairs of the cascade defined in both

directions, m3/s;
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Table 2.
Constants v'—e.6 m/s A=2x10-4 m2 2=1.04x10-4 M2
l=4x10-2 m
alJ -> t )
n 101,0= 42,0 3 ( £ ~
) 10-e m 3/ )
(-> (10-e m3/s) () measured calculated (0/() measured calculated (%)
1 0.860 0.846 1.4 0.724 0.683 4.1
4 2.78 2 0.625 0.666 -4 .1 0.516 0.526 -1.0
3 0.425 0.474 -4.9 0.286 0.334 -4.8
4 0.240 0.317 277 0.109 0.154 -4.5
1 0.977 0.932 4.5 0.758 0.689 2.9
4 5.56 2 0.725 0.760 -3.5 0.447 0.474 -2.7
3 0.487 0.526 -3.9 0.212 0.240 -2.8
4 0.231 0.311 -8.0 0.028 0.068 -4.0
1 0.997 0.965 3.2 0.750 0.706 4.4
4 8.33 2 0.829 0.825 0.4 0.363 0.447 -8 .4
3 0.568 0.551 1.7 0.135 0.185 -5.0
4 0.270 0.294 -2 .4 0.004 0.034 -3.0
1 0.841 0.807 3.4 0.597 0.592 0.5
3 2.78 2 0.623 0.599 2.4 0.375 0.400 —25
3 0.379 0.408 -2.9 0.133 0.193 -6.0
1 0.950 0.905 4.5 0577 0.569 0.8
3 5.56 2 0.766 0.688 7.8 0.274 0.313 -3.9
3 0.417 0.430 -1.3 0.039 0.095 —5.6
1 0.976 0.948 2.8 0.519 0.566 -4.7
3 8.33 2 0.784 0.741 4.3 0.195 0.259 -6 .4
3 0.444 0.434 1.0 0.007 0.052 —45
2 2.78 1 0.774 0.751 2.3 0.420 0.464 -4 .4
2 0.533 0.536 -0.3 0.144 0.249 -10.5
2 5.56 1 0.920 0.859 6.1 0.370 0.398 -2.8
2 0.621 0.602 1.9 0.039 0.141 -10.2
2 8.33 1 0.948 0.919 2.9 0.339 0.384 -4.5
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Table 3. ,
Constants wi, 0=102,0=8.33x 10~6 m3/s n=5 2=3x10~2m
1=2x 10-4 -
j cr.i (-) Ac c$.5 (-) Ac
(m2Xx10-4) (m/s) ) measured calculated (%) measured calculated ()
1 0.986 0.984 0.2 0.829 0.814 1.5
2 0.895 0.903 -0.8 0.569 0.634 — 6.5
0.53 0.3 3 0.516 0.664 -14.8 0.396 0.336 6.0
4 0.253 0.366 -11.3 0.038 0.097 -5.9
5 0.126 0.191 -6 .5 0.003 0.016 -1.9
1 0.976 0.973 0.3 0.803 0.820 -1.7
2 0.878 0.897 -1.9 0.563 0.643 -8.0
0.53 0.4 3 0.491 0.650 -15.9 0.365 0.350 1.5
4 0.227 0.356 -12.9 0.018 0.103 —8.5
5 0.151 0.180 -2.9 -0.004 0.015 -1.9
1 0.990 0.981 0.9 ' 0.806 0.823 -1.7
2 0.860 0.891 -3.1 0.565 0.649 -1.5
0.53 0.5 3 0.490 0.640 -15.0 0.193 0.360 -16.7
4 0.212 0.351 -13.9 0.021 0.109 -8.8
5 0.140 0.176 -3.6 -0.005 0.018 2.3
1 0.953 0.980 -2.7 0.831 0.824 0.7
2 0.853 0.887 -3 .4 0.594 0.651 -5.7
0.53 0.6 3 0.457 0.635 -17.8 0.221 0.363 -14.2
4 0.207 0.349 -14.2 0.033 0111 -7.8
5 0.140 0.175 -3.5 -0.004 0.019 -2.3
1 0.994 0.976 1.8 0.676 0.744 -6.8
2 0.933 0.875 5.8 0.438 0.553 -11.5
1.04 0.3 3 0.655 0.679 -2 .4 0.165 0.324 -15.9
4 0.456 0.450 0.6 0.043 0.128 -8.,5
5 0.277 0.255 2.2 0.002 0.027 -2.5
1 0.971 0.972 -0.1 0.681 0.750 »-6.9
2 0.907 0.865 4.2 0.482 0.562 -8.0
1.04 0.4 3 0.644 0.665 -2.1 0.196 0.336 -14.0
4 0.445 0.440 0.5 0.057 0.136 -7.9
5 0.277 0.250 2.7 0.003 0.030 -2.7
1 0.979 0.972 0.7 0.678 0.753 — 7.5
2 0.901 0.861 4.0 0.483 0.586 -10.3
1.04 0.5 3 0.644 0.662 -1.8 0.203 0.355 -15.2
4 0.432 0.434 -0.2 0.064 0.142 -7.8
5 0.267 0.247 2.0 0.002 0.031 -2.9
1 1000 o972 2.8 0.712 0.755 4.3
2 0.899 0.859 4.0 0.517 0.573 —5.6
1.04 0.6 3 0.632 0.654 -2.2 0.218 0.349 -13.1
4 0.397 0.430 -3.3 0.067 0.144 -7.7
5 0.239 0.246 -0.7 0.002 0.032 -3.0
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Ti

measured

0.475
0.305
0.140
0.042
-0.003

0.341
0.200
0.085
0.025
-0.007

0.661
0.517
0.297
0.145
0.034

0.249
0.139
0.056
0.015
0.003

0.606
0.396
0.179
0.054
0.007

0.423
0 236
0.094
0.027
-0.007

0.886
0.797
0.591
0.332
0.103

0.277
0.130
0.040
0.009

)

calculated

0.511
0.331
0.140
0.055
0.017

0.384
0.212
0.083
0.032
0.008

0.768
0.619
0.401
0.206
0.068

0.297
0.143
0.048
0.017
0.004

0.643
0.432
0.230
0.091
0.022

0.461
0.238
0.091
0.027
-0.005

0.923
0.833
0.659
0.395
0.120

0.327
0.125
0.035
0.008

Table 4.
Constants: n—5 r/=0.6 m/s ¢g=1.04xl0~4 m2
1=4x10-2 m
A wi.o/n-a.0 j LI ) Ac
(2.10-4) ) ) measured  calculated "9
1 0.982 0.983 -0.1
11 2 0.952 0.945 0.7
0.5 3 0.825 0.860 -3.5
4 0.651 0.669 -1.8
5 0.464 0.488 -2.4
1 0.954 0.933 2.1
1:2 2 0.814 0.793 2.1
0.5 3 0.650 0.599 5.1
4 0.411 0.381 3.0
5 0.263 0.233 3.0
1 0.903 0.991 -8.8
2:1 2 0.937 0.968 -3.1
0.5 3 0.868 0.916 -4.8
4 0.768 0.789 -2.3
5 0.621 0.616 0.5
1 0.850 0.828 2.2
31 2 0.598 0.582 16
0.5 3 0.373 0.360 13
4 0.231 0.196 3.5
5 0.145 0.108 3.7
1 0.988 0.978 1.0
11 2 0.923 0.909 14
1 3 0.730 0.770 -4.0
4 0.542 0.568 -2.6
5 0.348 0.357 -0.9
9 1 0.913 0.880 3.3
1:2 2 0.654 0.605 4.9
| 3 0.367 0.340 2.7
4 0.194 0.167 2.7
5 0.106 0.077 2.9
1 0.984 0.984 0.0
2:1 2 0.961 0.973 -1.2
I 3 0.892 0.909 -4.7
4 0.730 0.761 -3.1
5 0.528 0.539 -1.1
1 0.723 0.696 2.7
1:3 2 0.381 0.358 2.3
| 3 0.161 0.134 2.7
4 0.065 0.045 2.0
5 0.031 0.018 13

-0.003

0.001

Vol.
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S

PE3IOME

CornacHo sKCnepuMeHTanbHbIM HabN0AeHUAM aBTOPOB T. H. MPOTUBOTOUHbIE KacKadbl 6ap6OTax-
HbIX W MEHHbIX KOMOHH C CENEeKTUBHLIMW Nepe6opKaMi Hefb3s CUMTaTb UYMCTO MPOTUBOTOUHBIMM,
MOCKO/bKY B HUX 06pa3yeTcs CMOXHas cMcTeMa KOHBEKTMBHbIX MOTOKOB. Ha OCHOBe 3aKoHa aHep-
reTMYeckoro MMHUMyMa 6bin pa3paboTaH PacU&THbI MeToA AN1S ONpefeNneHnNs KONMYecTBa XuAKoc-
TV, NPOXOAALLEro MO NepexodHbIM TpyGam M uepes nepebopky. [ns onucaHus ruapoauHaMuKM
XNaKoii (asbl Gblna NOCTPOeHa KackafHas Moaenb. Mcnonb3ys mMeTof, paspaboTaHHbIi Ans pac-
uéTa CUCTeMbl KOHBEKTUBHbLIX MOTOKOB, a TaKXe Pe3ynbTaThbl, NPUBEAEHHbIE B NpefblayLien cTaTbe
KacaTe/lbHO Nap MeHHbIX KOMOHH, GblAM paccuMTaHbl CTaLMOHAPHbIE KOHLEHTPALMOHHbIE COOTHO-
LeHuns, 06pasyiolecs B YCTaHOBKe. MeXay paccuMTaHHbIMU U M3MEPEHHbIMW AaHHbIMU GbINO YC-
TAHOB/IEHO XOpOLLEe COBMajieHwe.






HUNGARIAN JOURNAL
OP INDUSTRIAL CHEMISTRY
VESZPREM
Vol. B. pp. 409-422 (1978)

ANNAHERNDE ANALYTISCHE BESCHREIBUNG
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ERSTEN GRADES IN EINEM DUNNSCHICHTREAKTOR
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Gegenwartige Arbeit untersucht in Anlehnung auf frihere Resultate
die Mdglichkeit der anndhernden analytischen Beschreibung einer
Reaktion ersten Grades in einem Dinnschichtreaktor. Der Fehler
der Annéherungslésung im Vergleich zu der exakten Ldsung wird
mittels analytischer Fehlerschatzung festgestellt.

Einleitung

Wie bekannt, werden die Transportprozesse in der chemischen Verfahrens-
technik im allgemeinen mittels partieller Differentialgleichungssysteme be-
schrieben. Die analytische L&sung dieser Gleichungen erfordert einem um-
fangreichen mathematischen Apparat, die erhaltenen Resultate sind von
komplizierter Struktur und daher bei — fur die Praxis wichtigen — Berech-
nungen nur in beschrdnktem Male anwendbar.

AAus oben erwdhnten Grinden schien es notwendig, eine solche fiir die
Anforderungen der Praxis noch genugend genaue, anndhernde analytische
Losungsmethode auszuarbeiten, deren Anwendung relativ einfach ist, wobei
die erhaltenen Resultate Ubersichtlich und fir numerische Berechnungen
unmittelbar verwendbar sind. Die Methode haben wir in fritheren Arbeiten
fur gewisse ProzelRtypen, und zwar fir Félle von reinem Ausgleichungscharak-
ter [1], sowie flir Transportsysteme, die auch Quellen enthielten [2], ausfihrlich
beschrieben.

In gegenwartiger Arbeit wird auf der Basis obiger Methode die annéhernde
analytische Ldsung des mathematischen Modells einer sich in einem Diinn-
schichtreaktor abspielenden Reaktion ersten Grades erzeugt. Es wird gezeigt,
dall im Vergleich zu den in [1] und [2] untersuchten ProzeRtypen im Gange
der Berechnungen neue Uberlegungen getroffen werden miissen.
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Das physikalisch-mathematische Modell

Betrachten wir den Dinnschichtreaktor auf Abbildung 1:
Bei der Stelle . =0 tritt die Flussigkeit und das Gas im Gleichstrom in den
Reaktor ein. Letzteres wird absorbiert und tritt mit dem entsprechenden

/ICW II'0 .

Komponenten der Flissigkeit in eine Reaktion ersten Grades. Die Konzetration
des Gases in der Diinnschicht wird von der im Cartesischen Koordinatensystem
aufgeschriebenen Funktion C(x, z), im Gasraum mit G*{z) gemessen. Dadurch
wird zwar die Krimmung der Diinnschicht vernachldssigt, was aber wegen
ihrer im Vergleich mit dem Apparatendurchmesser geringen Dicke zulé&Rig
ist. Nehmen wir weiterhin an, daB im Gasraum in den einzelnen horizontalen
Ebenen die gleiche Konzentration vorhanden ist (dann ist G* nur von der
»-Koordinate abhéngig), und dal der Geschwindigkeitsfeld der Fllssigkeit in
der im Apparat gebildeten Dinnschicht —bei Annahme einer entsprechenden
Durchschnittsgeschwindigkeit v in Richtung z — als homogen betrachtet
werden kann. Der ProzeRverlauf wird nur in stationdrem Zustand gepruft.

Um das physikalisch-mathematische Modell aufstellen zu kdénnen, mufl der
globale ProzeR in TeilprozeRe gegliedert werden. Betrachten wir erst den
Transport des in der Flussigkeitsschicht absorbierten Stoffes. Nehmen wir an,
daB —wie vollig plausibel — der Transport in der Dinnschicht in Richtung
2 nur konvektiv, in Querrichtung jedoch nur diffusiv ist. In diesem Fall
bleiben aus der im Cartesischen Koordinatensystem aufgeschriebenen Er-
haltungsgleichung folgende Glieder ubrig:

v='=D-+KC. H

Hier ist D die Diffusionskonstante des in der Flussigkeitsschicht absorbierten
Gases, K die Geschwindigkeitskonstante des die Reaktion ersten Grades
reprasentierenden Quellengliedes.

Der Transport des absorbierenden Gases im Gasraum besteht nur aus der
Konvektion in Richtung z, da der innerhalb einer horizontalen Schicht ver-
laufende Ausgleichsprozel? vernachlédssigt wird. Hier mull jedoch die Absorp-
tion bei der Innenflache der Diinnschicht beriicksichtigt werden, was das
Auftreten eines Quellengliedes in der Gastransportgleichung bedeutet. Dieses
Glied ist notwendigerweise proportional mit dem auf der Innenflache x =Kr
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der Dinnschicht auftretenden Stofftransport in normaler Richtung. Unter
Beriicksichtigung obiger Gesichtspunkte lautet die Transportgleichung fir
das Gas:

dc*
dz = ° %d))(Jx-Ri'

wobei v+ die lineare Geschwindigkeit des Gases im Apparat und 8 ein Pro-
portionalitatsfaktor bedeutet.

Das Differentialgleichungssystem (1)—(2) stellt die mathematische Be-
schreibung des untersuchten Problems dar. Der Definitionsbereich der unab-
hangigen Veradnderlichen in den Gleichungen umfallt Osz<+<», BI"x "R 2.
Unsere Aufgabe besteht im weiteren in der Feststellung der zu obigem Gleich-
ungssystem gehorenden Anfangs- und Randbedingungen. Es ist vor allem
bekannt, daBR das Gas an Stelle z=0in den Apparat mit gegebener Konzentra-
tion C* eintritt, daher ist

(2)

<7%(0) =Co. &)

Anderseits wird angenommen, dal sich zwischen der Hauptmasse des Gases
und der Flussigkeitsschicht eine Grenzschicht bildet, und dadurch die New-
tonsche Randbedingung geltend ist:

= —h\C*(z) —[iC(Ri, r)], @)

wobei h der Stoffaustauschfaktor, u die Henrysche Konstante ist.
Es kann weiterhin offenbar angenommen werden, dall die in den Reaktor
eintretende Flissigkeit kein Absorbeat enthdlt, und daher

C(x, 0) = 0. (%)

In der Diinnschicht hat der Diffusionsstrom in Querrichtung bei der Reaktor-
wand naturlich den Wert von Null:

(6)

Die Zusammenhédnge (3)—(6) geben die kompletten Anfangs- und Rand-
bedingungen des Differentialgleichungssystems (1)—(2) an. Im weiteren
verfolgen wir das Ziel, die ann&hernde analytische Ldsungsmaoglichkeit des
gezeigten mathematischen Problems zu untersuchen.

Beschreibung der anndhernden analytischen Lésungsmethode

Die Anndherung besteht darin, dall statt der Funktion C(x, z) mit zwei Variab-
len, versucht wird, deren Durchschnitt nach der Variablen x annahernd auf-
zuschreiben :

K
V)

G(X'Z)dX-
Ri
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W ir integrieren daher Gleichung (1) nach der Variablen x zwischen den Grenzen
R1und R2und erhalten unter Berlcksichtigung von (7):

vaC_ D |780j _foel

. +KC. 8
dz  -Kr—Ri \gox /*-«« )

In (8) kann das erste Glied der rechten Seite unter Berlcksichtigung von
(4) bzw. (6) umgeformt werden. Das Resultat ergibt:

Dh
« Jz B-Z-_-|-t|f|G(B| z))+KO )

Substituieren wir schlieBlich (4) in (2), so erhalten wir folgenden Zusammen-
hang:
V*-—--= - Bh(C*.~ uC(B1, 2)). (10)

Das Gleichungssystem (9)—(10) wadre bereits genligend zur Erzeugung von
C und C*, ist jedoch nicht Igsbar, da in ihm auch der Wert der Funktion C
bei der Grenze J?1figuriert. Es wird daher folgende Hilfsfunktion eingefiihrt:

C*(2) —fiC(B\, 2)

G*2)- fiGR) b

Die Hauptmerkmale der Verhaltensweise einer Funktion dieser Struktur ist
bereits in [1] ausfihrlich analysiert worden. Mit Verwendung von (11) kann
das Gleichungssystem (9)—(10) umgeformt werden:

C - —
» g)z :nz_n\ C(*)(O*- 1*0)+ KC, (12)
v dd%(*_ - BhE@)(C* - uC). (13)

Das Resultat von (12)—(13) ist noch exakt. Das Wesen der Annéherung
besteht darin, daB die Funktion £(z) durch ihren im limes z + °° angenom-
menen Wert substituiert wird:

a2 lim Q= - (14)

Es wird behauptet — und dadurch wird eben die Ann&herungsmethode gut
anwendbar —dal}, wie in den Féallen von [1] und [2], der Grenzwert  ohne
Losung des urspringlichen mathematischen Problems aus den Laplace-
Transformierten auch jetzt unmittelbar bestimmt werden kann.

Bestimmung des Grenzwertes C»

In [1] und [2] wird ausfihrlich die Frage untersucht, auf welche Weise der
Grenzwert sowohl bei ProzeRen von reinem Ausgleichungscharakter als
auch in Féallen von Transportsystemen, die auch Quellen enthalten, bestimmt
werden kann. In beiden Féllen erweist sich dazu die Bestimmung der Laplace-
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Transformierten der Lésungsfunktionen — aus denen jene Variable eliminiert
wurde, nach welcher kein Durchschnitt gebildet wird —als geniigend. Obgleich
in den Gleichungen unseres gegenwartigen Problems Quellenglieder auftreten,
kann die in [2] gezeigte Methode doch nicht angewandt werden. Wenn ndmlich
die Laplace-Transformierten nach den entsprechenden Variablen aufgeschrie-
ben werden, so ist p =0 kein Pol derselben (p ist der Parameter der Trans-
formation), und so tritt in der Losungsfunktion keine nur von der zweiten
Variablen abhdngige, additiv separierbare Funktion auf.

Der Grund hierfir ist — aus physikalischen Uberlegungen ausgehend —
klar, da sich ja der untersuchte ProzeR jetzt nicht in einem Medium mit
Reservoircharakter abspielt, und daher divergieren die Ldésungsfunktionen
C und G* bei einer beliebig kleinen positiven Reaktionskonstante K im Grenz-
tibergang z—+°°, bzw. sie tendieren im Falle eines &hnlichen negativen
ff-Wertes gegen Null. Die Methode laut [1] kann jedoch bereits angewendet
werden, da nun notwendigerweise:

C(x,2)= 2 Ak(Xep*r, (15a) G*)=2 A*eP** (15b)

wo nun aus den Polstellen der Laplace-Transformierten festgestellt werden
kann, dall (im Falle eines positiven K):

Substituieren wir (15a)—(15b) in (11). Wenn der Grenziibergang z
bei £(z) durchgefuhrt wird, ist auch jetzt einzusehen, daf3:

A*—fiAi(ITi)

A* - fiAi )

Wegen (16) kann jetzt unter Ausnitzung der speziellen Struktur von (15a) —
(15b) die in [1] gezeigte Berechnung durchgefihrt werden:

oo i F*)-fiF{lit,p)
om0t F(p) —fiF(D)

wobei F und F* die Laplace-Transformierten der Losungsfunktionen darstel-
len:

(a7

F(x, p)=J G(x, z)e-P*dz, (18a) F*(p) =3 G*2)e~Pzdz (18b)

Wir berechnen nun unter Benilitzung von (1)—®6) die Transformierten
(18a)—(18b). Nach Durchfiihrung der Laplace-Transformation von Gleichung
(1), sowie unter Anwendung der Anfangsbedingung (5) erhalten wir folgenden
Zusammenhang :

d2r K—va:O.

dx2 D (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:

Fx = V*C* + HhfiF(Ri)

Bh +v*p 20
Die Transformierten der Randbedingungen (4) und (6) sind einfach:
[ . — h[F* —fiF(Ri)\, (21 i -0- 21b
!dx))x-Ri : F(RD (212) {ﬁ 3><=Rz_O (210)
Die allgemeine Ldsung von Gleichung (19):
F(x, p) =P shwx+Q ch eux, (22)
wobei
lvp —K
b (23)

P und Q sind zu bestimmende Konstanten. Substituieren wir (22) in (21b),
so erhalten wir:
P chcuRz+ Q sh a>Rz= 10, (24)

sodann (20) in (21a), und in das Ergebnis (22) substituierend ergibt sich
folgender Zusammenhang :
hv*pp hv* ftp hv*CO

P\cu ch wRi — sh B/Ri]+<2[iosh wRi — ch cuR (26)
Bh+ v*p Bh+v*p I]-Bh+v*p

Durch Nebeneindarstellen der Zusammenhédnge (24) und (25) ergeben sich
fir die Konstanten P und Q:

hv*Co sh UR:
P = - - --, (26a)
(Bh + v*p)a>sh o(/R—Ri) + hv*fip ch o,(Pu —R )

hv*C* ch (uR-i

_ (26b)
(Bh + v*p)a> sh cu(R7 —Ri) + hv*fip ch cu(Rz —Ri)

Q

Nach Substituierung von (26a) und (26b) in (22) und Zusammenziehen des
Resultats ergibt sich:

. _ hv*Go ch aj(Ri —x) @7)
(0 P)= B h 4w vap)as sho.r o —Ri) + hv*pp ch eu(ivz —R )

Schliel’lich substituieren wir (27) in (20):

V*Co Bh2fi choj(RT—RI)
F*(p) = o . . (28)
Bh +v*p (Bh + v*p)a> sh w(llz—Ri) + hv*/ip ch & (Ri —Ri).

Damit wurden die fir die Bestimmung des Grenzwertes notwendigen
Transformierten erzeugt. Fir die Substituierung der Ergebnisse in (17) muR
noch der Durchschnitt von (27) festgestellt werden, der sich einfach als
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hv*C* shw (R2—Ri)
F(p) = . L _ (29)
[(Bh + v*p)a>sh w(Rz —Ri) + hv*pp ch w(R2 —Ri)]oj(R2 —Ri)
ergibt.
Durch Nebeneinanderstellung von (27), (28), (29), sowie (17) ergibt sich fur
den Grenzwert

1
—— \(Bh + v*p)co sh w(T?2—Ri) + hv* up ch tu(iz2 —7fi)l +

. Bh+ v*p
C-=lim ]
SR =] [ [(Bh +v*p)coshai(Rz—Ri) + hv*ppchcu(R2—Ri)] +
Bh +v*p
pBh2chcu(i2—R i) .
+ —ph ch auT2—R i)
Bh + v*p (30)
pBh2choj(R2—Rri) phshU)(iz—RI)
Bh+ v*p Cu(R2 —R1)

Hier ist pl die groBte Wurzel des sich aus der Laplace-Transformierten bzw.
aus (23) ergebenden Eigenwertgleichung:
—K hv*
n P (R2-R 1) = e (31)
D lvp—K
(Bh +v*p) | b

[und da die Wurzeln von (31) alle reell sind, kann man sagen, daR es der
positivste Pol der Transformierten ist]. Nach Durchfihrung des Grenziber-
ganges und unter Beriicksichtigung von (31) erhalten wir schlieflich:

V*pi(R2-Ri)(K-vpi)
hv*pp\D —Bh(R2—Ri)(K —vpi)
Der Grenzwert  konnte also auch jetzt schon aus den viel einfacher erhalt-

baren Laplace-Transformierten erzeugt werden als Punktion der Parameter
des untersuchten Systems.

Generierung der Anndherungslésungen

Unsere Aufgabe besteht schlieBlich in der Lésung des Gleichungssystems
(12)—(13), wobei die Ann&herung (14) angewandt wird. Die zum Gleich-
ungssystem gehdrenden 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:

K DhC~.p ) — PAC-
34

v (R2—Ri)v) ' (R2—RI)v (343)

dC* BhC-~p- BAC-

______ 0 o . (34b)
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Wie bekannt (z. B: aus [3]), hat die Lésung des Gleichungssystems (34a) —(34b)
folgende Form:

G=ae;i*+ bea, (35a)
C*=a*eo2+ 6* e'&, (35b)
wobei a, b, a* und b* Konstante, und A2 die Eigenwerte von folgendem
Koeffizientenmatrix sind :
K DhCHi DhC~
v (R2—RI1)v (R'l—Rl)V (36)
BhCHr BC™

Daraus folgt also:

BhG- DhC™fi |[( Dh*fi  MC» K 2 4KBAC«|] 37)
v (R2-r ) 1\(R2-Ri}v i v\ Ve

Die in (35a) —(35b) auftretenden Konstanten sind aus den Bedingungen (3)
und (33), sowie aus den Zusammenhdngen zu bestimmen, die sich aus ent-
sprechender Nebeneinanderstellung von (36) und (37) (siehe [3]) ergeben.
Fir letztere erhalten wir nach einigem Rechnen folgende Zusammenhénge:

_ 2Dht- 2fiBhC- -
iR TR D (3%0)
Hier ist
DhCefi B~ KK ri DhC KY 4vBAC-V2 39)
~(R2-R i) v* v Il(7i2—Ri)V v v ) w* J

Nun wird (38a)—(38b) in (35a)—(35b) zuriicksubstituiert, sodann werden die
gewonnenen Werte G und C* in (3) und (33) eingesetzt, und wir erhalten fur
die Konstanten a* und b:

(i72—R\)w* Qo 2Dhv*CrC*

. (40a) . (40b)
(Vo—Ri)w*a2+ 4D/iBh2L (R2- R)wW* dfi + 4D/UBhCi

Schliel’lich ergibt sich also durch die Nebeneinanderstellung von (35a)—(35b),
(38a)—(38b) und (40a)—(40b) fur die Anndherungslésungen:

J— * A
50 = 2Dhv*a"Go - (et~ e;22) (412)
(R2—R\)vv* a2+ 4D tiBh2»
(Rz-Ri)ww*<xKIt (. 4DfiBhKi,

C*@2)= (41b)

1+
(i72—Ri)w=* a2+ 413(iBh2G, V (BZ—B\)WkOLZ

Mit den Zusammenhéngen (41a)—(41b) haben wir das uns gesetzte Ziel
erreicht: Wir haben zu der mathematischen Beschreibung von ProzeRen, die
sich in Dunnschichtreaktoren bei Reaktionen ersten Grades abspielen, eine
Art einer analytischen Anndherungsformel aufgestellt.
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Schéatzung des Fehlers der Anndherungsmethode

Es werden folgende Vektorbezeichnungen eingeflhrt:

U-& L <42-> r-& L <42b) M SrlJ- <420>

Hier ist U der Vektor der exakten, V der Vektor der Annédherungslésung, UO
ist der Anfangswert. Unter Verwendung der Bezeichnungen von (42) kann das
Gleichungssystem (12)—(13) in folgender Form aufgeschrieben werden:

— =C@BU+HU, (43a) U(0) = Uo, (43b)

und (34a)—(34b) in Form von:

— =CoffF+fF, (44a) F(0) = Uo, (44b)
z

wobei die Matrizen G und H die folgenden sind:

Dhfi Dh .
»_Ri _ 0

6= (mB;:')" (82 ;r'])v s (453) v (45D)
v e 0

Die Losung der im F-ten Teil bereits ausgearbeiteten Aufgabe (44a)—(44b)
kann jetzt auch in kompakter Form aufgeschrieben werden. Da der Matrix
C«G+H mit (36) identisch ist, sind die Eigenwerte des ersteren ebenfalls
unter (37) anzutreffen, die Eigenvektoren aber sind auf Grund von (38a) —(38b)
und (39) wie folgt:

r 2DhG- (46a) s.= " (46b)
Lau(A2 —#0-1 2/iBhC~\
Wenn dann die aus den Sdulenvektoren (46a)—(46b) zu bildende Transforma-
tion P eingefuhrt wird, sowie deren Inverse P _1:

0f i~ I y*
=\r21 Ail - -uv | ‘ (472)
Uv(ll2-Bi) 2fiBhGC~\
2 . MjiBht,«, uv* |
P -~n,B W l+asBa-B l)w* r'[lav{E2_Ri) 2mcJ . (47b)
so erh&lt man durch Transformation der Gleichung (44a)—(44b):
oc-av+HV, (48a) F(0) = f70. (48b)

Hier sind V=P~1V, U=P~W0, G=P~1GP, H=P~MHP, und da CM+H
bereits ein Diagonalmatrix ist, ergibt sich fur die Lésung von (48a)—(48b),
bzw. durch deren sofortige Ricktransformation fir die Lésung von (44a) —
(44b) :

F(z) = Pe(f~G+H)zp-ijjo_ (49)
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Durch Umformen der Gleichung (43a) erhalten wir:

%2 —t-GU+H o + (@) - CY)GU. (60)

Es kann festgestellt werden, da beim Abtrennen des letzten Gliedes der
rechten Seite von (50) die Lésung der erhaltenen homogenen Gleichung gerade
(49) ergibt. Mit Hilfe der Methode der Variation der Konstanten kann (50)
unter Benutzung von (43b) zu folgender Integralgleichung umgebildet wer-
den:
z
f7(2) = Pek~G +AP-icro+ple<i-e+H)(i-»)P-i(¢ (s) - C,,)GU(S) ds. (61)
0
Fihren wir schlieBlich die | [ Normen der in (51) figurierenden Mengen —als

die Summe der absoluten Werte der Komponenten — ein, dann kann obige
Integralgleichung in nachstehende Integralungleichung umgeformt werden:

ITun Me™ +N j emO=eI£(s) - C-1 1U\Ids. (62)
0
Hier ist
M =[P I[[[P-il[![t7o]] [+ v (li. - EI))+ 2h(;~(D-+ /uB)]2-G* (63)
4D/zhZo + a2(ar —Ei)wv*
und

i Dh Bh1l

Fry*x Ny ~(- i _ -
o [at(y* + v(Bz —Pi)) + 2fef~(-D + fiB )]2-(1+ /t) %(PZ-Pi)v e
N=[[P|l[|P-i]|[to]| = _ _ (54)
ADRBhKi+ a2(P2- Ei)vv*

Die Konstante m ist um einen beliebig kleinen positiven Wert s groRer als
der positivste Eigenwert des Matrix G+H.
Man multipliziere beide Seiten der Ungleichung (52) mit e_mz:

2
[Ir7]le-“*=sM + IvJ |C(s)-C~| ||V ]||e-»*ds, (55)
0

dann folgt aus (55) aufgrund der Gronwall —Lemma:

N ( |C(s)—Ceo| 0s
[[f7]] e~Trr M e . (56)
Multiplizieren wir beide Seiten des Ausdrucks (56) mit emz, so gewinnen wir
einen oberen Schéatzungswert hinsichtlich der Norm des exakten Ld&sungs-
vektors U :
rrZ-i-Ni)Il’W-feol ds

[IC7]I"Me (57)
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Der Dehler der Ann&herungsmethode wird durch die von oben her vorge-
nommene Schdtzung der Norm der Menge U—V angegeben. Durch den
Vergleich der Resultate (49) und (51) ist zu sehen, dalR das zweite Glied der
rechten Seite von (51) gerade den Fehler ausdriuckt. Daher ist es zutreffend,
wenn man auf die Normen bergeht, daR

IIC7T—F ||a N J eT<*> [f(s)-f~| |[{7]| da. (58)
0

Wir erhdhen den Wert der rechten Seite von (58), wenn an die Stelle von ||C7||
ein grofRerer Wert als dieser geschrieben wird. So ergibt sich durch Anwendung
von (57) fur den Fehler der Anndherungsmethode schlieBlich:

8
| o\ [C<i)-C
It7—F HAATN e C|C(s) —F~e ds. (59)
0

Betrachtet man die Struktur des Ausdrucks unter (59), so ist es sofort
offensichtlich, daR das Verhalten desselben entscheidend vom Vorzeichen
der Konstante m abhéngt. Aus diesem Grunde sind vor allem die Vorzeichen-
verhalten der Eigenwerte 4 —infolge der physikalischen Natur des urspring-
lich modellierten ProzeBes — in jenen Féllen, wenn die Geschwindigkeits-
konstante K einen negativen Wert, den Wert Null, bzw. einen positiven Wert
annimmt, zu untersuchen. Aufgrund von (37) ist es leicht einzusehen, daR
unter den Eigenwerten folgende Relationen bestehen:

a) A-=Ai<0, wenn K"O ;
by A<0, Al=0, wenn K=0;
c) A<0< A, wenn 0,

falls die ubrigen auftretenden ProzeRBparameter richtige Werte annehmen.

Anderseits kann hinsichtlich des Verhaltens der Funktion |E(z) —f«| auf-
grund von (11) und (14), sowie mit Hilfe physikalischer Uberlegungen fest-
gestellt werden, dal} :

a) |I(0)-C~|=1—f~<I;
b) lim |E(z) —CH =0,

r~+~
und im Hinblick darauf, dalR die AusgleichsprozeRe des Wé&rme- und Stoff-
transportes jederzeit exponentialen Charakter haben, ist:

¢) J |C(s)—CH +~.
0
Unter Anwendung obiger Bedingungen betrdgt der Ann&herungsfehler
von (59) — im Falle eines negativen Wertes der Geschwindigkeitskonstante
K — Null, wenn z= 0, und tendiert zumindest exponential abnehmend gegen
Null im Grenzwert z-~ daher nimmt seine GroRe in irgendeinem inneren

— in Kenntnis der Funktion C(z) aus dem Zusammenhang (59) anné&hernd
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festellbaren Punkt des untersuchten Intervalls notwendigerweise einen maxi-
malen Wert an.

Wenn K= 0 ist, so kann die Pormel unter (59) nicht angewendet werden,
bzw. sie ergibt einen sehr schlechten Schatzungswert. Es ist jedoch einzusehen,

dall —da in diesem Fall H=0 ist — das zweite Glied der rechten Seite von
(51) folgende einfachere Form annimmt:

U -V = jefc<**>(C(s) - C-)GU(s) ds. (60)
0

Unter Beriicksichtigung des Uber die Eigenwerte A und uber das Verhalten
der Funktion f(z)—t- Gesagten, sowie in Anbetracht der Begrenztheit des
Losungsvektors U folgt aus (60) sofort, dall sich der Anné&herungsfehler auch
jetzt genau so verhdlt, wie im vorhin angefuhrten Fall.

Im Falle einer positiven Geschwindigkeitskonstante nimmt der Fehler laut
(59) vom anfénglichen Nullwert ausgehend monoton wachsend zu, und di-
vergiert im Grenzwert z> +<*> Diese Tatsache bedeutet jedoch kein Hindernis
dabei, daB im Falle eines endlichen Reaktors der Fehler der Anndherung auch
in diesem Falle geschdtzt werden kann.
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SUMMARY

With reference to the previous results the author investigated the possibility of 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 of
the exact solution—was determined by analytical error estimation method.

PE3IOME

B HacTosLeli pa6oTe, Ha OCHOBE MOMYyYeHHbIX paHee Pe3ynbTaToB WCCMEAYIOTCA BO3MOXHOCTY
NPUGAMKEHHOTO aHA/IMTUYECKOTO OMUCAHUS PeakLyii NepBoro NopsiAKa, NPOMCXOAALMX B NAEHOY-
HOM peakTope. OLINGKA NPUGIIMKEHHOTO METO/A NO CPABHEHUIO C TOUHLIM peLlieHneM 6blna ycTa-
HOB/IEHA C MOMOLLbI0 aHA/IMTUYECKOrO pacyéTa OLLIMGKM.
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The heuristic method described is used for approximate analytical
study of special processes in nonlinear two-phase transport systems.
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 mathematical description of diphasic, one-dimensional, statio-
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 nature of the mathe-
matical problem, from the aspect of the operational science of the chemical
industry, which prefers the use of equations of first, order, raises certain
problems of contemplation 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 limited than those of problem of first
order, which are otherwise commensurable from other aspects.

Although a number of authors have already dealt with the approximative
solution of the mathematical 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 mentioned field of problems. On the other hand, certain
initial investigations [7] allowed us to assume that the above discussed aims
could be fulfilled by means of heuristic considerations. In the present work, by
an adequate heuristic reinterpretation of the problem of the second order
serving for the mathematical treatment of diffusion models, an approximative
mathematical model is developed for the approximative analytical description
of the examined transport system in this sense, which description being carried
out by means of equations of first order. On transforming the problems of the
second and of the first order into appropriate systems of integral equations
and on their comparison with each other, it can be proved that the solutions
generated by the equation system of first order can be considered in fact as
approximative solutions of the equation system of the second order.

«If the production of only the outlet potential values, i.e. of the outgoing
signals is satisfactory, we shall prove that even the effective solution of the
differential equation system of first order can be avoided, and ultimately an
algebraic equation system will be obtained for the determination of the
outgoing signals. On the other hand, it follows from the generalized character
of the initial model that the method is suitable for the approximative analytic
description of not only the processes of heat or mass transfer of two interacting
phases, but also for that of the parallel processes of heat and mass transfer
of one single phase. Furthermore, the method can be further generalized in
principle, within the framework of the basic model, for the case of equations
of any arbitrary number.

We shall prove by means of an analytical error estimation that the error
of the approximation does not diverge in the case of source functions, bounded
and satisfying the Lipschitz condition on the set of potential values .to be
considered in the course of the given process. On applying the exact and the
approximative mathematical models in numerical calculations of the same aim
and on comparing the obtained results, it can be seen that the suggested
method is in the parameter interval of interest from practical aspects, essentially
more accurate than that expectable on the basis of the error formula.

The Basic Model and its Approximation

It is known from relevant literature (e.g. [8]) that the transport processes of
the systems characterized in the foregoing discussion can be described con-
ventionally by an equation system transformed to the normal form:

d2Ji dui
~AilN +~dx~rUIPU =2 [=1,2 n

(for the sake of simplicity we deal here only with the direct current systems,
but it can be seen that 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 normal co-ordinate x is
0=sa 1, w denotes the desired potential functions the transport of the
extensive quantities pertaining to which are examined. With regard to later
discussions, we presume that 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 with the exponent one.
These conditions are always satisfied at the source functions occurring in
practice.

The boundary conditions pertaining to the equation system (1), are obtained
automatically [9, 10] when the eventual mixing occurring in the environment
of the investigated transport system is also described by a diffusion model :

i=1 2

where the relationships (2) and (3) are also transformed into a normal shape
corresponding to the equations (1), ue are the input potential values. It can be
seen that besides the statements 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 of such a shape, when in this so-called continuity equation the 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 of 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 systems
with axial mixing for the description of the mixing process, this term has no
physical meaning whatever. Its sole function in the system is the formal
representation of the mechanical and thermal effects inducing the mixing
process. It is suitable for this purpose, because these latter effects after 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+Ai) -1(*1, vs) = 0, 4%
(

and the boundary conditions pertaining to it:
(I+ADVI(0)-ANi(l) =M1, *=1,2, ®)

where the functions vt satisfy the problem (4)—5), whereas the interpretation
of the other quantities present is unchanged. Our next aim is to examine
whether the above functions vi can be used and at which accuracy, as the
approximative solutions of the problem (1)—(2)—(3).

The following formal physical interpretation of the approximative mathe-
matical model (4)—5) is quite obvious. According to the equations (4) corre-
sponding to the formalism of the normal forms under (1), the volume rate
of the convective flows of the transport system in the approximative model
is taken higher by Atthan the real value. This is attained, as understandable
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from the boundary conditions (5), as nodal point equations, in a way that
the surplus is allowed to recirculate from the outlet of the system to the inlet,
meanwhile maintaining the volume rate of the convective flows leaving the
system at a constant level. Thus, the basic and the approximative models
differ from each other, from formal physical aspects only in the way of inter-
pretation of mixing. However, this does not obviously determine the inter-
relations of the adequate mathematical models.

Returning now to the former field of problems, it is obvious that the direct
comparison of the problems (1)—2)—(3) and (4)—5) is not successful.
However, by the formal implicit generation of the solutions, integral relation-
ships can be obtained, which may be considered as integral equation inverses
of the original differential equations also comprising the boundary conditions,
and thus they are equivalent to the basic problem and to its approximation,
respectively. On finding the basis systems of the differential operators present
in the equations (1) and (4) respectively, then applying the method of varying
the constant [11], the following integral equations are obtained:

X *X£
Ui(X) = uei+ J/i(yi({), M(0) dE+ I<M *[i(“i(E)> “2(f)) (6)
0 X
X 1
vi(x) = “e,+ J fi(vi((), v3i)) df+y-"j-J fi(vi(E), vXS)) @)
0 X
t=1, 2.

The formal similarity of the results (6) and (7) is at once conspicuous. On
examining the multiplying factors of the third terms at the right sides, which
factors distinguish the two equations from each other, it can be stated that
this latter appears to be the analytical approximative form of the former.
Namely, it can be proved by a simple functional analysis that the integral

deviation of the terms e Al and 1dl\-/|u‘- in the set of the relevant values x and

I is very small for all Ax Consequgntly, the exact and the approximative
problems are in a similar relation to each other, as this is generally the case
at the construction of approximative analytical forms.

Finally, it was noted that the form of the boundary conditions (5), which
differs from that of the usual initial conditions of equations of first order, is
an essential feature of the approximative model. It can be seen in turn that
on considering what has been said above regarding the source functions fi,
the approximative potential functions, which can be determined from problem
(4) —(5) always exist and are unique in cases of practical importance.

Estimation of the Error of Approximation

Let us now briefly survey the analytical method of determining the deviation
of the results obtained on using the two types of mathematical models. Let
us characterize the accuracy of the approximative model by estimating from
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above the quantities:
G = litix) V@), =1 2 )

Then, on using the results of (6) and (7), we obtain from relationship (8) after
repeated transformations:

S@~ I Hi(ui, oo i) v ldf+ Juiem i, u-fi{vi, viy dE+

u? df, 9

1 2

Since according to our presumptions concerning the source functions fx,
values of M, and Kxcan be given by means of wich in the set of potential
values relevant in the course of the given process:

itfi = max[[/i(Mi, nd)|], (10
fuithermore :
[/i(Mi, M2)-/i(ri, VZ)\AKijgt\ ()
i=1 2

So the system of unequalities (9) can be further transformed on using the
relationships (8), (10) and (11):

<5,(0:)AJf12_i<m)m|+-1£Ai-Jf12_iONgdS+<n(x,A|,M|), (12)
i=1 2
where :
! . f| K+
At, Mi)=Mi ‘e . =
P p=Mi e dl
MiAi \l1+e A j+ MIAT @ )+ZMiAt (In Al )
o g ST EAT VAT )
if Osia 1+Ailn At
s 1a 1+A| (13)

. MiAi . . Ai
MlA,(. .W)+—]-—_;ATfT—1), |/|+A||n'/\mi
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On introducing the denotions:

r2 2 Ki
®)=, 2«i(i)di. (<:i_2|-l:+_AT-'
} (14)
2 il 2
:1-1 1451 CD()K) :1:% bl*)'

we obtain from the system of integral inequalities (12) with the use of the
denotions under (14) the differential inequality:

dA
—dxid +MIJ+0 (15)

to which the initial condition :
4(0)=0 (16)

attaches itself. Finally, on finding a solution to the problem (15)—(16), and
resubstituting this in (15) we obtained an upper estimation for the total sum
of the errors under (8):

X 1
2 3i@) caer) e idf+ 0(x) +R&] D(|)e-“EdE. (17)

The estimation (17) is not the sharpest of those derivable from the inequality
(15). Anyhow, it can already be stated from the relationship (17) that due
to the readily understandable properties:

lim <i(x, Ai, Mi)= 1im <pi(x, At, Mi) =0, (18)
A\~* Too

Ai~*-0

r=1 2

of the functions under (13) the error, i.e. the deviation between the results
provided by the problems of the second order and those of the first order
tends towards zero if the mixing factors At tend according to any arbitrary
system towards the limit values zero or infinite. These are just the cases
without mixing and with complete mixing, which are both of major pratical
importance. The numerical analysis of the functions @ allows us to guess
that the error is in general rather small in the case of source functions f¢
which are of small value and do not vary too quickly.

Use of the Approximation for the Mathematical Description
of Special Heat and Mass Transfer Processes

In the following, the mathematical description of some important operations
of the chemical industry will be carried out by means of the approximative
method. First of all, an important remark must be made concerning the
structure of the source functions f{ present in the equations. Namely, these
differ from each other in general, in cases relevant from the aspect of
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applications only in a multiplication factor, and thus a separate method 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:

v =Bflvi, vd), (19)

where B is constant. On comparing the equations of the equation system (4)
and applying equation (19) we obtain:

dvi 1+A2dv2

(1+j41) ~x= B Ix 2%

Relationship (20) can be at once integrated between the limits zero and x.
Thus:

i . 14'A2
@+di)(n - B#(0) = —p— («2- r20)). (21)
There is a possibility to use the boundary conditions (5), therefore a novel
form of (21) will be:
1+A2 A2 Uz

(L+Aivi-Aivi()~uei=—=""\2— Zra) = @2)

Let us now create a relationship between the potential values in the end
point, from equation (22) on substituting x= 1:

(1) = Rri(l) - Bue, + Mea (23)

Since (23) can be considered as an independent equation, it can
be resubstituted into equation (22), affording for the potential function of
subscript 2:
I+Al A2—A1
\2—B 1+A2\A+B 14 A2 VI(I) - BUel +Udl=\2v1). (24)
It can be seen that 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 parameter.
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 determination of the

value ?9(1): )
»id)

(1-|Aiei+'\li«i(l) @

I+Ai

The value (1) is obtained by resubstituting r,(l) into the relationship (23).
Obviously, v2(1) may also be obtained in a direct way with the use of the
inverse form corresponding to relationship (24):

1+ A2 Al1-A2 Wz

B(Y+A) 2+W T A jV2{1)- (26)
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from the other equation of the equation system (4) respectively, on using the
other boundary condition. For that, the algebraic equation is as follows :

dv2

(1+d?2 =1 27)
Zl)i 2(vi(v2), v2)

1 +Az

Investigation ofthe Adsorption ProcessCharacterizable 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 equipment (here we must 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
that grains adjacent to each other change places during their motion and that,
respectively, the gas is mixed up forward and backward in an axial direction
during its flow among the grains. We assume that 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 Langmuir isotherm [12].

The mathematical description of the above transport system can be ad-
equately carried out by the problem (1)—(2)—3). The occurring source
functions [ are in the normal form corresponding to the problem and are as
follows :

aiL (a2l
Vi las+ W
(28)
aiLT a2
fT az+2

where the subscript 1 indicates the phase of the adsorbent, subscript 2 the
phase ofthe adsorbate, values V denoting the volume rates ofthe phases, values
a suitable constants, L the length of the equipment and T a proportionality
factor. It is quite obvious that 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 determine the concentration
r2(1) of the adsorbate at the outlet of the equipment. In this case, the values
n of the source functions (28) are according to the sense replaced by values v,
furthermore, on comparing relationships (19) and (28) it can be seen at once
that:

B= . Tv1 29)

On introducing the denotions :

\+ Az A\ —A:2 Uez

w-, o . (30)
B(I-Mi) * R=WT27)M1)~IT +lei

and comparing expressions (26)—30) we obtain the following relationship:
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iTL )in( Vi )-1
ai azVi -
= - N s Cl2V2 —p 2 dv 2 (31)
FAl+d2 J{CI3+V2 N
(QZ'FQZI
1+ )

In order to integrate let us arrange the right side of expression (31) to the
usual form:
»2(1)

aiTL (»24-a3) dv2

F2(1 +As) = I )a2'| + (22234 [R2—a2)r2+ /?2a3 (32)

On" carrying out the integration under (32) [14] we obtain the below given
algebraic equation for the determination of v2(1):

aiTL | @3\(1)+ (a2a3 + Rz—a2r(1)+

-= ———-|n -
F*(1 + A3) 2a2 ve2+ d 2)X1) 12 Mradaxl)
a2 14A3 | 4- (a2«34- iz—a3) 14.A3 4'zaz

a3 +a2—z

i 4oy (QXEHR-222 ‘12

(33)

— a2/?2as3

(a2234-172—Ar)2 TP
2a2x94-R2+ a2z - a2- 2 a 2/32a3

In
a34- 3z —a3)2 1172
20324 Mrbazs —a242 O2° 2 e o)

since on investigating the possible values of the occurring physical parameters
it can be seen that:

(a2n34-172-a2 22
--------------------- arpraz> 0.

For the sake of conspicuity we did not indicate the limits of integration in the
second term at 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 the question of
much greater importance from practical aspects, i.e. which equipment length
is needed in the given case of other process parameters for a change of de-
termined extent of the adsorbate concentration.

Investigation of Absorption in the Case of a Transfer Term of General Form

Let us introduce a liquid continuously at the lower end of an absorber of
longitudinal shape, located vertically, and spray a gas mixture into it. One
of the components of the mixture representing a small portion of the total
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 mixed 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 intensity of the ma-
terial flow from the gas phase into the liquid phase can be determined on the

7*
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basis of the two-film theory [12], consequently the diffusion model applied
for the equipment has the following source functions:

a\L .
/1= U1 (uz—azui)p,

(34)
aiTL
hEv2

where 1 is the subscript of the liquid phase, 2 the subscript of the gas phase,
P the general exponent of the transfer term, whereas the interpretation of the
other quantities corresponds to those given previously (the particular n”me
of the parameter a2is: Henry constant).

On the basis of the approximative model, the algebraic equation obtained
with the use of the relationships (26), (27), and (29), (30), and (34) for the
determination of the outlet concentration of wX(l) is:

(U2 — CI2UI)F,

v2(l)
J (v2—az(a.2Vz + Bzf)~v dvo. (35)
Wez-HAAVl)

a,TL
Vr(l + Az)

Then, on carrying out the integration in equation (35) and arranging the
result, we obtain :

aiTL J r -
FTTAD (1 | (L U2 —aqk>—
- 1(( 1- «Zﬂz)w-lid.zw(l) - azlJ. (36)

In connection with equation (36), the same considerations can be made as
those in the case of the example of adsorption.

Description of a Reaction of First Order on Taking into Account
the Reaction Heat of the Process

A gas continuously enters an adiabatic tube reactor packed with a catalyst,
at one of the ends of the 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 temperature, is neglected. In this case, the volume rate along
the equipment is unchanged. Let us assume that the mechanical action of the
catalyst bed on the flow of gas is similar to the conditions described in the
adsorber. The heat and material balance of the process is described correctly
by problem (1)—2)—(3), the source functions are according to the Arrhenius
relationship [12] as follows:

(37)

aiTLu! f!
/Jz: ---------- e ™2
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where 1 is the subscript of the material balance, 2 the subscript of the heat
balance, thus ulindicates the concentration of the still not isomerized compo-
nent, whereas u2is the temperature of the gas mixture.

On the basis of the approximative model, let us determine the outlet con-
centration tg(l) from which we can reach conclusions concerning the efficiency
of the reactor. On introducing the denotions:

B Ri=B -_A|*>'| Buei+ uei 38
= TFAY i= Tia i(l) —Buei+ uei, (38)

and comparing the relationships (24), (25), and (37) and (38), we obtain for
the determination of ?>,(!) the equation:

alk Lo e |'£|En dvi 39
Vi(\+Ai) J Vi ' (39)
1+Ai

In order to carry out the integration let us introduce the new variable:

W:--K -—P. Subsequently, after repeated transformations of the integrand
[13 + i
and distribution to partial fractions, we obtain from equation (39):

a\L r

) ) 1-e«a/vdw- e“av dw. (40)
Vi(l+Ai)

+f +f

1+Ax 1+At

On introducing the so-called integral-exponential function [13]:

X B
¢ el

~ X
. e f
Ei)= & ydi=timjd J §di+ i

1
—dij, (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 - ci2

--Ei j-E L
Vi(l+Ai) Uii(l) + Pi’ ! uei+AiVi(\) *
“I— TEA +PL
@ ; @
Yeft Ei a e O (42)
uei+ AiVi(l) T (Lam()+Pi pj
T AT

Although the numerical determination of the potential value in the end point
is not a simple task, the inverse formula can still be well used for the deter-
mination of the geometrical length of the reactor carrying out the given con-
version.
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PE3FOME

B faHHOW paboTe onMcbIBaeTCA 3BPUCTUUECKMIA METOS NPUBNNXKEHHOIO aHa/IMTUYECKOrO UCCeao-
BaHWA ABYX(hasHbIX, HENMMHENHbIX CMCTEM MepeHoca. Vicxoas 13 TpaanuMoHHOM Angdy3MoHHOA Mo-
[enun, JaHHbIA MeTod faéT 3aBUCUMMOCTM Mef/ly BXOAHLIMW JaHHbIMW, MapaMeTpamu CUCTEMbI U
BbIXOAHbIM CUrHafIoM. MyTéM aHaIMTUYECKOM OLEHKM OLUMOGKW MOKas3aHo, YTO B C/lydae BCTpe-
YaloLLMXCA Ha MPaKTUKe PYHKLUUIA NCTOYHMKOB AaHHBIN METOA He PacXoAUTCS, U ero TOUHOCTb YA0B-
NeTBOpUTE/bHA B Mpefesiax BCEro MHTepBasia He3aBUCMMOA MepeMeHHO.
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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 (r3/ri). The slope of the curve gave a(l —e).

To determinate a(l —e), it was necessary to test the time changes
of cake thickness and filtrate output at a constant pressure. “In situ”
determining the a(l—e) one can estimate the filtrate output of the
industrial-sized filtration centrifuge at the same filtering suspension,
filter medium and centrifugal force.

This project was aimed at the development of an appropiate method to
calculate the volumetric 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 parameter. 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 starts with Grace’s equations [1]:

dvVv fllim pwlrr —rf)

Geometrical data 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 of the cake layer thickness, and the layer thickness is a known
function of time. Changes in the cake thickness are assumed to follow the
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Fig. 1.

Nomenclature of the filtration in centrifuge

,first order rule”, i.e.:

dr2
——= - a-r2+b
dt
(2)
rt-a= r2 [2]t=« = n

Having allowed for the boundary conditions, the solution of Eq. (2) becomes:
r2—(rs—n )e~at+ 1% ®)

where parameter a is obtained by fitting Eq. (3) to the measured cake layer
thickness as time values determined in a pilot plant centrifuge.

Grace’s equation can be applied only for incompressible cakes. Let us there-
fore divide the filtration run into small time segments, At, during which the
cake can be considered incompressible.

If Eq. (3) is known then Eq. (1) can be integrated in all these time segments
and dVjdt data can be obtained:

dv n 3 2aK(r3—ri)
@

307 [5jt(1—8AD) In  j+— ]
Let us introduce two compounded parameters which are constant for any

given machine and materials to be filtered:

_ A K(r3—i) Rm

¢ 3021 m ()

Thus Eq. 4 can be rewritten as:
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So if C.dt/dV is plotted against In (r:ii/r2) then the slope of the line yields
the multiple of the specific resistance and porosity. If the output flow rate
of the filtrate 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):

Fig. 2.
Illustration to Eq. (6)

Based on experiments carried out in a pilot plant centrifuge, the multiple
of porosity and specific resistance can be obtained for each At interval.

The geometrical (rl, r2, r3, h) and operational (n) parameters of an industrial
centrifuge are known to aid the selection of the appropriate type. If geometrical
and operational parameters, as well as the porosity and specific resistance
belonging to a given time interval are suitable for Grace’s equation (Eq. 4),
then the numerical integration can be carried out. If the computation is
repeated for all the successive time intervals, then the volumetric performance
of the filtration is obtained.

The above mentioned computation method necessitated the development
of a new experimenthal technique. As regards the model centrifuge, the main
requirements of the theory are as follows :

The liquid level should be maintained at a constant level by a controlled
feed rate for filtration carried out at 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 parameter 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 ;
VvV  — volumetric performance of the centrifuge;
n —distance of fluid above the cake ]
r2 —distance of cake surface ¥from the axis of the centrifuge;

r3 —distance of filtering linen
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a — relative resistance;
e — porosity;
g — density;
/I — dynamic viscosity;
co — angular velocity.
REFERENCE
1. Szirés (Filtration) (ed. Szabé Zoltan) Miiszaki Kiadd, Budapest, 1966.

PE3IOME

B3siToe 3a OCHOBY 06lLLiee ypaBHeHUe (IbTPALMM UCMOSb3YETCsl aBTOPOM MPUMEHUTENBHO K Npo-
Leccy (mnbTpaumm B nose LeHTPO6EXHbIX cun. [locne NpuBeAeHUst JaHHOTO YpaBHEHWUS B COOTBET-
CTBYHOLLYIO (hOpMY, 06paTHOe 3HaYeHMe CKOPOCTM (UbTPaLMM M306paxKanocb, Kak (yHKUMsSt OT
In (rs/rd. KpyTnsHa KpuBOW faéT 3HauyeHue (1—e).

[Lns onpegenequs a(1—e) Heo6X0AMMO UCCNEA0BAThL M3MEHEHME BO BPEMEHM TO/LLMHBI NEnéLLKN
Ha (unbTpe ¥ BbIxofa (UNbTpaTa, NPU YCNOBUM MOCTOSIHHOTO faBfeHusi. OnpegenvB a(l—e) B
[aHHO MOAENbHOM MWUAOTHOM LEHTPUGYre, MOXHO OLEHUTb BbIXOA (huabTpaTa MPOMbILLIEHHOM
rnbTpyoLLER LEHTPUAYIM A1a TeX Xe: pubTPyeMoii cycneH3nm, Matepnana unbTpa, 1 LLEHTPO-
GEXXHOr0 Mosst CU.



Téjékoztatoé a kozlemények szerz6i részére

1. A ,Hungarian Journal of Industrial Chemistry” a veszprémi vegyipari
tudoméanyos intézmények kozds kiadvanya, amely angol, orosz, francia vagy
német nyelven irt, a vegyipart kdzvetlenil érintd alkalmazott és alapkutata-
sok eredményeivel, a vegyipari folyamat-, eljaras- vagy mivelettannal foglal-
kozd eredeti kdzleményeket tartalmaz. A szerkeszt§ bizottsdg a veszprémi
intézmények alkalmazottain kiviil azok részére is lehet6vé teszi eredményeik
kozlését, akik a megjeldlt tudoméanyteriileten dolgoznak és a megjelend kémiai
targyu folyoirataink adott profilja miatt nincs megfelel6 lehet§ségiik munkaik
hazai publikalasara.

2. A fent emlitett és/vagy magyar nyelven irt kéziratot két példadnyban
kozvetleniil a f6szerkesztd cimére (Dr. Bodor Endre, Veszprém, Postafiok 28;
8201) kuldhetik a szerz6k, rovid levél kiséretében, amelynek tartalmaznia
kell a kdvetkezbket:

a) A bekiildott kézirat 6nallé munka, a kézolt eredmények ebben a formaban
mas tudomanyos folyoiratban nem keriilhetnek publikalasra;

b) Amennyiben a kdzlemény magyar nyelven irédott, a fenti négy nyelv
kozul melyiken kivanja kézleményét megjelentetni ?

c) A cikk elfogadéasa utdn maguk kivanjak-e a forditast elvégezni, vagy a
szerkeszt6 bizottsag gondoskodjék a forditas elvégzésérdl?

d) Kozlendd annak a szerzének a neve, cime és telefonszama, akivel a szer-
keszt6ség a nyomdai munkak végzése idején a kapcsolatot felveheti.

A kisér6levelet a kutatdintézet, a tanszék vagy az lizem vezet6jének a kozlést en-
gedélyez6 lattamozasaval kell ellatni.

3. Az A/4 formatumu papirra gépelt kézirat elsé oldalara csak a kdzlemény
cimét, a szerz6(k) nevét és munkahelyét tovabba legfeljebb 15 sor terjede-
lemben (soronként 50 lelités!) a kdzlemény dsszefoglaldjat kérjik gépeltetni.

A legfeljebb A /4 méret(i 4brdkat kiillon kérjik mellékelni. Részlikre a kézirat-
ban helyet nem kell biztositani. — Kilén papiron kérjik az abrak szévegét az
dbraszam feltintetése mellett felsorolni.

A tablazatok a szoveg kozé gépelend6k. A tablazatokat is szamjelzéssel kell
ellatni.

A labjegyzeteket az illet§ oldal aljara kell gépeltetni.

Az irodalom felsorolasanal kérjilk a Chemical Abstracts-ban alkalmazott
kozlési mod hasznalatat. (A keresztnév(ek) els6 betliinek feltlintetése sziiksé-

ges!)
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