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STUDIES ON THE DYNAMICS OF DOWNWARD COCURRENT GAS-LIQOID
FLOW IN PACRED-BED REACTORS

R. MOHILLA, B. FERENCZ, Mrs. M. VARGA and M. BAKOS

(Veszprém University of Chemical Engineering,

Veszprém, Hungary)

Recevied: October h, 1975-

This paper presents the mathematical model desc-
ribing the dynamic behaviour of a co-current gas-
liquid system flowing downward in a packed-bed reactor.
Based on the parameters of the reactor, the frequency-
response characterizing the dynamic behaviour, can be
calculated from the mathematical model developed if
the disturbing Tfunction is a change occurring in
input concentration. The way to create this mathemati-
cal model,the algorithm used to calculate the chareac-
teristic frequency responses, the critical comparison
of the calculated and experimental results are pres-
ented here.

INTRODUCTION

Packed-bed catalitic reactors with downward flowing gas and
liquid phases are not at all uncommon in the practice of chemical
industry. However, there are only a few papers dealing with the
dynamic behaviour of such operation units although this knowledge
is indispensable to design appropriate control for such systems.
Previous experiments revealed that the reaction taking place, and
even more so, the pore-diffusion process, hase little - if any -
effect on the dynamic behaviour. Hydrodynamics play the controll-
ing role. Therefore, it seemed worthwhile to develop the mathema-
tical model of an operation unit featuring convective, conductive



R. Mohilla, B. Ferencz, Mrs. M. Varga and M. Bakos vol. 1.

and transfer flows. The model was _.then compared to the experimen-
tal results. An attempt was made to obtain the results of both the
model and the experiments in such a mathematical form that readily
fitted those used 1in process control calculations. Therefore, the
logarithmic amplification vs. angular frequency and the phase vs
angular frequency diagrams (Bode-plots) were calculated, respecti-
vely .

THE MATHEMATICAL MODEL

The concentration response of a change, carried out in the
input concentration,was sought under constant feed conditions. The
following assumptions were made to develop the mathematical model:

a) Mixing in the respective phases of the operation unit
can be described by the axially dispersed piston-flow
tubular model [1].

b) Transfer takes place between the fluid phases.

c¢) There are two components 1In the system. One of the com-
ponents is present in infinite dilution and its transfer
has no observable effect on the mass-flow rates of the
respective phases.

d Only small deviations from the steady state conditions,
adequately described by the linearized, constant coeffi-
cient differential equation systems, are considered.

e) Peed and other physical parameters are constant,although
they can be functions of the steady state conditions (set-

points) .

) The relationship describing the distribution of the
components in question between the two phases is linear
within the range studied.

g) As in the case of the majority of practical problems, it
is assumed that the transfer process is controlled at
the liquid phase side?and that the transfer can adequa-
tely be described by the two-film theory.
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It should be noted that it is easy to show that the model
can also be applied to decribe counter-current and/or gas phase
controlled systems, and by appropriate selection of the coeffici-

ents, heat-transfer is also implied.
The extended Damkdhler equation, relating to the gas phase
reads as follows:

32c (z;D 3c (.9 *
AEgDg——— ar*------ Bg 3= RBRA(cF.(z,)-cF(z,D)) =

3cs (z,©

eg at (€]

while to the liquid phase:

a2cf (z,© 3c (@, #
AEFDF 872 Bf.——— ——— + BBA(Cf (Z,t) - Cf (Z,t)) =
3cf (z,)
= efA 3t )

Distribution of the components between the phases is as fol

*

lows :
cg= mcf (&)

Rearranging Equation (3), c* can be eliminated from Equa -
tions @ and (2)-

Considering only small deviations from the steady state
condition, it can easily be proved that the equation system is
invariant relative to the steady state setting-point conditions.
That is to say, it holds even if c ’arid ci are considered as small
deviations form the steady state values.

To obtain .relationships that are also readily applicable
process control, the Laplace-transformed versions of Equations
and (2) are derived, having eliminated c¢* under zero initial

onditions.Introducing appropriate coefficients, the two equations

-ftr nec are as TfTollows:
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d2c (z.s) de (z,9)
Vo« Iza + Hg - ————- + (SV D cg(z"s) -
-mef(@,s) =0
@ @
d2c (z,s) de (z,9)
hH e + HFf ——Tg—— + (sTF+1) cf(z,s) -
dz
c_(z,s)
)

and the coefficients:

b <™ Py EfA DF
mB
Hy = ona
nme

The h and H characteristic length and T characteristic
tree constants can be traced back to well-known dimensionless
r.ueners, and to the average residence time as follows"

m e se, o
~ vfef

LT
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St
Tg s TFStF

The solution of equation systems @ and &) yields the
transfer function of the operation unit at any =z length, taken
axially from its feed point.

A solution of the form

©>
)

is sought, where p(s) and q(s) are the function of the Laplace
variable. Substituting the solutions assumed for equations (&) and
(B) and observing that cg(@G) and cf() should suffice them, a
fourth-order algebraical equation is obtained for y(s). Let its
solutions subsequently be yi(s), where 1 = 1, ...4.

Let us iIntroduce the formula:

(S =-hHy2(G +Hy.(® + sT +1
P;® SY2© +HN-© o
The general solution is then obtained asg

Cg (.9) @

®
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Let us introduce the following four boundary conditions [2]

/dc (z,9)
cgo(s)—cg(+o,s)—hgl— a4z
z = 40
roo~ T
z=H
cfo (s = cf (+0,9)
/dcf (z,s)\
z=H

Substituting functions @) and (9 into these four boundary
condithons, a linear equation system is obtained and the four un-
known P (s) values can be determined from it.

Theoretically, doing so, the transfer function is obtained.

Therefore, the Laplace transforms of the cg and Cf respon-
se functions, corresponding to any cgO, cfO disturbances, be gener-
ated in the following form:

Cg (z,9) ng (z,s) + cgf,(z,s)

cf(z,s) = c (z,8) + cff(z,9)

It is hopeless to attempt the inverse transformation of that
expression. Fortunately, as far as the goal is concerned, it 1is
unnecessary. Applying the s=jd substitution, the frequency function
can be determined at any one point of the operation unit concerned.
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The dynamic behaviour of the operation unit studied is char-
acterized by the following four frequency functions:

i c ., (z,,Jm
F1@1- 39 = f@e ™ cg, =0 (10)
- | @ i
F2<zi"® 3w) Tfo (<) CgO =0 (11)
cft @ .J@
FaZ1”> 1) = eg8@ay ™ ¢, =0 a2
) C.,.(z .jld)
F.@ -1 = 8 ('j'i%)'___ g0 =0 (€O
where the subscript 1 refers to any - distinguished - set-point.

It is obvious from the previous discussion, that there is no
theoretical difficulty in calculating the values of the four fre-
quency functions, but a considerable amount of calculation is

required.

A computer programme was ‘therefore compiled to calculate
the points of the frequency functions or rather, for the sake of
direct comparison with the experimental results, the respective
points of the corresponding Bode-diagrams.

THE COMPUTING ALGORITHM

The schematics of the computing algorithm is shown diagram-
matically on Figure 1. Only a few details of the calculations,

requiring special care, are reviewed here,
e
Such a part of the algorithm is the solution of the charac-

teristic equation of the differential equation systems (@) and ®)
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Solutions of a fourth-order equation can be derived either from
the appropriate root-formula or by any approximating method. In
this case, the problem of selecting the appropriate initial values
in the previous case, the not-always-sufficient accuracy of the
values computed from the root-formula, arise. Therefore, an impro-
vement can be achieved taking the solutions derived from the root-
-formula as initial values, assessing their relative errors and
refining them to the vrequired level employing the Newton-method.

Special care must be taken not to exceed the permitted (de-
termined) magnitudes of the numbers that the computer is able to
process. Note, for example, the equation systems relating to the
p" (®); coefficients of the expressions (B and (9 .,Employing appro-
priate normalization measures, it is possible to keep each of the
coefficients and the subtotals of the computation within the per-
mitted range, without deforming the results of the computation,
for example, without making them equal to computer-zero due to the
fact that their relatively small value is carelessly normalized.

EXPERIMENTAL

A brief outline of the experimental setup and the measure-
ments taken to check the validity of the model developed, are pre-
sented here. A detailed account of the experimental procedure will
soon follow in another publication.

Experiments were carried out in a vertical tube (i.d. 0.11 m,
length, H=0.91 m) packed with glass beads (diameter: 3mm)or porous
alumina beads of the same size. The specific volume fraction occu-
pied by the liquid phase was charecterized from the liquid hold up
and the specific void volume fraction values. The specific surface
area () was determined experimentally. The mass transfer coeffi-
cient (g)was calculated according to Kafarov [3],and the Bodenstein
number according to Hofmann P4] . The phase system studied was an

air-water system.Geseous sulphur dioxide was used as a tracer in-
jected into the gas flow entering the system. Respective sulphur
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Fig. 1.
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dioxide concentrations were monitored at the outlet in the gas-
phase by a gas analyzer, and by a conductivity meter in the liquid
phase. Signals from these two monitors were amplified and passed
to a potentiometric recorder, after appropriate - if necessary -
zero offset. A coupled potentiometer, built into the poten-
tiometric recorder,was fed by a constant voltage level, the atten-
uated voltage was monitored by an RFT 3518.000 data collector and
punched onto paper tape. The selected gas injection time was 1 se-
cond, it was controlled by a switch-timer,simultaneously triggering
the data collector.

Measurements were made in the following range!

Code J J
kg m-27~1 kg m_2s*
1. 0.1 R} O
2. 0.1 14.0
3. 0.1 25.0
4. 0.5 5.0
5. oK 14.0
6. 1.0 2.0
7. 0.01 14.0
8. 1.0 14.0

Data interpretation was made by a computer programme compil-
ed for the ODRA 1024 computer, its computing algorithm was Ffirst
published by HUSS and DONEGAN [5]- Raw data was taken from the
punched tapes. The programme computed the respective points of the
Bode-diagram. The results obtained were analysed according to the
following points:

a.) A previously published method [6] was used to predict
the duration of the tracer impulse; experiments verified,
that the 1 second long pulse can, in practice, be consi-
dered as a Dirac impulse.
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b. ) Based on experimental values it was concluded that the
time constants of the conductivity meter and the poten-
tiometric recorder do not appreciably distort the signal.

c. ) The arithmetic mean values of repeated experiments were
used.

d. ) Experiments were carried out to determine the time delays
caused by the dead volumes in the gas analyzer and opera-
tion unit; these delays were later applied to correct the
measured values.

e. ) A computer algorithm, based on a three-successive-points
approximation, was used to smooth the flow of data.

Experimental results were compared to those obtained
the model. When there is a difference between the time delays of
operation unit and measuring system, the experimental results very
well fit the computed ones.If the time delays mentioned are approx-
imately of the same magnitude, the results should be viewed 1in
a critical manner, for the dyamics of the analyzer significantly
distort the numerical values subjected to numerical correction. In
such cases, analyzers of a shorter response time would be desirable

SYMBOLS USED

N cross section of the operation unit, (m2)
B volumetric flow rate, (m3s-1)

D axial dispersion coefficient of the component, (m2s-1)
F feguency function

H length of the operation unit, (@)

J mass flow density, (kg m2 s-1)

P general polinomian expression

T time constant, ()

c concentration, (kg T-3)

h length, characterizing the dispersion, (M)
JFT

m dimensionless Henry coefficient

p coefficient in general
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coefficient in general

variable of the Laplace transformation, (s-1)
time, ®

average residence time, ()

linear velocity 6f the convective flow, (m s~1)
length co-ordinate, (M)

mass transfer coefficient, (@m s~1)

solution of the characteristic equation (m_1)
specific void volume coefficient

angular frequency, (rad s-~1)

OE 0 < » N << =+ = 00 O

specific surface area in unit volume, (m_1)

SUBSCRIPTS
quantity iIn the gas phase
quantity in the liquid phase
initial value

X O = @

equilibrium value

Dimensionless quantities

Bo Bodenstein number
St Stanton number
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PE3I014E

B HacToslueil cTaTbe uM3naraeTcsa MaTemaTuyeckass Mofeflb, OMUChi-
BalWasi AMHAMWYECHOE TMOBEAEHVWE CUCTEMb Fas-XMAHOCTb, CTeKawuei B
peakTope C HENoABUXHbLIM C/I0EM KaTa/m3aTopa. 3Hasd napameTpbl peakTo-
pa, C NpUMEHeHWEeM NpeACcTaB/IeHHOV MaTeMaTUUYecKOoi MoAeny MOXHO Bbi-
UACNUTb  YACTOTHYI (GYHKUMI B 3TOM C/lyyae, €C/iM  WU3MEHeHMe BXOAHO
KOHUEHTpaUMn urpaeT pofib BO3feilcTBusSi. B cTaTbe MNokKasbiBaeTcA MeToj
HanucaHusi MaTeMaTUYecKol Mofenu, anropudM  BbYUC/IEHUS XapaKTepHbIX
YACTOTHbIX (YHKUWIA, U [aeTcs oueHKa pe3y/bTaToB, MOJSlyUYEHHbIX MpU Bbl-
UNCNEHUN U DKCNEPUMEHTAILHO -
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Received: November 12. 1975-

MBz4 (M=W,Mo,Zr,Ti,U),, WBZ3Cl and WPhCI3 were
tested as catalysts in the olefin metathesis reaction
alone,and in combination with AICI3,EtAlICla, A1Br3 and
FeClz. All the tungsten compounds, combined with the
aluminium containing cocatalysts were active. The acti-
vity of the catalytic system was significantly enhanc-
ed wunde- CO atmosphere and the formation of tungsten
carbonyl derivatives was observed. WPhCIz was found to
be active in the disproportionation of 2-pentene
without any cocatalyst, however, the rate of the reac-
tion was low due to the low solubility of the catalyst.
Application of FeCla as cocatalyst, and the tetrabenzyl
derivatives of Mo, Zr, Ti and U as catalysts gave cata-
litically inactive systems in either combination.

INTRODUCTION

Homogeneous catalytic systems used for olefin disproportion-
ation reactions genenally consist of a transition metal compound
as catalyst, a cocatalyst and a solvent_Occasionally, an activator
can also be included. The catalysts applied are mainly molybdenum

*

For Part 11 see Reference [3].-
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and tungsten (complex) halides; the cocatalysts are aluminium com-
pounds of marked Lewis-acid character; while the most frequently
applied solvents are benzene or chlorobenzene [1-3,7,8].-

According to the previous observations [2,3], a few organo-
metallic compounds containing carbon-tungsten a bonds, are appro-
priate catalysts for the disproportionation reactions of straight-
chain olefins [2,3]. To continue this work, the effect of a limi-
ted set of the experimental parameters on the properties of the
catalyst was investigated. The parameters studied included the
type of starting organometallic transition metal compound, the
type of cocatalyst, solvent, cocatalyst/catalyst molar ratio and
the application of a carbon monoxide atmosphere.

EXPERIMENTAL

Experiments were carried out in either an argon or carbon
monoxide atmosphere. Hydrocarbons were dried refluxing them over
sodium-potassium alloy and freshly distilled immediately before
use.

Chlorobenzene was dried and stored over phosphorous pentoxi-
de. Experiments were carried out with freshly distilled chloroben-
zene .

Tetrabenzyl tungsten and phenyl tungsten trichloride were
prepared according to previously described methods [4,5]-

Tribenzly tungsten chloride was prepared,treating tetrabenzyl
tungsten with hydrochloric acid. Its purity was as high as 95 per
cent [6].

Catalytic experiments were carried out with 1-10<*moles of
the organometallic compounds and the corresponding amounts of
cocatalysts, with 15 mis of solvents,5 mis of the olefin and 5 mis
of an internal standard.To follow the conversion rate of the olef-
fin,the reaction mixture was sampled at appropriate time intervals.
Methanol was applied to stop any further progress of the reaction
in the samples taken.

Experimental parameters are summarized in Table 1.
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Tetrabenzyl Derivates of Transition Metals (MBz4)

Tetrabenzyl tungsten alone was inactive within the ranges
of the experimental parameters studied. However, 1n oenzene oOr
chlorobenzene solutions, WBz,, combined with aluminium halides

acts as an active disproportionating catalyst. Catalytic activity
was observed at an aluminium/tungsten molar ratio as low as
Al/W=1.5; which is an unusually low value. The characteristic 'S*
shape of the conversion vs. time diagrams refer to a definite in-
duction period, including the time required for the catalyst for-
mation. An increase in the molar ratio shortens the duration of
the induction period and eventually at an AI/W ratio of 10, the
induction period completely disappears. In the midrange, between
the 10 to 40 per cent conversion valites, the curves ran fairly
parallel, which means, that apart from the induction period, ca-
talytic activity of the systems studied was fairly constant
once the Al/W=4 value was exceeded (Figure 1).

Fig-1. Effect of the molar ratio on the disproportionation rate of
2-pentene in the WBz,-AlClI3-chlorobenzene system.
1 - Ne2; 2 - N°5i 3 - Ne8; 4 - Ne6,- 5 - Ne7.
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Increasing the amount of the aluminium chloride decreased”
the selectivity of the reaction. This decrease was especially
marked above the 40 per cent conversion values (Figure 2.)

Fig.2. Change of the selectivity of the reaction as a function of
2-pentene conversion
1 - N2; 2 - N4; 3 - k5; 4 - Ne6; 5 - N7.

Having reached the equilibrium conversion of the reaction:
2-pentene “if 2-butene + 3-hexene

the cis/trans izomer ratios of the initial and the produced ole-
fins are in agreement with the thermodynamical value. If the coca-
talyst applied was EtAICI2,the disproportionation reaction started
with a rather high reaction rate,but at about 8 per cent conversion
of the 2-pentene,the reaction came to a halt. In such systems even
the cis/trans izomerization reaction was blocked and the cis iso-
mer content of the olefin produced was considerably higher than
the corresponding thermodynamical value. The explanation probably
lies in the transalkylation reactions of the metal compounds, in
which tungsten compounds are formed, having neither disproportio-
nation, nor cis/trans isomerization catalytic activity.

The catalytic disproportionate activity and the selectivity
of the catalyst combinations containing AIBr3 is much poorer than
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of those containing A1C13. This effect was especially marked at
higher (over about 10) molar ratios. The alkylating activity of
the catalyst significantly increased while the rate of the dis-
proportionation remained low. When the more stable chlorobenzene
was used as a solvent, the alkylation rate was somewhat repressed
but the disproportionation rate was still poorer than in the
systems containing A1C13 (Figure 3).

Studying the effect of solvents no significant difference
was found between benzene and chlorobenzene, except that the in-
duction period was somewhat longer if the solvent was chlorobenze-
ne (Figure 4 ).

60
Effect of AIBr 3 on Fig.1*. Effect of the solvent on
reaction rate the reaction rate
a - w9 ; 2 - N12; @ - NU; 2 - N6;
3 - Nel13;I* - Nll» ; 3 - 09; U - N10)

5 - N37 ;6 - &38)

Tetrabenzyl dérivates of Mo, Zr, Ti and U were also studied
and were found to exhibit no activity at all. In this respect the
inactivity of the Mo compound was somewhat surprising since the
molybdenum nitrosyl complexes are widely used components of dis-
proportionating catalvst combinations [7]-

Tribenzyl tungsten chloride (WBz3Cl)

Based on the assumption that catalytically active deriva-
tives are formed 1in the transalkylation reaction of tetrabenzyl
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tungsten and A1C13, experiments were initiated to produce a tung-
sten organometallic compound of higher halogenid content and to
test its catalytic activity.

Tribenzyl tungsten chloride alone did not catalyse the dis-
proportionation of 2-pentene, however, in combination with A1C13,
it proved to be more active than the tetrabenzyl tungsten combi-
nation at the same molar ratios ~Figure 5).

The "ring opening”™ polymerization reaction of cyclphexene
was also attempted with that catalyst_However, in a similar manner
to any other catalyst known so far, the system studied, Tfailed.

Phenyl tungsten trichloride (WPhCI3)

Applying phenyl tungsten trichloride as a catalyst,the first
linear olefin disproportionation system was obtained,consisting of
a single, organic transition metal compound, that required no ac-
tivation by a cocatalyst or UV irradiation. Benzene and chloro-
benzene solubility of the catalyst was rather low, therefore, the
relatively low conversion values (10 per cent in 18 hours) detect-
ed, in fact corresponded to a rather high catalytic activity. The
addition of A1C13 increased the solubility of the compound and
obviously also the catalytic activity of the solution obtained.The
induction period of the conversion vs.reaction time curves practi-
cally disappeared and the curves closely approached those obtained
with tetrabenzyl tungsten at higher molar ratios (Al1/W=10),plotted
on Figure 5. With EtAICI2 as a cocatalyst,a catalytically inactive
system was obtained. The reaction product of the metallic compound
settled out from the system as a black precipitate. Due to its
high alkylating activity, the composition containing AIBr3 was
unsuitable as a disproportion catalyst. Measurable disproportion
activity could be detected only at low molar ratios (Al/W=3-4),but
even then, the selectivity of the reaction never exceeded the 10
per cent level. Attempts were made to substitute FeCl3 for the
A1C13 as a cocatalyst,but no catalytic activity was ever observed
with any of the compounds tested.
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Fig. 5 Effect of the type of the Fig. 6 Effect of the car-
tungsten derivative on bon monoxide atmos-
the reaction rate phere on the reac-
1 - N2; ? - N28 tion rate

3 - &32) @ - N30; 2 - N33;
3 - N3*0

Carbon monoxide activation of the catalysts

Previously it was found that carbon monoxide significantly
enhanced the activity of the olefin disproportionating catalyst
combinations, consisting of tungsten (carbonyl) halogenid complex-
es and alkyl aluminium halides [8]. The conclusion that the activ-
ating effect of carbon monoxide was valid over a much broader
field, can be drawn from the results presented here. Namely, the
catalytic activity of any combinations consisting of a sigma-orga-
notungsten derivative and of A1C13, is significantly enhanced in
CO atmosphere (Figures 1 and 6). Carbon monoxide activation is of
major significance, because, while maintaining high activity, lower
molar ratios can be applied,thereby the rate of olefin consumption
side reactions, requiring higher Lewis-acid concentrations, can be
decreased.In the IR spectra of CO activated reaction mixtures pre-
pared from either WBz<» or WPhCI3, a strong absorption band can be
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observed at 1980 cm-1. This band is assigned to the Wo(C0O)6, formed
in the reaction mixture. A few weaker absorption bands occurring in
the carbonyl region, also indicate ehe presence of other carbonyl
compounds. However, attempts to identify them failed.
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PE3IOME

CoeanHeHuss MBzi* (M = W, Mo, Zr, Ti, U0t WBzsCl 1ii blPbC13 6biin
M3yyeHbl B HayecTBe KaTa/im3aTopa npu peakumn OOMEHHOro pa3noXeHus
oNneUHOB U OTAEeNbHO M B KOMGbUHauum o coeguHeHusimu  A1C13, EtAICIa,
A1Br3 u FeCl3. Bce coeguHeHns BonbjppamMa B COYETaHUMM C KOMOBUHMPO-
BaHHbLIMW KaTamsaTopamu, COAepXaluyMn aJloMAHUA  OKa3a/MCb aKTWBHbLIMA,
AHTUBHOCTb KaTa/IMTUYECKNUX CUCTEM 3HauUTEeNIbHO MOoBblWanacb B aTMoche-
pe CO, wun Habnogasocb ob6pa3oBaHMe KapOOHW/bHLIX MPOU3BOAHLIX BOMb(pa-
Ma. bIPC13 oka3anca aKTMBHLIM MpU OUCAPOMNOPUUMOHUPOBAHUN  2-JIEHTEHa
6e3 HekoToporo BCMoMOraTe/IbHOro KaTaau3aTtopa, OfHaKO Xe CKOpPOCTb
peakuun 6blna HM3Ka, COOTBETCTBEHHO HM3KOI PacTBOPUMOCTM KaTanm3a-
Topa. C npumeHeHnem FeCl3 B KadyecTBe BcrnomMoraTeNlbHOro HaTamM3aTopa
U TeTpabeH3WUsNbHbLIX MNPOM3BOAHLIX Mo, Zr, Tiwn U B KadyecTBe KaTa/iu3la-
TOopa KOMOMHMpykWWe ApYyr C APYIOM KaTaMTu4ecKne CUCTEMbl He Mony4uun-
nuee .
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ANWENDUNGSBEREICH UND WIRTSCHAFTLICHKEIT DER ROTATIONS-

DUNNSCHICHTAPPARATE

1. GRESZ

(CHEMIMAS, Budapest)

Eingegangen am 1. August 1975

Mit der Verbreitung der Rotations-Dinnschicht-
apparate verbreiten sich nicht gleichmafig die Kent-
nisse Uber die optimalen Betriebsmégllchkeiten, Wirt-
schaftlichkeit der Apparate, die zweifellos vielseitig
sind, und zahlreiche vorteilhaften Eigenschaften auf-
weisen konnen.

Es ist den erwdhnten Mangelhaftigkeiten anzu-
rechnen, dalR eine hohe Zahl von Investitions- und Be-
triebsfachleuten entweder”fiur die Dunnschichtapparate"”

oder 'gegen die Dunnschichtapparate” sind, wéarend die
Ersteren die Dinnschichtapparate - mit der Uberspit-
zung der Vorteile, Tfir jeden Zweck, die Letzteren mit
dem Aufwerfen von grundlosen Problemen, Ffur keinen
Zweck anwenden wollen.

In diesem Vortrag moéchte ich - auf Grund der un-
garischen Entwicklungs-, Forschungs- und Betriebser-
fahrungen - mindestens teilweise die folgenden Fragen

beantworten :

- in welchem Anwendungsbereich
- auf welchen Gebieten
- mit welchem Kostenaufwand

lohnt sich Dunnschichtapparate in Betrieb zu setzen?

ANWENDUNG UND WIRTSCHAFTLICHKEIT DER ROTATIONS-DUNNSCHICHTAPPARATE

Auf mehreren Gebieten der chemischen Industrie ist es

lich soweit gekommen, dal die Rotations-Dunnschichtapparate

nicht mehr mifftraurisch abgelehnt werden.

end-
nun
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Heute geht es nicht mehr um die Frage,ob diese Apparate ein-
gesetzt werden sollen,sondern eher darum, zu welchem Zweck und mit
welchem Kostenaufwand sich der Einsatz der Rotations-Dunnschicht-
apparate vertreten laRt.

EINSATZBEREICH

Im Zusammenhang mit den Rotations-DUnnschichtapparaten stel-
len Betriebsingenieure vor allem die Frage nach der Leistung.Diese
Frage ist offen gestanden durchaus berechtigt: 1ihre Beantwortung
scheint aber lediglich in Kenntnis des zu verarbeitenden Materials
moglich zu sein. Aus dem Gesichtspunkt der Wirtschaftlichkeit wéare
es aber durchaus notwendig, die Leistung des Apparates bereits in
der ersten Phase der perspektivischen Planung mitzuberechnen. Um
den geschilderten Widerspruch aufzuldsen, seien hier vorerst eini-
ge Begriffe geklart. Betrachten wir erstens einmal den Ersatzbe-
reich.

Der Zusammenhang G = f (B) ver-
lauft bei den fur Verdampfungs-
zwecke eingesetzten Rotations-
Dunnschichtapparaten etwa wie
es in Abbildung 1 dargestellt
ist. - Obwohl der Kurvenver-
lauF von der Skalenteilung der
Koordinatenachsen stark beein-
flult wirdh) - lakt sich der
Wert von anhand von zahl-
reichen Messergebnissen (eige-
nen, sowie aus der Fachlitera-
tur genommenen Daten) abhangig

Abb. 1. Anwendungsbereich des i )
Rotations—DUngschiebtappara— von der Betriebsart, {im Vakuum
B

tes, G = f oder beim atmospharischen Druck)
sowie auch von "den Eigenschaften des verarbeiteten Materials um
0,5 - 0,7 festlegen.
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Es kann ferner festgestellt werden,dall der Kurve G = rt; im
Punkt "A" B, = G, ist. Das bedeutet mit anderen Worten, daR die
eingespeiste Flussigkeitmenge restlos evaporiert wurde.Bei trocken-
substanzhaltigen oder in Form von Schmelzen ausgetragenen End-
konzentraten ist der Punkt "A"™ vom ausgehenden Gewichtsprozent KO
des Trockensubstanzgehaltes abhangig,der nur angenahert aber nicht
erreicht werden kann. Den Punkt '"B" kann man theoretisch auf jeder
beliebigen Stelle aufnehmen, in der Praxis muR er aber bei etwa

GB .
g as 0,47 - 0,5 [liegen um das Uberfluten (flooding) des Gerétes
B

vermeiden zu kénnen.

Die fUr die Einspeisung - Verdampfung zwischen 0 - BB und
GO - Ga - gegebene Grenzwerte bestimmen den Einsatzbereich laut

meiner Interpretation.

Zwecks ausfuhrlicherer Untersuchung der Funktionen Typ

G = f(B) wurden die Ergebnisse von etwa 35 Versuchserien fur Ver-
dampfung von Wasser, Obstsaften, Enzymldsungen - unter Vakuum

und in atmospharischem Druck - verglichen. Die Untersuchungen habe

ich mit graphischer Methode durchgefuhrt; so, dall - in einem be-

liebigen Koordieatensystem - die aus den Ergebnissen der Versuche

sich ergebenden Punkte BO_cO immer auf den identischen Ort gelegt

wurden. Beil dem Aufzeichnen wurde die Skalenteilung der Koordina-

tenachsen geandert.

Auf die so erhaltene Kurvenschar 1aRt sich die Hiullkurve

x3+1

aufzeichnen, beziehungsweise bei atmosphérischer Verdampfung deren
mit 15° verdrehte Abbildung, bei der die Maximumwerte ebenfalls
bei dem schon erwdhnten BQ - GQ Punkt festgelegt sind.

Aus dieser Erkenntnis ausgegangen habe ich meine anndhernde
Rechnungsmethode entwickelt.
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Abb. 3. Die Relation zwischen der maximalen Dampfmenge
und dem ihr zugehoérigen Einspei sungs«eri, b - G zusam-
mengehdrige Wertpaare.

"a" - Obere Leistungsgrenze des Dunnschichtapparates
im Vakuumbetrieb, fir wasserartige Stoffe, At TO C.

Umfanggeschwindigkeit des Rotors mit beweglichen Wi-
schern «J 6/sec.

b" - Untere Grenze der Vakuumverdampfung,obere Grenze
der atmospharischen Verdampfung; im ersteren Falle Tfur
dicke, klebrige, schwer verdampfende Stoffe,im letzte-
ren Fall fir wasserartige Stoffe.Betriebsparameter wie
oben.

c" - Untere Grenze der atmospharischen Verdampfung von
dicken, klebrigen, schwer verdampfenden Stoffen. Be-
triebsparameter, wie oben.
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Im diesen Fall soll die Funktionsverbindung also nicht be-
deuten, dall die Werte B und G aus der mit entsprechenden Einsetz-
ungen berechnet werden kdnnen, sondern nur das,dal sie durch ihren
Verlauf ein geeignetes Hilfsmittel fir die Verfolgung des iIn einem
Dinnschichtverdampfer sich abspielenden Verdampfungsprozesses ist.

Der Verlauf des funktionellen Zusammenhanges, sowie sein
Nutzwertbereich sind in Abbildung 2 dargestellt.

Die Funktion kann auch zur Veranschaulichung von atmosphari-
schen Verdampfungsprozessen herangezogen werden: sie ist Iedigliq?
um ihren Hé6chstpunkt P (0,794; 0,531) in Uhrzeigerrichtung um 15°
zu verdrehen. Die so erhaltene Kurve 1ist in Abbildung 2 mit ge-
strichelter Linie dargestellt.

Die soeben erdrterten Zusammenhange sind zur Zeit nur empi-
risch erarbeitet worden: sie liefern aber einen sehr einfachen
Behelf fur die graphische Darstellung des Zusammenhanges G = T(B)
bei DUnnschichtapparaten verschiedener Kapazitat,und somit fur die
Vorausberechnung des optimalen Betriebspunktes ebenfalls.

In Abbildung 3 sind die zusammengehdrigen Wertpaare BO - Go
fur die Rotations-Dunnschichtapparate mit beweglichen Wischern
“"UNIFILM" i@n Funktion ihrer Heizflachen und Verarbeitungsart ange-
fuhrt.

Anhand der Abbildung 3 kodnnen folgende Fragen beantwortet
werden:

- welche Einspeisungs- und Verdampfungsvolumina bei einem gegebe-
nen Apparat,bei Spitzenleistung, im Laufe der Verarbeitung eines
gegebenen Materials zu erwarten sind?

(Hilfslinie Nr. 1)

- Welche Apparatgrolle fur die Verarbeitung einer gegebenen Mate-
rialmenge mit gegebenen Eigenschaften zu wahlen ist?
(Hilfslinie Nr. 2)
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G
Abb. I» lomogrammformular Abb. 5. Nomogrammformular
fir G. = £ (8) in Vakuum- fir 6 = f (B) in atmospha-
betrieb rischem Betrieb

Anhand der aus Abbildung 3 gewonnenen Angaben wird eine in
beliebigem Matstab konstruierte Kurve aufgrund der Strecken

O- Bo und 0 - aus Abbildung 4 und 5 kalibriert. Aus den ge-
wonnenen Angaben ergibt sich mxa guter Anndherung der Einsatz-
berexch des gewahlten Apparates.

Abbildung 4 bezieht sich auf Vakuumverdampfung,und Abbil-
dung 5 gilt fur den Fall der atmospharischen Verdampfung.

Zu den Abbildungen 4 wund 5 sei bemerkt, daR die Abweichung
der Kurven vom Verlauf des reellen Verdamfungsprozesses ausgehend
von Punkt "0" in Richtung der groéReren Einspeisungswerte hin zu-
nimmt, und zwar darum, weil iIm reellen Verdampfungsvorgang nach
einem, dem Punkt "0" entsprechenden Maximum anschlielend eine kur-
ze, etwas abfallende aber nahezu gerade Strecke folgt. Da aber
diese gerade Strecke in allgemeinen nur bei verhadltnismalig selten
vorkommt, B1aRt sie sich ohne weiteres auch vernachlassiaen.



1976 Rotations-Dinnschichtapparate 31

Die Hilfslinien, welche in den Abbildungen unten gezeigt
sind, werden dann benutzt, wenn es um die Trochensubstanzerhéhung
des verarbeiteten Materials.geht.

(Das Einzeichnen der Hilfslinien erfolgt aufgrund des Zusammenhan-
ges G * B (1 - — ) mittels Werttabelle.)

Zum Beispiel:

Es soll die Verdampfungsfahigkeit eines Diunnschichtapparates
mit beweglichen Wischern und einer Heizfladche von 2,5 m2 fir das
leichtflichtige,wasserahnliche Medium unter Vakuum bestimmt werden.

Der Schnittpunkt der Hilfslinie 1 (Abbildung 3)mit der Linie
"a'" gibt das gewiinschte Ergebnis:

Gg = 460 kp/h, wenn Bgq = 570 kp/h

Wenn man fur atmosphéarische Verarbeitung eines Mediums &hn-
licher Eigenschaften, und mit einer gegebenen Menge (z.-B. Bq =
= 1250 kp/h) die notige Heizflache des Dunnschichtapparates suchtj
dann ergibt®s sich fir die erwartende Leistung: Gq = 760 kp/h.

Auf Grund der erhaltenen Ergebnisse kann die aus dem Zusam-
menhang G = ¥ (B) eines Dunnschichtapparates sich gegebene Kurve
folgenderweise aufgetragen werden; die Strecke O0-Bo der Koordi-
natenachse der Abbildungen wird als 570, beziehungsweise 1250, die
Strecke 0-G™ als 460,beziehungsweise 760 Einheit betrachtet werden.

Auf solcher Weise sind die Wertepaare G,B fur den ganzen Be-
triebsbereich eines gegebenen Dinnschichtapparates bekannt.

Somit verfigen wir nun Uber die Angaben, welche unter Heran-
ziehung von einigen zweckgerechten Behelfen bereits genigen um die
Berechnungen Uber die Wirtschaftlichkeit des Dunnschichtapparates
mit guter Anndherung zu erstellen und die eingangs gestellte Frage
nach der Leistung zu beantworten.
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WIRTSCHAFTLICHKEIT

Wird den Investitionsfachleuten die Information uUber Leistung
und Kaufpreis eines Dinnschichtapparates auf den Tisch gelegt, so
kommt es haufig, daR sie das Vorhaben kurz und bundig mit dem Ur-
teil ablehnen: es ist "zu teuer™.

Diese Feststellung trifft zwar zu, doch steckt dahinter oft
ein Irrtum: entscheidend ist dabei ndhmlich stets der gegebene An-
wendungszweck, sowie die herangezogene Vergleichsbasis.

Wird lediglich der Kaufpreis an sich bericksichtigt, so ist
es klar: zu dem Preis kann man einen viel grélReren herkémmlichen
Rohreneindampfer beschaffen. Es bedarf keiner weiteren Ausein-
andersetzung, daR ein Dunnschichtapparat fiur die Verarbeitungs-
zwecke, welche auch mit einem Rdhreneindampfer durchgefihrt werden
kénnen, UuUberflissig ist. Die beiden Apparate gehdren nicht in die-
selber Kategorie: sie lassen sich einfach nicht vergleichen.

Die Rotations-Dunnschichtapparate sind Sondereinrichtungen,
deren Einsatz in der chemischen Industrie nur in gewissen Fallen
zweckgerecht ist. In diesen gewissen Sonderfallen sind sie aber,
aullerordentlich wirtschaftlich.

Bevor eine Erdrterung der meines Erachtens wichtigen Krite-
rien der Wirtschaftlichkeit aufgefihrt wirde, méchte ich anhand
einiger konkreten Investitionsangaben und informativen Konsten-
faktoren eine Grundlage fuUr die vorherige Investitionsplanung lie-
fern.

Der wichtigste Gesichtspunkt, der nicht nur aus geschafts-
politischen, sondern auch aus technischen Grinden wesentlich ist,
lautet wie folgt:

Es ist durchaus nicht gerechtfertigt einen Einzel-Dunn-
schichtapparat nur darum zu kaufen, um Einsparungen bei der einma-
ligen Investition erreichen zu kdnnen.
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Die mit grolRer Fachkenntnis ausgelegten Hilfseinrichtungen
sichern die Kontinuitdt und die optimale Leistung des Betriebs.Die
Auffassung, wonach die Hilfseinrichtungen auch selbst gebastelt
werden konnen,fihrt nur zu oft zu Fehllésungen,und nach einem hal-
ben Jahr kann z_.B. durch einen zu kleinen Kondensator auf der Va-
kuumseite so viel Losungsmittel verschwindet werden, daR die Kos-
ten einer kompletten Dinnschichtanlage allein daraus bereits amor-
tisiert waren.

In Abbildung 6 wird eine schematische Darstellung aller be-
standteile einer kompletten Anlage gezeigt, so wie sie In unserem
Lande am h&aufigsten vorkommt; Abweichungen sind méglich, dennoch
soll hier an diesem Beispiel eine Erdrterung der Investitionskosten
vorgenommen werden.

Ein weiterer wesentlicher Faktor aus der Sicht der Investi-
tionsplanung liegt in der Wahl der Betdtigung: ob sie von Hand aus,
halbautomatisch oder automatisch durchgefuhrt werden soll. Aus Ab-
bildung 8 ist es klar und deutlich zu sehen, daR die Mehrkosten
der eingebauten automatischen Steuerung aus den Einsprungen an zu-
satzlichen Kosten amortisiert werden, - und dabei sind die aus dem
hoheren Gitestandard und der geringeren Storanfalligkeit herfihren-
den Vorteile noch gar nicht beriucksichtigt. (Der Berechnungen wur-
den vorhandene Versorgunssleitungen und Gebaude zugrunde gelegt:
die Montage kann mittels einiger einfachen Stahlkonstruktionen er-
folgen. Die automatischen Steuerelemente regeln vor allem die wich-
tigsten Parameter*:den Heizdampf, beziehungsweise die Dosiereinrich-
tung, um die Temperatur des Konzentrats oder die konstante Viskosi-
tat zu sichern. Das Wechseln der Sammelbehalter oder das Anlassen
und Einstellen der Entnehmepumpen gelten als Nebenprozesse.)

Die Angaben der Abbildung 8 sind ausdriucklich von informati-
vem Charakter; die Gegebenheiten, die ortsbedingten Eigenheiten,
Amortisationsnormen sind ja bei den verschiedenen Betrieben so (4)
vielfaltig und abweichend, dal die Mdéglichkeit fur eine allgemein
gultige Kostenfeststellung ausgeschlossen ist.
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Es scheint ZweckmaRig zu sein, in jedem Anwendungsfall die
gegebenen Istzahlen der ermittelten eigenen Regie— beziehungsweise
Amortisationsschlisselwerte, mit Ricksicht auf die Investitions-
kosten und Arbeitskraftversorgung einzusetzen und somit die Hilfs-
linien 2 und 3 der Abbildung 8 der jeweiligen Aufgabe anzupassen.
Es war bestrebt, die unginstigsten Verhaltnisse der Kalkulation
zugrunde zu legen: allein bei den "Angaben Uber die verarbeiteten

Stoffmen<?en’ der Abbildung 3 wurde ein Ausnahme gemacht, um sie
laut Linie "b" zu beriucksichtigen.

\

Abh.7.lnvestitionskosten ein- Abb.8.Informative Betriebskos-
zelner Rotations-Diinnschicht- tenangaben der Rotations-Dunn-
apparate UNIFILM und komplet- schichtanlagen ( Energiekosten
ter Anlage. (Basis: Preisni- + allgemeine Regiekosten +
veau 1975) Amortisation). (Basis: Preis-
1 - Investitionskosten indi- niveau 1975)

vidueller Apparate UNIFILM 1 - Effektive Regiekosten

2 - Investitionskosten komp- (Dampf, Wasser, Strom)

letter Anlage,mit Handsteue- 2 - Betriebskosten im Jahres-

rung durchschnitt, bei automati-
3 - Investitionskosten komp- scher Steuerung

letter Anlage, mit automa- 3 - Betriebskosten im Jahres-

tischer Steuerung durchschnitt, bei Handsteue-
Der Berechnungen wurde vorhan- rung

dene Versorgungsleitungen und
Gebaude zugrunde gelegt.

Die Betriebjparameter der Dinnschichtanlage wurden unter Vor-
aussetzung von BO - GO bericksichtigt.
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Aufgrund dieses Kapitels kann die eingangs gestellte Frage,
mit welchem Kostenaufwand, beantwortet werden.

VORSCHLAGE FUR DIE ANWENDUNGSGEBIETE

Wie aus den bisherigen Erwagungen und Berechnungen ersicht-
lich, sind die Verarbeitungsvolumina bei den Dunnschichtapparaten
wegen der aus maschinenbautechnischen Grinden beschrénkten Heiz-
flachenabmessungen verhaltnismdlRig gering, spezifisch aber, auf
1 m berechnet ganz besonders gro3 [2]. Aus diesem Grund lassen
sich die Wirtschaftlichkeitsparameter der Rotationsdunnschichtap-

parate nur binnen ihrer Typengruppen,praktisch also allein "unter-
einander™ vergleichen.

Der Einsatz von Dunnschichtapparaten ist daher in den fol-
genden Fallen zu vertreten:

- Bel Stoffen, welche sich auf anderen Apparaten Uberhaupt
nicht oder nur mit groflen Verlusten verarbeiten lassen
(warmeempfindliche Stoffe, Enzyme,Vitamine, Proteinerzeug-
nisse) -

- bei Stoffen, deren Abfalle nach der Verarbeitung mit ande-
ren Methoden noch so reich an Wirkstoffen sind (kleberige,
dicke, Abfalle von schlechter Warmeleitféhigkeit), dall die
Rekuperation an sich schon die Wirtschaftlichkeit des
Apparates sichert [1];

- bei Produkten, deren GenielRbarkeit durch andere Verar-
beitungsmethoden beeintréchtigt wird (Obstsafte und sons-
tige Nahrungsmittel)

- schliBlich in den Fallen, wo die Reinheit des Konzentra-
tes ausschlaggebend ist(Loésungsmittelentfernung bei Kunst-
harzen fiur die elektrische Industrie).
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Der Einsatzbereich und die "Leistung" der verschiedenen Bau-
typen von Rotations-Dunnschichtapparaten mit beweglichen Wischern
laRt sich nach der beschriebenen Methode ermitteln, und auch die
Angaben hinsichtlich der Investitions- beziehungsweise Betriebskos-
ten der DUnnschichtapparate UNIFILM 1liegen vor. Alles in allem
14kt es sich also feststellen, dall die Anschaffung des Rotations-
Dinnschichtapparates rentabel ist, wenn:

- das im Jahresdurchschnitt am DUnnschichtapparat verarbeite-
te Produkt dem Installateur einen grofBeren Nutzen bringt,
als die in Abbildung 8 angegebene jahnliche Gesamtbetriebs-
kostenziffer;

- das mit dem DUnnschichtapparat zu verarbeitende Produkt in
keiner anderen Weise hergestellt werden kann, aber zur Er-
zeugung eines weiteren hochwertigen Produktes unerlasslich
ist, und aus dem Gewinn am letzteren die Betriebskosten
des Dunnschichtapparates gedeckt werden;

die Verwertung der sonst nicht nutzbaren Abfalle die jahr-
lichen Betriebskoten laut Abbildung 8 decken.

Diese Angaben und Methoden ersetzen nicht die eingehende und
konkrete Priufung, welche in allen Einzelfallen nach wie vor notwen-
dig sein wird: sie liefern aber eine Grundlage zur vorherigen Be-
rechnung der Leistung und der Investition.

ZEICHENERLAUTERUNG
B Einspeisungsvolumen kp/h
Bos der maximalen Dampfmenge zuge-

hérige Einspeisungswert kp/h
G Menge des verdampften Mediens kp/h
Go MaXImale Dampfmenge kp/h

F nominelle Heizflache m2
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At Differenz zwischen dem Siedepunkt des Heiz-
mediums und dem des zu verarbeitenden Stof-
fes, unter verwendetem Betriebsdruck °C

Ko Anfangstrockensubstanzgehalt des zu verarbei-

tenden Stoffes Gewicht %
K Trockensubstanzgehalt nach der Verarbeitung Gewicht %
\ Investitionskosten Mio Ft
0 Betriebskosten Mio Ft
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PE3IOME

PoTauMOHHble MN/IEHOYHbIE annapaT WMPOKO pPacnocTpaHeHbl. Ho 3Ha-
HMSI, C MOMOWbK KOTOPLIX MOXHO OMTUMASIbHO W 3KOHOMWYHO  3KCMIyaTupo-
BaTb 3TW MHOMOCTOPOHHWE annapaTbl, WMeKWMe WCKINYUTENbHO  BbIFOAHbIE
CBOlicTBa, He W3BECTHbl TaK WMPOHO.

Bcneactsme 3TOr0 Mo BOMPOCY MPUMEHSIEMOCTU  POTAUMOHHBLIX — Njie-
HOYHbLIX annapaToB MHEHWS CMeuuasMcToB, 3aHMMaWWWMXCA  WMHBECTUUMEl u
3kcnnyaTaunen, pasgenswTcs. HekoTopble M3 HUX, MepeoueHuBas npeun-
MywecTBa, MpeanarawT annapatsl A8 BLINOMHEHUS 06O 3ajayun, a  Apy-
rve, cTaBss HeobOOCHOBaHHble MNpo6sieMbl BOOGWE He COBETYWT KX MpUMEHe-
HVe.

B HacTosweli cTaTbe - Ha OCHOBE OMLTOB MO PasBUTUO, WCCIe[o-
BaHWI0 M 3KCM/lyaTauum - u3narawTcs Ccneayllme BOMpPOCh:

- B KaHoi pabouyein ob6nacTu

- MpU Kakux 3ajadax

- MpyY KakuMx 3aTpaTtax
CTOUT MNPUMEHSTb MJIEHOYHbIE annapatsl.
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The following investigations and experiments
were carried out:

a) Mass transfer between phases on sulphur-di-
oxide-H20-Zn metal powder system with the following
equipment :

1) falling film column
2) well mixed semibatch reactor
3) continuous cocurrent tube reactor

The main purposes were to determine the princi-
pal relationships among the hydrodynamic conditions,
the mass transfer, and the reaction conditions.

b) On the basis of the investigations mentioned
above a suitable reactor type could theoretically be
worked out.

c) Measurements were carried out to determine
the most important technological parameters.
A suitable reactor type and technological parameter
system were developed to ensure the ZnS20i, solution,
the free of Zn-powder and siede products, in a concen-
tration demanded by industry.

From the beginning of the 20tn century Na-dithionite and
other by-products have been used on an industrial scale, and its
technological production was reported on [1] a long time ago. The
consumption of dithionite and by-products has been constantly
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growing in industry.During the last decades some new technological
methods were developed, but today the semibatch reactor type is
mainly used for producing ZnS204 solutions.

According to this method S02 gas is absorbed into the water
Zn powder suspension. So far only one continuous method was deve-
loped by the BASF company [2]- Considering this surprising fact,it
can be considered that there are many problems in gaining ZnS204
solutions having preactically any Zn powder and byproducts.

The rate of decay of dithionite in water can reach a very
high value near the saturation of S02 and above 50 °C, A very de-
tailed paper about this Ffield was presented by LOBANOV and others
[3]- They did not analyse the S02 concentration 1in solution, but
determined the pH value as a paramter of the rate constant of
the decay processes.lt is unknown the relationship existing between
the pH value and S02 concentration in solutions at various tempe-
ratures and the ZNS204 concentrations.

For industrial purposes the required concentrations has to
reach 400 (kg m-3) value. The changes in the pH value during time
using an industrial example in a well mixed semibatch type reactor
is presented in Figure 1.

The Zn powder was added in three
portions, and the volume rate of
S02 fed in was constant.

The big change of S02 concentra-
tion in the solution can be asses-

sed when it is considered that

the decrease of one pH value is

equal -to 10 times (greater S02

concentration in solutions_At the

end of the process, when the Zn

powder is totally wused up there

Fig. 1. How the Pjj changes is a sharp decrease in pi value
with time causing considerable decay damage.
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Concerning the technology of this product which ensures op-
timum conditions for the yield to be attained, the entire system,
including the suitable reactor type, had to be investigated.

For this purpose, the mass transfer between phases, the hy-
drodynamics of the system and some theoretical examinations were
carried out.

Theoretically and economically the use of such a SOz gas is
advantageous which has been obtained by the burning of sulphur and
the oxygen of air. The use of this S02 gas mixture is widespread
in Industry.

The chemical composition and the grain size distribution of
the Zn powder are as follows:

Zn content of metal = 94.1 %
total Zn content = 98.0 %

metallic Zn

total Zn u-yb
Diameters
GRAIN SIZE % of grain %
fractions
10e m - 10“B m -
1 1.0 13 9.0
3 2.0 15 8.5
5 4.5 17 8.0
7 8.0 19 7.0
8 9.0 21 6.0
9 10.0 23 4.5
10 9.5 25 3.0
11 9.0 27 1.0

The grain size distribution was measured by a BOUND-BROOK
type photo-sedimentometer.
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MASS TRANSFER BETWEEN PHASES

Mass Transfer between Gas and Liquid Phases in a Falling Film
Column

A glass tube was used with an inside diameter of 17x10_3m,
and a length of 1.34 m. The tests were carried out in a counter
current of the phases consisting of 200 kg m-3 ZnS20i,, 125 kg m _3
Zn powder in liquid phase, and pure SQ2 and N2 gases were taken
from cylinders. The concentrations of both phases were measured by
classical 1iodometry [4].

The value of the mass transfer coefficient was calculated
from the total pressure of S02 in gas phase.

67~ (1/722.4) mol S02/m2xhxHgmm

According to the experimental results, the value of the mass
transfer coefficient was controlled by the hydrodynamic conditions
of the liquid phase. The following parameters were kept t = 25 °C,
the volume rate of the liquid feed: 0.200-0.350 m3h_1 S02 cone. =
= 20%. In one series of the experiment the S02 concentration was
changed from 10 to 60 %, while the total gas volume rate at the
inlet was constant 0.300 (13 h-1).Characterizing the liquid volume
rate by the Reynolds number of the Ffilm, the main results of this
experiment can be seen in Fig. 2.

Fig.-2. The alteration of the mass transfer coefficient with the flow
rate of the film
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The results can be summarized as follows:

a) The relationship existing between the Re number of the
film and the mass transfer coefficient can be described by an
equation having two parameters.

log RBg= -3.589-0.842 1og(S02 %)+ [-0.106+0.33 log(S02%)log Rep]
€D)
There are a few remarkable phenomena:

a) The smaller the value of the S02 concentrations, the gre-
ater is the independence from the Rep under these circumstances.

b) The value of the mass transfer coefficient becomes in-
dependent from the S02 concentration at 470-500 ReF. The investi-
gation of this phenomena is of interest, but it should be stressed
that the falling film becomes turbulent in the whole cross-section
at 500 Rep. Good mixing circumstances ensure the same S02 concent-
ration on the liquid film cross section if the Ffilm diffusional
time is much less than the reaction time. The reaction taking pla-
ce between absorbed S02 and Zn powder, begins on the liquid film
surface, and in the course of liquid film mixing continues in the
core. The ratio of apparent rate coefficients of reaction and dif-
fusion, regulate the measure of SO02 concentration in the liquid
film and the depth of penetration. Without giving any detailed in-
terpretation of this phenomena, it should be mentioned,that in
the industrial semibatch type reactor the measured pH value corre-
sponds to a SO02 concentration in the liquid phase.

According to some authors [5.6,7] the turbulent effect be-
gins inside the film at 150 Rep,but others [8,9,10,11,13,14,15,16,
17] report that this critical number occurs at 300 ReF.

The experimental results of DUKLER [18] ZHIVAJKIN and VOLGIN
[12,19] agree with our results, as they found continuous transit-
ion from the laminar region to the turbulent one.
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Experiments in a Well Mixed Semi-Batch Tank Reactor

The experimental reactor of one litre volume using a high
speed rotating (1000 min-1) mixer is illustrated in Figure 3. The
suspension filled in consisted of 100x10“® m3 water and 16x10-3 kg
Zn powder .

Fig. 3. The experimental set-up.
1 - suspension; 2 - gas phase; 3 - manometer; U - rotameter.
5 - manostat; 6 - S02 cylinder

Tests with a Constant S02 Pressure

The temperature was maintained at 60 °C and the S02 pressu-
re at a constant value during one experiment, as 30, 50, 75, 100,
150 Hg mm. After the 02 was removed by pure N2 , a small pressure
equivalent to the wanted S02 pressure was created.The gas was fed
through a rotameter in a regulated volume rate which ensured a
constant partial pressure of S02 inside the reactor.
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The gas volume rate was regulated by making the inside to-
tal pressure equivalent to the atmospheric one. So the measured
gas volume rate could be taken into consideration and the value
consumed by the chemical reaction if we did not take the changes
of absorbed gas concentration into account.The rate of dissolution
of the Zn powder was calculated by the following equation:

2502 + Zn = ZnS204 @

During the dissolution of Zn powder its specific surface
was assumed to be constant, calculated from the measured distri-
bution.

The rate of dissolution of Zn powder as a function of the
partial pressure of S02 can be seen in Figure 4.

Zn powder 1in suspension (Q)

Fig. 1. Zn powder dissolution rate
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It was very remarkable that the rate of dissolutions as a
function of the partial pressure of S02 gas had only a small de-
pendence from the actual mass of Zn powder in the suspension. This
means that the greater the mass of Zn powder in the liquid, the
less the absorbed S02 concentration and vice versa if the mixing
level is sufficient.

Tests for Determining the Infulence of Temperature on the Dis-
solving Rate

To determine the influence of temperature on the rate of
dissolution of Zn powder, the partial pressure of S02 was kept at
150 Hgmm, and the temperature was changed from 30 to 60 °C. The
results are presented on Figure 5. The change of temperature had
no remarkable influence on the rate of dissolution. The relation-
ships existing in the concentration of aqueous ZnS204 solution,
the temperature and SO02 pressure were unknown. Accordingly only
qualitative investigations and notes could be made about the mech-
anism of the process of dissolution.

0 60 120 180 time(s)

Fig. 5* The dissolution rate of Zn powder

In all cases the dissolution was diffusion controlled under
the investigated circumstances.
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Theoretical Considerations on Mass Transport Processes between the
Phases

Considering this investigated three phase system, a consec-
utive process scheme can easily be iImagined for describing it. As
the over all process is diffusion controlled its kinetics degene-
rate to the first order.

a) Let the apparent rate coefficient of the mass transfer
between gas and liquid and solid phases be kt and k2:

3 gugg, W8

k2 = elwlEl 8

b) The diffusion process and mass transfer between [liquid
and solid phases co-exist in the liquid phase.

In the well mixed system the value of the turbulent diffu-
sion coefficient is 2 or 4 times greater in the exponent than in
the molecular one. It is appropriate to use the following rate co-
efficient for the rate coefficient of the diffusion process:

kK3 peff«l ®

The reciprocal values of the rate coefficients give the
time of reaction and diffusion.

In literature e.g. ASTARITA [32] introduced the concept of
the equivalent diffusion time Which was based on the value of the
molecular diffusion constant. Some deficiencies can be pointed out
in ASTARTIA"s theory:

1) It does not contain the value of Deff.
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2) The characteristic length (in our case it was the
ciprocal value of the specific surface ot the regarded phase) does
not contain the reality of the system.

Let the value of Deff be: Deff = 103 D and the following
equality and inequalities exist in the system:

K, > k2, or kn» k2

when the suspension contains a relatively large amount of Zn pow-
der :

ki a k3

tR > tD, or tR >>tD.

These facts mean, that Cg0 ~ # O in the whole [liquid phase
and
Cso ~ =0 on the surface of the Zn grains.

This facilitates the calculation of mass transfer between
the liquid and solid phases.

THE CALCULATION OF MASS TRANSFER BETWEEN THE LIQUID AND SOLID
PHASES IN THE SUSPENSION. THE DISSOLUTION OF Zn POWDER

As previously mentioned, the rate of dissolution of Zn powder
was the slowest step in the process, similar to the hydrogenation
of oils with suspended catalyst, when the whole liquid volume has
some value of absorbed H, .

The S02 absorbed by water may be:
a) dissoved physically

b) hydrated
c) dissociated forms

re-
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With regard to the state of equilibrium existing among these
forms, some papers were published by EIGEN and co-workers [20],
who pointed out that the physically dissolved form is overwhelming

According to LYNN [22] and NIJSING [23], the equilibrium
state among the forms enters instantaneously.

At the boundary surface of the liquid, the equilibrium state
is established at less than 0.003 second.

The value of the molecular diffusion constant of S02 in wa-
ter at 20 °C , determined by TOOR and CHIANG is:

D = 1.41x10-9 (m2es~1)

This value was taken into account for calculating other tem-
perature or physical properties by CHIANG"s reports [25].

Among the absorbed S02 forms in the water the physically ab-
sorbed one is active for dissolving the Zn metal based on electron
theory. It was verified by experiment that the Zn powder suspended
in pure (free of water) alcohol or oil, did react with physically
absorbed S02 [26].

Trough experiments KING [27] pointed out that the dissolu-
tion of Zn and Mg metal rods rotated 1in dilute strong mineral
acids with a depolarizator for inhibiting the formation of H2, was
diffusion controlled.

Generally, the mass transfer coefficient for a submerged
spherical solid body and liquid phase can be estimated by the well
known equation [28],

m"2 =2 + 0.6 Reg*5 ScO, )

In a mixed suspension, the relativ speed of particles
changes in time and space. To calculate this relativ speed,
SCHWARZBERG and TREYBAL [29] proposed a complicated equation based
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on their experimental results but its use is very limited. Others
proposed equations for calculating mass transfer coefficients on
the basis of dissipated energy [33].-

It can be assumed that the speed, existing between the en-
trained particles and liquid, must be higher than the value calcu-
lated by STOKES"equation. Examining the mass transfer process on
dispersed ion exchange resin, NYERS [30] measured the values of
co-efficients and the relative speed of particles which depended
on the intensity of the mixing.

The particle speeds had 2-20 times greater values than those
calculated by STOKES®equation.

HARIOT [31] reported the same results in his papers.

The mechanism of the dissolution of Zn powder is a complica-
ted unstable process, as the salt concentration, the viscosity of
the salt concentration, the viscosity of the solution, the value
the diffusion co-effecient and the distribution of Zn powder dia -
meters change.

For calculating the distribution of Zn powder diameters and
the S02 concentration in the liquid, the strategy was built up by
the following steps.

1 ) The starting distribution of Zn powder size was diVic
into 16 fractions and the following data were calculated for each
fraction :

a) the surface
b) the mass
c) the number of particles

2) For each fraction the mass transfer co-efficient was c:
culated by Equation (3)-.Supposing that the relative speed of the
particle was 10 times greater than the value calculated by STOKES*
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equation on the basis of previous experiments,the value of the den-
sity, the concentration and the viscosity in the liquid were calcu-
lated by polynoms.

3) From the value of the mass transfer co-efficients of each
fraction, an average was calculated.
4) In the knowledge of the experimentally determined value

of the Zn dissolution rate and the whole surface of the Zn powder,
it is easy to compute the SO2 concentration in the liquid.

5 For a chosen time interval, the dissolved Zn mass was
calculated in each fraction.

6) At the end of the time interval, the new distribution of
the particle diameters, the mass, the surface values belonging to
each fraction and the 2ZnS20,, concentration in the liquid were cal-
culated.

7) With these new data the calculation was continued. The
distribution of Zn powder sizes during the dissolution process is

given in Figure 6.

diameter of grains (10-em)

Fig. 6. The change of particle size distribution during the
dissolution
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In Figure 7. the S02 con-
centration vs.Zn powder con-
tent both in liquid is
presented (well mixed batch-
reactor, pressure of S02 =
= 150 Hgmm, the revolution
of impeller 1000 min-1, the
dispersion consisted of
16 X 10_3 kg Zn powder, and
100 X lo-3 kg water).

Investigating the results

presented on Figures 6. and
5 1 5 10 20X10-3 )
Zn powder in suspension (KgQ) 7, the following can be ver-

ified:
Fig. 7. The dependence of S02 con-
centration in liquid on the

content of Zn powder in sus-
pension .

a) under the same conditions, the smaller the diameter the
greater is the rate of dissolution. This derives on one hand from
the greater specific surface and from the greater value of the
mass transfer co-efficient on the other hand.

b) If k-i> k2 or g.» tp conditions are fulfilled
in a turbulent systenm,
CF#f(X,y,z) ; Cp = f (Zn powder content of suspension)

If the liquid does not have any Zn powder content, the value
of CF may reach the equilibrium value.

As mentioned earlier, the ZnS20i* decays in solution, and its
rate depends upon the pH value, or in our system upon the S02 con-
centration in the liquid.

To avoid this decay, the S02 concentration in the liquid has
to be maintained on the Jlowest possible level. This question is
very important for the design of a technological unit.
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THE DEVELOPMENT AND TESTS OF THE CONTINUOUS TEHCNOLOGICAL UNIT

According to the experimental results it is advantageous to
maintain strong turbulent conditions in the unit, and in the whole
system the next circumstance to be ensured is:

Considering

ki > k2

the specific surfaces between the gas-liquid

phases with reference to the liquid volume, their values in the

investigated reactors can be shown:

Falling film column 3000<ug_i < 7000 (m-1)

well mixed reactor
(liquid in froth pool)

For industrial

500 ag_i < 1500 (m-1)

purposes, those types are advantageous in

which froth or foam can be formed. As the wanted ZnS20/* concent -

ration is about 400 kg m-3 in solutions without any or with the
least amount of Zn powder, the following difficulties have to be
taken into account :

a) the counter current flow of the phases should be avoided
b) it is advantageous 1in the technological unit to avoid

backmixing,
c) it is desirable that the S02 concentration in the liquid
a lower level.

be on

d) In the case of a cocurrent unit the feeds of components
in stochiometric rates demand a very long residence

time.
plus .

To avoid

this the feed of S02 has to have some sur-

Taking into consideration all those questions, the steady-

state cocurrent plug flow reactor type can be used for the fol-

lowing reasons:
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a) When the S02 concentration 1is greater in the gas phase
the Zn powder mass is greater iIn suspension.

b) These circumstances maintain the lowest level of S02 con-
centration in the liquid phase.

c) The rate of ZzZnSjiCU formation is inversely proportional to
the ZnS20n concentration.

Using a gas mixture containing about 21 % S02, endeavours
were made to calculate the residence time of liquid and gas. First
of all an attempt was made to carry out the process in an empty
tube. Choosing a tube 27x10_* m in diameter, and 2 m in length,the
measure of backmixing of the liquid phase was investigated at vari-
ious speeds in both phases that created foam of a froth pool. The
investigations were extended to gas linear speeds up to 6 (m s~1)
and the liquid one 0.5 x 10-2 - 3.5 x lo-2 (m s-1).

The values of turbulent diffusion co-efficients of the
liquid phase could be written by a simple equation:

K=k* +mVL
were k* is an interpolated value without liquid feed.

The results are presented in Figure 8.1t was remarkable fact
that the values of the turbulent diffusion co-efficients presented
a maximum and later decreased.The measure of backmixing at 6 m-s_1
linear flow rate did not make it possible to produce a solution
free from Zn powder. To avoid the back-mixing of the liquid, discs
for locally tightening the cross-section of the tube were used.
This means a plug flow reactor consisting of well mixed cascade
elements. The experimental equipment was suitable for continuously
investigating the whole technological process. The plug flow or
tubular reactor had an outside cooling tube up to 1 m and holes
at various intervals for thermometers and drawing samples from gas
and liquid phases.
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The main results can be summarized as follows:

1) The rate of ZnS20i, formation, and the yield on a metal
base were the same between 40-60 °C

2) The maximum yields of ZnS20M4 with reference to metal Zn
were 0.95 in 2.0 m long column
1.00 in 2.5 m long column,

when the concentration reached 400 kg m-3 and the mass of unreac-

ted Zn powder was 0.5 - 1.0 kg m-3.

3) The average values of the 2ZnS204 concentration along the
column obtained in 15 experiments are shown in Figure 9.

4) The concentrations of S02 in the solution along the
length of column were calculated from the experimental
results. The results are presented on Figure 10. There
are two graphs:

Fig.8. How the turbulent diffu- Fig.9. The change of the ZnS20i,
sion coefficient changes concentration along the
with the gas flow rate column

in an empty tube
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1, graph: with regard to stoichiometrical S02/Zn ratio
2. graph: shows the case when 5 % Zn powder was fed in surplus.
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2 1 - SOz concentration caiculeted by
measured rate of dissolution,
2 - S02 concentration computed at
5 per cent surplus of Zn powder
to the stoichiometrical ratio.
residence time of liquid )
10. The change of S02 concentration in liquid along the Ilength
of the column
Yield 5) The Zn£204 yields on a metal
base along the column were
shown on Figure 11.
According to the results the
yields had lower values in the
neighbourhood of the entrance.
This derived from the fact
that the ZnO content of Zn pow-
column Tength der settled about 5 % on the
11. The yield of Zn5 0 on surface and this layer was

metal base along the
length of column

first dissolved by S02.
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6) Finally the experiments should be mentioned, when only the
water feeding was cut to half and the concentration in-
creased to 800 kg m-3. The yield decreased to 0.93.
By the method developed for continously producing ZnS20n so-
lutions, it was possible to obtain the theoretical yield. This me-
thod is suitable for industrial purposes by increasing the size.

SYMBOLS USED

cL - concentration in liquid phase
d - characteristic length
- diffusion constant
i - mass flux
K “ apparent rate of reaction
(first order)
- turbulent diffusion coefficient
- linear coefficient
n - rotation
tr - reaction time
t - diffusion time
x,y. t - spacial co-ordinates
\" - superficial velocity
8 - mass transfer co-efficient
B - mass transfer co-efficient
w - specific surface
e volume fraction of dispersed
phase
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PE3IOME

Bbin npoBefeHbl criefyolmMe UCMbITaHUA W 3KCNEPUMEHTHI :

a. , Macconepegaua mexgy (aszamu MbiIEBUAHON CUCTEMbl OBYOKUCb  Cepbl -
- H20 - meTannuueckuini Zn B crnepywumx YCTaHOBKax:

1., KonoHHa c napgawuen mnneHKom
2., CMmewaHHbli peakTop MOMyHEMNPEPLIBHONO Tuna
3., HenpepbiBHbLIM MPSAMOTOYHLIA peakTop Tpy6yaToro Tuna

FnaBHOW Uenbld paboThl SBMASETCA OnpefesieHNe  OCHOBHbIX  COOTHOLWEHWA
mMexay ruapoauHamMMyYecKUMM YCOBUSIMM, Maccornepegadeii uU ycnosusmm pe-
aKumii.

6. - Ha ocHoBe uCMbITaHUA TEOPETUUECKU U3NAraeTcsi BO3MOXHOCTb KOHCT-
pyVMpOBaHWS peakTopa BbIFOAHOFO TuMa.
B. . BbiM npoBefeHbl U3MEPEHWs C LEenbl OfpefesieHnst cambiX 3HavyuTeslb-

HbIX TEeXHO/0rM4yecknx rnapamMeTpoB. HakoHey,, O6bn pal3paboTaHsl pe-
aKTop BLIFOAHONO TUMA W CUCTEMa TexXHONOrMdyeckKux napameTpoB  O-
b6ecneumBawnx CBOOGOAHBLIA OT MbIM ZN U coAepXawnii Nob6o4YHbie Npo-
OYKTbl B [OMYCTUMOA  MNPOMbILIEHHOCTbH KOHUEeHTpauuu pacTtBop
ZnSa04 .
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A method used to determine the algorithms of
simple and complex chemical as well as energetic sys-
tems is presented. Even nonlinear algebraic, differen-
tial and integral equations occurring in the equation
set are readily handled. The manual method developed
is presented in connection with the occurrence evap-
orator, obtained by the computerized algorithm search
is also presented.

INTRODUCTION

In determining the characteristics of simple and complex
chemical as well as energetical systems, the solution of nonlinear
equations with given initial conditions is commonly required.

In this paper a method 1is presented, using this the algo-
rithm can be prepared by manual calculators. The algorithms of
complex and extensive problems are similarly obtained, but here a
computer is preferred.

The method developed can be used to determine the algorithm
of the solutions of equation systems. The algorithm determines on-
ly the economical order of the computation or the solution. Linear
and nonlinear, algebraical equations, ordinary differential equa -

tions, as well as integral equations are readily handled [1].
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The method presented is, first of all,of considerable impor-
tance in the case of nonlinear equation systems.

PROBLEM INVOLVING A SINGLE STEP EVAPORATOR

This example presents the case of a single step evaporator,
which is the element of a complex evaporator system.The evaporator
unit is considered as an operation unit. The description of this
element is considered first. The inputs and outputs of this opera-
tion unit are such that they can readily be connected to several
systems. The description of this evaporaton unit is of medium
complexity. The model presented in Figure 1 shows that it consists
of readily separable and separately describable elementary opera-
tion units (i.e. of an embranchement in the vapour line and of the
evaporator unit proper).

Fig. 1
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The latter one, iIn fact, is a composite unit, but for the purposes
of the present study its detailing can be neglected. This means
that the model in fact consists of two models built together be-
cause steam take off is rather frequent in this case. Thus there
is no need to create a new model in every case from the elementary
models of the embranchment and the evaporator unit proper. If the
embranchment is not required, it can be eliminated by specifying
E = 0.

In case of E<O (negative off-take value) extra steam is in-
troduced into the system externally._When the mathematical descrip-
tion of the system is made, i.e. when the model is generated, no
reference is made to the number of elements the system is composed
of.

Therefore an equation or equation set can be assigned in
studying the mathematical model that does not describe any parti-
cular operation unit. These equations, restricting us to the field
of the mathematical model, can then be considered as the mathema-
tical models of an imaginary operation unit. The equations can be
manipulated just as if they referred to particular operation units.
That is, each of the equations can be considered to be the equi-
valents of elementary mathematical models of which the overall,
more extended systems are composed of.

EQUATIONS DESCRIBING THE STEADY-STATE OPERATION OF THE
OPERATION UNIT

Additional conditions relating to particular equations are
presented in joined comments. Figure 1 presents the unit with the
numbered coded variables.

1. V=K + E
The mass flow balance of the embranchment (vapour is con-

sidered to be pure steam, i.e. liquid droplets carried out
are neglected).
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A characteristic feature of real practical use is the spe-
cific steam consumption.

[ta = 63.5 = By*5, 0<By<0.25

G

By

The rise of the boiling point of the sodium hydroxide solu-
tion in the By.<0.25 weight ratio range. Based on a nomo-
gram [2], the equation was determined by the least square

method. Within the specified range the equation can accu-

rately be used (with a close to unity correlation coeffi-

cient and small standard deviation).

Assuming perfect mixing in the solution block of the evap-

orator, the boiling point rise can be calculated from the

concentration of the solution leaving the unit, if, for

the sake of simplicity, t = 100 °C is assumed.

e rg =V-r + Sk (th - tt)

The above equation is the heat flow balance ot the per-
fectly isolated evaporator body. Specific heat of the di-
lute aqueous solution is considered to be unity, c = I,the
dissolution heat is neglected, the heating steam is suppo-
sed to be dry, saturated steam.

= Sv= Bfc* Skc
This is the dry material balance equation of the solution.
Assuming that the solution does not carry off solution
droplets, the equation satisfies the practical needs.

= 603 - 0.64 = tg,50<tg<150 °C

This is the equation describing the enthalpy of the water
in the range specified.
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7. r =603 - 0.64 = tg

This equation yields the enthalpy of the water taken at
the temperature of the solution. In Equation s the enth-
alpy of water was calculated at the temperature of the
heating steam and of the vapour-heating-steam in between
the subsequent stages, respectively. In Equation 7 this
calculation 1is carried out at the temperature of the so-
lution, because due to the rise iIn the boiling point tem-
perature, vapour 1is formed at this level. In general,
aqueous solutions are brought to boil with steam-heating
Occasionally, the first stage is heqted by steam, while
the further stages are heated with certain organic sol-
vent vapours. The enthalpy of water was built into the
mathematical model of the operation unit, however, occa-
sionally that single equation in itself is considered as
a mathematical model. Substituting the enthalpy equation
of another solvent for that of the water, which can, for
example, also be introduced into the mathematical model
of the appropriate operation unit.

gs. tTo = Ata + ts

This equation describes the boiling point of the solu-
tion.
9- Sv =sk -v

This is the mass flow balance equation of the evaporation

10m *A™Ne -V = -V +V’r

This is the heat transfer equation of well mixed systems

The above equations give a mid-depth description of the
evaporator unit 1 , a more or a less detailed description being
also feasible. It is the user who must decide what depth he wants
to achieve considering the requirements and the possibilities, as
well as the problem to be solved.
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This description does not take into consideration the momen-
tum flows. Furthermore it contains neglections which are indicated
at the corresponding equations. Because the mathematical model
does not directly make use of the momentum data,the model can only
be used to calculate the pressure in the unit and in the whole
evaporator system as well indirectly through the boiling point
Therefore, if boiling points are specified as input parameters,the
pressure should be independently checked.

The equations derived can be rearranged into the form of
T (X) =0 . Each of the equations is then differentiated and non-
zero elements are marked in a table containing the variables and
the equations.Thus a so called occurrence matrix is obtained,show-
ing what variable occurs in what equation.

If the matrix is constructed in such a way that 1its rows
correspond to the equations and its columns to the variables, then
for example, the occurrence matrix of the mathematical model of
the evaporator body described by the provious equations, takes the
form shown in Figure 2.

Fig. 2. Szf =L -M=17 10 7 Mid-depth
description
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There are several known methods to calculate the degree of
freedom of the system [3]. However, the independency of the equa-
tions remains questionable even if the degree of freedom of the
mathematical model is determined. Should the equation system be
linear, the independency test would not present any problem. How-
ever, the systems studied generally require nonlinear equation
systems.

After this point the trial and error method is applied. It
is advisable at Tfirst to seek the solution taking the input data
independent from the complex operation unit as the initial input
data. If this approach is successful, 1i.e. if the mathematical
equation system representing the physical model can be solved,then
the number of variables,taken in the cost of the degree of freedom,
satisfies the independent equation system. Error can appear if an
unused equation and/or an unknown remains. This means, that
though the degree of freedom was correctly calculated, interdepen-
dent equations were included into the equation system. Therefore
the theoretical solution subtracting the degree of freedom from
the numbers of unknowns results in as many unknowns as equations
becomes more secure or of higher degree if the ordered occurrence
matrix vresults 1in a formal solution. That is, the algorithm be-
longing to a given input system is found and no unnecessary un-
known and equation is left behind. In final analysis, only the nu-
merical solution based on the formal solutions means ungquestiona-
ble solubility, because the convergence of the iterative methods,
generally required, is tested at first only here.

If this test was carried out on an operation unit and its
mathematical solution could be obtained then no similar test would
be required for those systems composed of operation units alike.
In cases like that it is sufficient to test the theoretical and
the formal solution.lt is worthwile to note that there is a possi-
bility that the former one depends on the structure of the system,
while the latter on the input system selected.
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ALGORITHM SEARCH

The following operations are carried out on the occurence
matrix.

a) Vertical lines or some other marks are drawn to the input
variables (input parameters) . Because these are already known they
are not computed. We have to specify as many input variable values
as the degree of freedom requires.

b) If manual solution 1is sought, it is advisable to search
with a straight-edge for those equations in each of the lines that
contain only a single unknown variable. If such a row is found,
then this equation (row) and variable (column) is crossed out. The
number of this equation and the sign of the variable is noted.Doing
so, the algorithm writing process has started up. For example, the
following: V3 from Ee means that from the column of E equations,
from the sixth equation the third variable from the line of the
variables, that is in this case, rg, should be computed. Meanwhile,
it can be noted, that crossing out a column of the variables, the
hitherto unknown value is crossed out from other, momentarily not
treated equations as well. Therefore again and again the lines are
to be re-searched to see if another case, with only one variable in
it appeared.

Having repeated this search, until no further line containing
one variable is found, the columns are examined (c). End of the
operation b)indicates the point at which the cycle starts; until
this point the algorithm is written in a direct order.

c) The columns are tested as follows. Where there is only one
mark in a column, that is, the corresponding unknown occurs only in
one equation, this equation and variable 1is also marked already
showing the and of our algorithm. These equations and variables
together are written into the algorithm in reverse order,just oppo-
site to the order in which they were found. Then a cycle should be
initiated (d) but to keep the number of equations inside the cycle
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and the time of the iterations at minimum, the former operation
(©) is employed. Thus in the” algorithm, the (d) cycle is enclosed
between the algorithm part (b) written in the forward order and
part c), written in the reverse order.

d) Initiation of the iterative cycle. It should be noted
that cycle-free matrix can also occur, but generally having gone
through the previous steps, the occurrence matrix also contains
rows (equations) with two or more unknown variables.That is, there
is still no algorithm constructed to compute them.

Let us now find a line containing two variables, then cross
out the column of one of the variables and the variable "selected”
this way should be noted, (if there are more than two unknowns,use
of the computerized algorithm is proposed). Such an algorithm can,
for exemple, be found on page 233 of ref. [1]. From this point on
the search is continued according to operation b). If during that
phase a row is found where all the variables are crossed out
except the row itself, the 'selected" variable 1is then computed
from that equation.If the cycle does not return to its start point
the other variable should be selected. Thus the iteration forms a
single loop, which starts with the selection of a single variable
there is no"need to select more variables within the interative
step and the number of equations involved is also kept to a mini-
mum. That means that none of the equations eclosed in that itera-
tion loop, which is terminated by the equation used to calculate
the selected variable, can bé eliminated. The following step is
the checking of the errors. The guessed value of the selected va-
riable taken should be compared to the value computed with the
numerical solution. In fortunate cases the appropriate value could
immediately be obtained and the iteration loop could be abandoned
and the Tfollowing computation step initiated. Generally, however,
the computation must be repeated several times until the value of
the unknown is obtained within the error limits specified,assuming
that the iterative process is convergent.
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ITf the iterative process is divergent then the alculation
of another unknown should be attempted from the initial equation
of the iteration loop. In this case, however, the iteration loop
enclosed in the algorithm shold also be rearranged. IFf conver-
gence is still lacking, then it is possible that the mathematical
model constructed does not describe the state of the system with
the given input data set.

IT two or more variables have to be selected for the algo-
rithm search, the search becomes more complicated. This field al-
ready calls for the application of the computer. There are several
programmes compiled specifically for the treatment of large, comp-
lex systems.

The final step of the algorithm search consists of the use

of each of the equations listed and the formulation of the compu-
tation order of the unknowns not included iIn the input system.
Thus :

Input: G tg Sk Bk tb ts E

Algorithm:
Selected :
10 - KA
stop
Having completed this, it is advantageous to rearrange the

occurrence matrix according to the main diagonal (Figure 3). Com-
putations starts in this case from the Jlower right corner of the
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quadratic pattern. Equations are entered into the rows according
to the order of the algorithm from the bottom upward. Unknowns are
entered into the matrix at the upper side from the right to the
left, the sign which is shown in the field under the main diagonal
means an iteration process, e.g. E3 - BM.

The occurrence matrix
of the mid-depth de-
scription arranged
along the main diagonal

Fig. 3.

EXAMPLE OF THE EVAPORATOR SYSTEM

Let us now compose a three stage cocurrent evaporator system
with steam offtake form three of the evaporator bodies shown in

Figure 1.

If complex operation units are composed into a system, the
physical and mathematical model becomes more complicated. Output
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data of the previous unit becomes the input data of the following

unit throughout the entire system. This can be noted in the occur-
rence matrix, arranged along the main diagonal, describing the

three stage, cocurrent evaporator system with steam off-take

(Figure 4). Here the relationships of the number-coded variables

(input-output variables) written in the LI, L2 and L3 rows are

shown in this manner that under the VII of row LI comes Ve oOF

row 2 , that is,the tc solution temperature of the first evaporator

becomes equal to the t~ input temperature of the second evaporator,
ect.

Manually it is very difficult - if at all feasible - to solve
such systems. The examplepresents the occurrence matrix of a three-
stage evaporator system with steam off-take. The matrix is arranged
along the main diagonal. A special input system was applied to de-
monstrate that the iteration is not strictly bound to the descrip-
tion of the system. In this case there is no iteration at all. The
input system applied is such a variable set which can easily be
measured on evaporator systems. In the columns MI, M2 and M3, the
serial number ot the -equations, describing the wunit is also given.
This method of presentation was selected to aid those who choose
the manual method.

Generally, it can be concluded that the necessity of itera-
tion mainly depends on the manner the system is connected (e.g
feedback, and counter-current flows, etc.) on the depth of the des-
cription, and on the selected input system.

CONCLUSIONS

Advantages of the algorithm searching method are as follows.

The term "degree of freedom”™ 1is easily visualized, that is to
say, that under a given degree of freedom and system studied, the
ease of the solutions of different Input systems can readily
be compared.
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Thus, besides the routine inputs of the systems, other, just
as useful input systems can also be derived.If a few trials resul-
ted in real (numerical) solutions, the method can well be used to
determine the reality of different iInput systems selected.

Several new solutions can be obtained (cf. Figure 3) by
carrying out appropriate column changes in the occurrence matrix
arranged along the main diagonal, giving a solution corresponding
to some input system. This means that once a solution is obtained,
by investing some additional work, Ffurther useful solutions can
also be obtained. IT a column belonging to a cycle is changed it
may result in extinguishing that very cycle, because a new input
system was created. Thus the method is very productive.

If the method outlined is employed, the number of equations
occurring in the cycle is kept to a minimum; these equations, as
well as those derived from them, can separately be studied, inde-
pendently from the other, already solved equations.

Thus, for example, if the cycle turns out to contain only
linear equations, then this cycle is a virtual cycle because there
are numerous well known methods to solve linear equation systems.
This can happen either by chance caused by the selected input sys-
tem, ot by the "mechanical™ application of the method.

If nonlinear equations occur, then, especially in the manual
method, the test is advantageously carried out in the reversed or-
der of the solution of the cycle. In the case of the single evapo-
rator unit this order of the equations is: 5-9-4-7-8-3.

G(603 - 0.64 t ) - S,(63.5 By.s + t_ - t.]

K 603 - 0.64(63.5 Bi.s + t )

The equations built into each other result in a transcendent
relationship. Then this, if wanted, can be plotted and doing so,
the change of variables suggested to secure convergency, can be
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Justified. If identity is obtained during this process,the equ-
ations involved are not independent.

The method can be applied to study both simple and compli-
cated systems. This feature allows us to compare different sys-
tems because the characteristics of the systems are well indi-
cated by the occurrence matrix.

The method outlined 1is primarily suggested fois engineers
and researchers working on practical problems. Numerous,so far
unrevealed possibilities lie in this method. Undoubtedly,it can be
concluded that the description of the solution of any system
is greatly simplified.

SYMBOLS USED

A surface area of the evaporator, (ma)

Bk concentration of the solution entering the unit,(weight %)
Bv concentration of the solution leaving the unit, (weight %)
E mass Fflow of steam off-take, (kg/h)

G mass flow of heating steam input, (kg/h)

K mass Flow of the vapour after thesteam off-take point, (kg/h)
rg enthalpy of the heating steam, (kcal/kg)

Sk overall mass flow of the solution entering the unit, (kg/h)
£v  overall mass flow of the solution leaving the unit, (kg/h)
At rise of the boiling point of the solution, (°C)

tb temperature of the solution entering the system (°C)

tg temperature of the heating steam, (°C)

to temperature of the solvent in theevaporator, (°C)

ts temperature of the vapour formed, (°C)

\ overall mass flow rate of the vapour formed, (kg/h)

ks

specific steam consumption, (kg/h)
heat transfer coefficient, (kcal/m2h °C)
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PES3IOME

ABTOpamu wn3naraeTcs MeTod, MPUMEHUMbIA O/ onpejesieHns  anro-
pU(HMOB MPOCTHIX W CJIOKHBIX CUCTEM XUMUYECKO/ MPOMbILIEHHOCTU U 3Hep-
retuku. Anre6panyeckue, audbepeHUMaibHble U UHTEerpasibHble YpaBHEHUS,
cofepxauuecss B CUCTeEMe YpPaBHEHUA MOTFyT 6biTb W HEUHERHbIMU . Pyu4HO
METOL, NPUMEHUMbIA NpU HeBOMbWMX CUCTEMax MNpPeAcTaBsieTCs Ha npuMepe
MaTpuubl KoM O4HOKOPMYCHOrO BbiNapHOro annapata. W3naraetca u pe-
WeHWEe MHOroCTyneH4yaToli BbiMApPHO CUCTEMbI, MNOJlyYeHHOe Mpu  onpejene-
HAM asropupmMa Ha BbUUAUTE/IbHOW MalwuHe -



Hungarian Journal
of Industrial Chemistry
Veszprém
Vol. 4. pp. 77-92 (1976)

MATHEMATICAL MODEL OF THE PARTIAL OXIDATION
FLAME-REACTION OF METHANE -

P. BENEDEK, A. LASzLO*, A. NEMETH and P. VACZI

(Computer. Application R.& D. Center, Budapest, Hungary and
“‘Department of Chemical Process Engineering, Veszprém
University of Chemical Engineering, Veszprém, Hungary)

Received: December 8, 1975.

Increased knowledge of the elementary reactions
involved and the development of computer technology
permitted the construction of the reaction mechanism
based .adiabatic model of acetylene production by par-
tial oxidation of methane. The role of the possible
elementary reactions was studied and a mechanism, suf-
ficient to describe the process, was determined. The
effect of a change in the composition and temperature
of the gas fed in upon the process was modelled and
agreement was found between the data computed and
measured iIn an actual flame reactor. Competition of
the pyrolysis, i.e. the acetylene producing and oxida-
tion reactions was analysed and the progress of the
process was explained.

Although commercial scale acetylene production based cn the
partial oxidation of methane is rather widespread, a more profound
theoretical treatment has for a long time remained unchallenged.
Due to the lack of detailed information on the reaction mechanism
involved and appropriate computation technology, it was commonly
believed that at Ffirst the greater part of the methane was reacted
with the oxygen present, then due to the heat evolved, the remain-
der of the methane was pyrolysed (through ethane and ethylene)
into acetylene [1,2,3].
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A comparatively long time ago, the experimental results
attained iIndicated that a mechanism existed, which was different
from that outlined above. To demonstrate this statement, composi-
tion data from a 100 Nm3/hour experimental Tflame reactor obtained
along the axis if the flame, are presented in Figure 1 [4]. From
the figure it 1is obvious that acetylene, the pyrolysis product
already appears at that point where a considerable amount of un-
reacted oxygen is still present. Later on other authors reported
similar data [5,6]- This indicated that the oxidation and pyroly-
sis processes are not so much of a consecutive, but of a competi-
tive nature.

Following the development of com-
putation technology and model con-
struction, adiabatic models of the
process appeared as first approxi-
mations. One of these models was
established by the authors [7],
where the source term, represen-
ting the reaction mechanism, con-
tained the .CO, C02, H2 and HaO
concentrations calculated from the
water-gas equilibrium; as well as
empirical realtionships describing
the pyrolysis products as func-
Fig.l. Flame room gas compo- tions of the initial methane-oxy-

sition data _
gen ratio and the temperature.

Stepanov and his co-worker published another model [s], describing
the pyrolysis process with a reaction mechanism consisting of four
reactions and substituting the oxidation reactions with an empiri-
cal, overall expression. The rate constants of the reaction mecha-
nism were determined from measured values by a curve fitting meth-
od.

Intensive research activity has been carried out in recent
years to establish the reaction mechanism of the hig.h temperature
methane oxidation and pyrolysis occurring in the flames. Due to
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the inherent experimental difficulties, the data available relate
only to the oxidation of hydrocarbon mixtures in oxygen rich flam-
es or the oxygen-free pyrolysis of hydrocarbon mixtures. In both
cases, the reaction mechanisms involved, have been more or less
clarified. Existing knowledge permits us to summarize the results
of the kinetical studies in a single mechanism, based on the prin-
ciple of the transfer of reaction parameters. Taking advantage of
our expertise in computation technology, we can examine how far
the kinetical results obtained can be utilized in the rather spe-
cial case of partial oxidation.

The following assumptions were made:

a) Oxidation and pyrolysis reactions are not consecutive,
but competitive reactions and the consecutive or competitive cha-
racter of the carbon containing species is indicated in Figure 2.

(0
CH,, HIGGIN
SKINNER
GARDINER BOWMAN
CH3 JACH IMOWSKY
C2He CHaO
PEETE1lh
CaH«, CHO
C2Ha 1 co
CaHa-"-CO COa
\
J COa
Fig. 2. Scheme of oxidation Fig. 3. Sources of elementary
and pyrolysis routes rection parameters
b) There is no hydrocarbon formation from oxygen containing

species;there is merely a unidirectional transfer from the pyroly-
tic reaction chain into the oxidation reaction chain.
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Consequently, elementary reactions satisfying these assump-
tions were compiled from published literature. Because reaction
mechanisms and reaction parameters,in published literature, belong
to each other - for, both are fitted to measured data - an attempt
was made to build the more extended reaction mechanisms into the
overall mechanism to be used in the mathematical model of the par-
tial oxidation of methane. Three more extensive studies, dealing
with

a - the oxidation of methane

b - the oxidation of ethylene

c - the pyrolysis of methane in an oxygen-free atmosphere,
respectively, were considered Ccf Figure 3).

Table 1 presents the reaction mechanisms, their correspon-
ding pre-exponential coefficients, activation energies, and the
respective reference numbers.

In fact, not only elementary reactions, but occasionally,
their linear combinations are also included. If, due to the rapid
decomposition of the radical, the radical formation reaction acts
as a rate controlling reaction, then the linear combination of
these two reactions results in an overall reaction containing no
radical at all. Such reactions are the reactions No. 20 and 21,
their details are shown at the foot of the table.

Overall reactions are also incorporated 1in those cases in
which their reaction parameters are more credible than those of
the elementary reactions. Such a reaction is, for example, the de-
hydrogenation reaction of ethylene (No. 18 reaction). There are a
few reactions shown in Table 1, which were finally not included in
the adequate mechanism.(The selection method employed will be out-
lined in more detail later.) The mechanism proposed here contains
an important amendment compared to the previously published mecha-
nism [o], namely, that ethylene and acetylene formed in the pyro-
lytic step can also be oxidized.
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Table 1.
in computer analysis
No s,Kmof;,mS
1. CH, 1.30expl4
2. CH4 + OH 7.24explo
3.CH4 +0 3.2o0explo
4. CH, + H 4 _14explo
5. CH3 +H 2_.52explo
6. CH3 + H 3.17exp 9
7. CH3 + 02 8.00exp 6
8. CH3 + O 1.90explO
9. CH20 + OH 2.30expl0
10. CH20 2._84expll
11. CH-,0 2.84expll
12. 2xCH3 2 .00expl3
13 . c2He 8.45expl4
14 . c2He + H 1.26expll
15. coHe + CH3 2.00exp 8
16. 2xCH3 6 .00explO
17. 2xCH 3 8.43exp 9
18. ¢ 2hu 2.20exp 9
19. 0 + £ H4 2,26expl0
20. 02+0+C2H4  2,50explo
21. 02+ otCc2n2 5.20expl0
22. H20 + H 1.15expli
23. o + 02 2_53expll
24. OH + H2 3.68explo
25. CO + OH 2.32exp 9
26. H + CO 2 4 .80expll
27. .o + CO 1.60explO0
28. 0 + H2 1.27esplO
29. OH + OH 8.60exp 9
30. H+OH+H 20 1.20expll
31. H+H+H20 4_00exp 9
C2H4+0 CH2+CH20;
** C2H2+0 CH2+CO N

Partial

Oxidation

E
J .kTtole-1

4 _31lexp8
2.4 9exp7
3.33exp7
4 _86exp7
0

4 _18exp7
0

0

0

1.47exp8
1.47exp8
1.60exp8
3.35exp8
4 _10exp7
4 _40exp7
4.00exp7
0

1.67 exp8
1.13exp7
2 .09exp7
1.55exp7
8.42exp7
7 .03exp7
2 .30exp7
2 .39exp7
1.06exp8
1.7 3exp8
3.94exp7
4 _.19exp6
0

1.15exp7

CH2+02 CO2+H+H
CH2+02 CO2+H+H

of Methane

ref
CH3 + H 13
H20  + CHs 13
CH3 + OH 13
CHz  + po 13
CH4 17
CHUY + H 16
CH20 + oH 13
cCH20 + H 13
H20 + CHO 19
co + H2 19
H + COo 19
c2M4 + Ho2 15
2xCH3 16
C2HY + H +H2 16
C2H, + H+CH4 16
C2HY + 2xH 15
CaHsB 15
C2H2 + H2 8
CH3 + CHO 20
2XxH +eH20+co2 20%*
2xH +CO +C02 20
OH + HZ2 18
OH + 0 13
HD + H 13
CO 2 + H 14
OH + co 14
0 + CO 2 19
OH + H 13
H20 + 0 13
2H2 18
H2 + Hg 18

Reactions and rate constant coefficients used

81
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Even in this step, decomposition reactions of the acetylene
leading to homologues or charcoal, were not included in the model
mechanism because of their minor importance at the present stage
of the investigations.

Most probably, there are not only longitudinal components of
the convective flow of the preheated,premixed homogeneous reaction
mixture in the flame reactor, mixing nevertheless, although its
importance is duly acknowledged, is not considered in the present
model. Counter-current convective heat transfer of heat radiation
is also neglected. This neglection Jleads to a reactor model in
which the adiabatic gas mixture follows the plug flow mechanism
because the radial heat transfer is not considered. Applying the
Gallilei transforms, the length co-ordinate of the reactor Iis
transformed into a time co-ordinate and the isobaric, adiabatic
transient of the gas mixture enclosed In a piston is computed iIn-
stead of the steady-state tube reactor.This results in a differen-
tial equation relating to each of the species of Table 1:

Ei
de; . fv I'A_e rt i dInv
dt i 3L ] cj dt @)

The differential equation of the temperature 1is derived from
alance equation of the enthalpy:

dc
dT joar & AT )
dt K-1 >
Ec.Eka T
J 3 K

The differential equation describing the total volume of the
isobaric reaction mixture reads as follows:

E R
dinv j by I dinT 3
dt dt
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The detailed derivation of these differential equations is
outlined in our previous publications [10, 113. It should be noted
however, that differential equations (I) to (3 are not adequately
conditioned, therefore their numerical integration presentes con-
siderable difficulties. According to our knowledge, no faster com-
puting algorithm has been proposed than the Gear Algorithm which
we used [12]. The coefficients of the enthalpy polynom in Equation
(@ are listed in Table 2.

Based on the data presented 1in Tables 1 and 2, as well as
on further restrictions (isothermic or adiabatic and isochoric or
isobaric case) our programme system dgenerates the particular
differential equation system, and then solves it within the given
initial conditions (temperature, pressure, and mole per cent com-
position data). The functions obtained as the solutions or other
characteristics derived from these functions are then printed-
according to the user"s wishes - on the line- printer as tables or
function-plots.

Fig. 4. Vain product distrlbu- Fig. 5. Kadial distribution.
tion. CH,, = 63 Vol.%; CHit = 63 Vol.%; 02 = 37 Vol.%;
02 = 37 Vol.%; To = 900 K TO = 900 K

As an example. Figure 4 presents the increase or the con-
centrations of the main products along with the decrease of the
amounts of the reactants computed.
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Temperature, rather than time plotted along the x co-ordi-
nate, characterises how far the reaction has proceeded. This manner
of presentation makes it obvious that in agreement with the hypo-
thesis, oxidation and pyrolysis reactions are of a competitive na-
ture, which will be discussed later in more detail.

It can be seen from Figure 5, that the concentrations of the
radicals and atoms rise steeply, and except for the CH20 (both in
the magnitude of the concentration and time of the maximum value),
stop at about the same time value. The maximum 1is rather sharp.
Rapid concentration is followed by rapid freezing-in, and steady-
state concentrations,which are so familiar in the isothermic case,
are not at all observed.

Further computations were also carried out to follow the
reaction. The contribution of each of the elementary reactions to
the concentrations of each of the 15 species of the reaction mix-
ture was calculated in lo-15 time moments. The results obtained in
one of the these calculations are presented in Table 3.The results
are summarized in Figure s . The horizontal line drawn to any of
the reactions“indicates that the reaction proper accounts for the
formation or decomposition of at least one of the species in grea-
ter amounts than 5 %. The changes of the roles of those reactions
depend on the changes of the temperature and the concentrations.

Fig. 6. Effect of elementary Fig. 7. Pyrolysis-oxidation ratio
reactions on the process and fedd comsumption (case:
63 % CEU + 37 % 02)
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Integrated weight of elementary reactions (formation)

Table 3.

(o]0] H2 C2H4 C2H6 C2H2 C02 CHO

H20

H 02 CH20 OH

CHi* CH3
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This test was used to select the adequate overall mechanism.
The convention accepted was that any one of the reactions contri-
buting to the formation of at least one of the species to a
smaller extent than 5% can correctly be excluded from the reaction
mechanism. Therefore, as few as 27 of the 31 reactions included in
the Table 1 are sufficient to describe the process. These 27 rac-
tions form the adequate mechanism of the partial oxidation of meth
ane and further calculations were carried out considering only
these 27 reactions.

The term pyrolysis module is introduced to make the analysis
of the competition of the oxidation and pyrolysis easier. The nu-
merator of that term in any one instant is equal to the quantity
of carbon, found in the form of ethane, ethylene, or acetylene,
the denominator equals the amount of carbon found in the species
C02. That term, 1i.e. the pyrolysis module shows how the carbon
content of methane is shared between the pyrolysis and oxidation
reaction paths.

Figure 7 presents the pyrolysis module as a function of the
actual temperature characterizing the extent of the reaction in
the previously described case. The methane and oxygen concentra-
tion functions are also included in the Figure.

Analysing this plot it is found that at the beginning, i. e.
at low temperatures, the overall reaction Iis started with oxida
tion. Because under adiabatic circumstances this results in rising
temperature, and the pyrolytic reactions are speeded up along with
the increasing extent of oxidation and rising temperature. This is
indicated by the increasing steepness of the rising initial part
of the pyrolysis module. This trend continues until the maximum
point 1is reached. The maximum means that the amount of the py-

rolysis products is equal to the amount of the oxidized species.

However, pyrolysis products ethylene and acetylene are subject to
quick oxidation, therefore their concentration drops while the
quantity of the oxidation products increases. This is demonstrated
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by the falling part of the pyrolysis module curve. When the total
oxygen reserve 1is consumed, the second part of the overall reac-
tions ends and the remaining methane starts to decompose.This is
the third part of the overall reaction resulting once again in the
rise of the pyrolysis module.

To illustrate the mechanism just described,Figure s presents
the carbon balance as a Shankey diagram. This diagram presents the
integrated quantity of each of the species formed or consumed
until that points where the oxygen concentration falls to zero. Two
important facts should be noted.The first one is the recirculation
around the methyl radical, the other is the ratio of the oxidation
products formed through the methyl radical to those formed from
ethylene, as well as acetylene species.lt is easy to note that the
oxidation paths. It can also be noted that more than one fourth of
the acetylene and ethylene formed is lost throughout the oxidation
mechanisms.

Initial conditions of the partial oxidation process of meth-
ane can be changed. Holding the original initial temperature and
pressure values, but employing an increase of oxygen (42 per cent
oxygen, 58 per cent methane), faster oxidation should be witnessed
in the first part of the overall reaction, where dimérisation and
oxidation reactions of the methyl radical are in competition. The
competition of the methyl radical and the pyrolysis products
around the maximum of the pyrolysis module cannot be significantly
changed. Correspondingly, when the oxygen is completely consumed,
the pyrolysis module is lower than in the previous case, but the
quantity of the unreacted methane is already low. This computed
result agreed with the previous experimental observations (Tab-
le 4) .

Keeping the initial pressure and composition values unchan-
ged, and rising the initial temperature 100 °K higher no signifi-
cant change was observed in the final gas composition. Previous
experimental results of the authors indicated a slight, but never-
theless significant rise iIn the acetylene yield
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Table 4. Effect of initial conditions (at 99.9% oxygen conversion)

Feed (vol. %) Initial Carbon balance &)
CHi* C2H6 C2Hu oxygen temperature oxidation pyrolysis résiduel
« products products methane
63 0 37 900 42 43 15
58 0 0 42 900 53 45 2
63 0 0 37 1000 41 46 13
53 10 0 37 900 42 37 21
53 0 10 37 900 43 42 15

The question thus arises: what means are available to in-
crease the acetylene yield?Apparently,there are two ways of doing
so: one 1Is separating the pyrolysis and oxidation processes as it
is already done commercially in dual chamber plants. The other,
the overall reaction by appropriate additions of chemical addi-
tives. The results obtained in this field will soon be published
in a following paper.

SYMBOLS USED

concentration of any of the species, (kmole m-3)
reaction time, ()

stoichiometric coefficient

pre-exponential coefficient, (s, kmole, m3)
activation energy, (J kmole-1)

total volume, (m3)

c

t

Vv

A

E

\Y

p pressure, (n-2)
T temperature,

n order of the reaction

a coefficients ot the enthalpy polynom

kK iIndex of the exponent of the enthalpy polynom
Jj .tindex of the species

i

index of the reaction
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PE3IOME

PacwvpeHne 3HaHUii, CBSA3a@HHLIX C OTAE/bHLMA peakuusiiu n pasBu-
TUE BLIUUC/IUTENIBHOW  TEXHUKM MO3BOJIM/IM COCTaB/IEHNE  aanabaTU4ecKoi
MOZENV TMOJlyYeHUs aueTueHa HEenosiHbIM OKMC/IEHUMEM MeTaHa, OCHOBaHHOM
Ha MexaHu3me peakumn. C nomouwbl ee 6bi10 U3YyYeHO 3HaueHuWe OTAEe/bHbIX
peakuuwii npegnosaraemMoro MexaHu3Mma peakuun, U1 6Gbil onpejeneH  yaoB-
NeTBOpUTENbHLIA AN ONMCaHWs  MpoLecca MexaHusMm. Bbijio cmogenvpoBaHo
BAIUSIHWE W3MEHEHMSI cocTaBa W TemnepaTypbl BXOAHOrO rasa, W Moay4n-
IOCb COOTHOWEHWe, COBMajawliee C [AaHHbIMM, W3MEPEHHbIMU B  peakTope
nnaMeHHoro Tuna. bbina o6cyxaeHa nocrefoBaTe/NbHOCTL — NMUPOUTUUYECKUX
CT-e. npou3BOASWMX aueTWIEH) W OKUC/UTENIbHbIX peakuuii, U Ha OCHoBe
3TOro o06CyxaeHusi UCTO/IKOBA/IOCh MNPOXOXAeHue mnpolecca.
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CTPYKTYPA OPI'AHW30BAHHOIO TPEX®A3HOIO MCEBAOOXMKEHHOIO CJ0A.
OKCMEPUMEHTANBHAA 3ABUCUMOCTb COLEPXAHWA
TBEPAOW ®A3bl OT CKOPOCTEM MOTOKOB

A. EPMAKOBA, W. XONJEPUT, E. ¢. CTE®OI/0, B. W. MNbAHOB

(WHcTuTyT KaTtasimmza CO AH CCCP, r .HoBocmbupck)

MocTtynuna B pepakuuw: 1. pgexkabps 1975 r.

MpoBeAeHO 3KCNepuMeHTa/lbHOEe WccrefoBaHne CTPYK-
Typbl Tpex(pasaHOoro nceBAOOKUMKEHHOINO CMosA ra3-xugKocTb -
-TBepabi matepuan (TMNC) B NpUCYTCTBUM KapKacHOW Hacapg-
K1. [lokasaHo, 4TO Ha/MuMe Hacajkum B C/Noe nNpuBoAUT K
BblpaBHUBAHWI0O €ro CTPYKTYpbl, K YCTPaHEHWi MNpPOCTPaHCT-
BEHHbIX HEOAHOPOAHOCTElN. 3IKCMNEepMMEHTa/IbHO U3yyeH (a30-
Boi cocTaB TIMNC 6e3 Hacagku U B NPUCYTCTBMM Hacagku. Ha
OCHOBaHUM  U3BECTHbLIX B /iMTepaType MNoAxXoAO0B K OMUCaHuio
NOPO3HOCTU [ABYX(HA3HOro MNCEBLOOKMKEHHOINO C/oA XUAKOCTb-
-TBepAble 4YacTuupl, NpeasioxeHa nNpubnnkeHHas Mogenb  Ans
onucaHuss  3aBMCUMOCTW OObLEMHOIM JOoNuM  TBepaolh  (asbl oT
CKOPOCTU XMAKOCTU.

//I3BeCTHO, 4TO CTpPYKTypa Tpexpa3HOro nceBoOXMKEHHOIO crnos
ras-xmgHocTb-TBepapli maTtepmnan (TMC) ABNAETCA CyWeCTBEHHO HEeOOHO-
poaHOlM B WWMPOKOM Auana3oHe JIMHEeWHbIX CKopocTel ¢ga3. lccnepoBaHue
MexaHu3mMa o6pa30oBaHUs, pocTa W BCMIbiBaHUA ny3bipeir B TMNC [1-5] no-
Kas3asio, 4YTO OCHOBHOW MPU4YMHOWN, Bbi3biBawWElN MNOSABEHNE HEOAHOPOAHOC-
Tein B TNC, sABAseTcA 6o5ee BbICOKAsA CK/IOHHOCTb Fas30BblX My3blpeil K HO-
anecueHcun, 4Yem B AByX(ha3HoOM 6GapboTaxHoMm cnoe.  KpynHole ny3bipu,
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NnoAHMMAsACb C OTHOCUTENbHO 6O0/bWOA CKOPOCTbI, YBMEKawWT C coboi

yacTb XWAKOCTW, MNPaKTUUYECKU He cojepxaueit TBepaol ¢asbi.

B paboTax [6-7] ykKa3biBaeTCs Ha BO3MOXHOCTb nepexoja OT pexu-
Ma HeOOHOPOLHOro H pexumy OAHOPOAHOIro MNCeBAOOXMXEHUS nyTem yBenu-
YEHMS CKOPOCTM XUAKOCTU Mpu MNOCTOSAHHOMW CKOpPOCTU rasa. Pexum oAaHo-
pOAHOI0 MNCEBAOOXKMKXEHUA BU3Ya/lbHO MOXHO XapaKTepu3oBaTb pPaBHOMEpHbIM
pacnpegeneHnemM MeNKMX rasoBbiX Ny3blpeil Mo ob6bemy peakTopa. BcnepcT-
BME 3TOro HabnwpaeTcsa pocT rasocogepxaHua [s] M ckopocTu Mmaccone-
peHoca 4epe3 rpaHuyy pasgena (a3 ras-xugkoctb [9] npu nepexoge oT
HeogHoOpoAHOro H ogHopogHomy TIC.

H coxaneHuw, pexum oJHOPOAHOro ncespooxmkeHua B TMNC HacTyna-
€T /b NpU TeX JIMHENHbIX CKOPOCTAX XUAKOCTU, MNpU KOTOPbIX cnoii
CWIbHO pacWMpeH, W KOHUeHTpauus TBepaplx vacTuy mana. C uenbl CO3-
AaHus ofgHopoAHol  CTpyKTypbl TMNC BO BCEM WHTepBasie €ero CcylecTBoBa-
HUSI, Mbl MCMOMbL30Ba/IM BHYTPU C/0S cheuuanbHble pacnpefenuTefibHbie yC-
TponictBa (Hacagkn) [27], cnocob6ecTBykWMe AUCNEPrUPOBAHUI  KPYMHbIX
rasoBbiX My3bipeii M paBHOMEPHOMY pacnpefefneHvio MX Mo o0b6bemy peakTo-
pa. B npegBapuTefibHbIX 3KCNepumMeHTax CpaBHMBaN  HECKO/IbKO  Hacafok
pas3nnyHbLIX pa3MepoB, BWAOB M TUMOB, CPeau KOTOPbIX Hawnydwehn okasa-
nacb T.H. '"'Kapkac-

Hafa” Hacagka (puc.
1), npegcTasnswwas
coboit umnmHap obe-
YaliHy Cc nepdopupo-
BaHHO OGOHOBOW NO-
BEPXHOCTbI0 B Buae
NosIOCOK -paguycoB,
OTOrHYTbIX BHYTPb,
W BHEWHWUM AnameT-
poM, paBHbM BHYT-
peHHemy  AnameTpy
annaparta. 06BEM
Hacagku 3aHnmaeT
3% obbema peaKTO-
pa- Puc. 1, 06wmini BMA KapKacHOW HacaKwu

HacToswana paboTa noceBsilleHa W3Yy4YeHW B/USHWSA I3TOW HacagkM Ha
CcCpepHilo 06bemMHyw Ao TBeppoi ¢assl B TMNC, B pganbHeliwem TNC 6e3 Ha-
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cagkm b6yaem HasbiBaTb '‘cBob60ogHbM  (CTMC), a TMNC c Hacagkow '‘opraHu-
30BaHHbIM  (OTMC) -

MpoBeAeHMe 3KCMNEPUMEHTOB

C uenbio conocTaBfeHVss, CBOOGOAHLIA M OpraHM3oBaHHbI TMNC uccne-
[OBa/ln B OAHOW M TOA Xe KOJIOHHE AMaMeTpOM 100 MM, BbICOTOA 1000 MM
npy BOCXOAsWEM MNPSMOTOKE BOAbl M BO3Ayxa. TBepgoii  (aszoii  cnyxunim
CTeK/AHHble wapukn gnametpoMm 0,75 MM M y3aHWe (paHUuMM necHa cpenHUM
onavetpom 0,2 mn 0,45 mMM. OWMKTUMBHYK JIMHEWHYKH CKOPOCTb (06beMHbIN
pacxof, [LOEeNeHHbi Ha MOSIHOE CeYeHue annaparta) BoApl U BO34yxa Bapbu-
poBanm B npegenax 0,28-6,7 cm/ceK U 2-7 cM/CceK COOTBETCTBEHHO.

O6bemHble gonn (a3 onpegensanu  cnegywowuM obpa3om: nocne 3a-
rpy3kn B KOJIOHHY OMnpefesieHHOro Ko/vyecTBa TBEpAOro marepvana ycTta-
HOBWIM 3afaHHble pacxogpl BO3gyxa W BOgpl. [py 3ToM Cfo  pacuwupuacs
0O nepenvBa KOJIOHHb.  [loc/e yCTaHOBMEHUS  CTaLMOHapHOro  COCTOSHUA
(T.e. nocne npekpaweHns yHoca uW36biTKa TBepAblX 4acTul) OAHOBPEMEHHO
npekpaTunu nogady BOAbl W BO3Adyxa. [locne ocaxgeHWsa Cnos  U3Mepsnv
CyMMapHyKw BbICOTY TBepaon u xuakoih ¢gaz (H4Y) u BbLICOTY ABYX(PasHOro
HenoaBmxHOro cnosi (H2). O6bemHble [ONM BO34yxXa, BOAbl U TBEpAplX 4ac-
TUL, paccunTLiBaU/IN MO Crieayllmm (opmMynam:

e T R — L2 = 1 - Wl o- 03, B3 = e (1)

rge H - nonHas BbiICOTa KOJIOHHbI; €0 - MOPO3HOCTb [ABYX(Aa3HOro Henoj-
BUXHOro cnod, MHoxuTenb ¥=0,97 yuuTbiBaeT o06bem Hacagku B OTIC, a
ona CTNc f=1.

Pe3ynbTaTthl 3KCnepumeHTa

BusyanbHble HaGMWAEHUs MoHala/M, YTO KapKacHasi Hacajgka paelicT-

BUTE/IbHO  MPUBOAUT K OMCNEPrUpoBaHMi0 U PaBHOMEPHOMY  pacnpefesieHuno
rasoBbiX My3blpeil BO BCeM Auana3oHe cyuwecTtBoBaHusa OTMNC. Pexum Heop-



96

4E

(heoeHn eooiea ceobopIHolo  1psxAseHolo noespyocowwsHHOIo gaon

A.

gap/x-ng-redss UDiHDH  (eTnm

EpmakoBa , . XongepwT,

E. ¢, Cregorno,

B.

N. TbsAHOB

Vol . 1*.



1976

3605

(beHoeRT)| 000FgRe  OPPEHHIOIAHHOM  IpexAg3Holo  noeesdOWILIHHOM  O/I0H

eo9,gyx-ed)pg-respHe 9o (OTNE)

g mm{ OFEXARQ==4E wa:xxx

o 7
= <
2

=
9

OE° Ox

mm

g

0*20 mm OE©C O X

P

CTpykTypa [lceBpooxuxeHHoro Cnosa

L)

P

om” cE x

Om/OEX

P

Pe

?w

[

P

om”oEx om”oEx

cn

co

QI

o™

co
v

cm

cp
ru

o

cm

cm
™

co
ru

co
co

™

co
co

un
CcD

CcD

co

co

co
il

cm

un

co

un

co

co

co
ru

cm

c™Mm
ru

cm

co
co

co
un

™

un

un

ru

ru

™M

™M

cn
ru.

co

co

co

un
ry.

un

cn

co
ry.

CcD

CcD

un

ru
ru

™M

v

co

cm

Q87 ° °8

-

00

co
ru

CcD

un

CcD

ru

(o]

97



98 A. EpwvakoBa, W. Xongeput, E. o. C.Tegorno, B, W. MbsHoB Vol.I*.

HOPOAHOrO MCEBAOOXUXEHUA, XapakKTepHbli gna CINC, B oOpraHn30BaHHOM
TNC He HabnwpaeTcs.

Pe3ynbTaThl 3KCNepuMeHTOB MO onpejeneHui @asoBoro cocrtasa TIC
-npeacTasneHsl B Tabnmuax 1 v 2. O4eBUAHO, YTO NPW MNPOYMX pPaBHbLIX YyC-
noBusx obbemHas [0NnA TBepaolh ¢asbl ABAgeTcA (QYHKUMEn QUKTUBHBIX — Nn-—
HelHbIX CHOp6CTe BO34yXa W BOOpl: gB=<P3(Nes, W2). OgHako, ecnM B Ka-
YeCcTBE HEe3aBUCUMbIX MEPEMEHHbLIX BMECTO (MKTUBHbLIX Bblbepem cpefHue uc-
TVWHHbIE NMHEHble CKOPOCTM BO34yXa W BOApl, Ornpefeniiemble COOTHOWEeHUN -
MU -

w1 w2
Ul =— =, U2 = ———- )
h oz

TO OKa3sbiBaeTcs, 4UTO o6bemMHas [ons TBephol ¢asbl GyaeT 3aBUCUThL b
OT CKOpOCTW BOAbl (U2), T-€. 43 = t3(t12). HelaBUCUMOCTb (YHKLUM
15 (12) oT W) Habnwpanacb HamM B Auanal3oHe CHopocTeill  Bo3gyxa
2<Wi<7 cm/ceH. [py 6Gonee BbLICOKUMX CKOPOCTSAX rasa 3Ta 3aKOHOMEepPHOCTb
HapywaeTcs .

Puc.2. 3aBuCMMOCTb OOLEMHOW [ONN TBEPOON (asbl
oT 6e3pa3MepHOli CKOPOCTU XMAHOCTU. CBOGOAHLIA TIC.
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Puc.3. 3aBucumocTb O6BLEMHOIM J0OnM TBEpAolk (asbl OoT 6e3pa3mMepHoi
CKOpOCTU XuakocTu. OpraHusoBaHHbin TMC, AMC.
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C uenbi 0600WEHNA W cOMOCTaB/IEHUss C NuUTepaTypHbIMUA LaHHbIMA,
IKCMNepuMeHTasIbHbIe [aHHble NpefcTasB/ieHbl HA PUCYHHaxX 2 U 3 B 3aBUCU-
MOCTM OT 6e3pa3MepHOl CHOPOCTU XMAKOCTM G. Ha 3Tux xe pucyHKax un3-
ob6paxeHbl 3SKCrepuMeHTaslbHble faHHble Apyrux asTopoB [10-13]. OCHOBHbe
IKCNepUMEHTa/IbHbIE YC/OBUA, MPU KOTOPLIX OblM NOAYYEHb 3TU pe3yrbTa-
Tbl, MOKa3aHbl B Tabnuue 3, BMecTe C HawuMn [aHHbBIMM W yKa3aHuem 06-
O3Ha4YeHU, MPUHATLIX Ha PUCYHHaX.

B Hawein paHHein paboTe [14] B KadecTBe 6e3pa3MepHOli  CHOPOCTU
npegnaraeTca 4ucno nce.BaooxmxeHusi: n=U2/U20, rge 3HayeHuUs CKOpPOCTHU
Hayana ncesaooxmxeHnsa U20 onpefenanncb  3KCNepuMeHTaslbHO.  OfHako
npu o6paboTke NTepaTypHbIX AaHHbIX, B KOTOPbLIX 3HadeHua U20 He u3-
Mepsanucb (UM He coobwannucb), HaAEXHOEe BblYMC/IEHME 4ucna N CTalKu-
BaeTCA CO 3HaynTesibHbIMM TPYAHOCTAMU. JKCTpanonAaumsa aKcnepuMmeHTanb-
HbIX [aHHbLIX [0 3HayeHusa (3, COOTBETCTBYWWEEe HEeNOABWXHOMY C/lo0, SAB/-
AeTCA [0BO/IbHO HETO4YHOW, WHOrga npuMBOAUT Aaxe K OTpuuaTeslbHOW CHO-
pocTn ncesgooxmxeHusa [13]. PasnuuHbie aMnMpuyeckne wunm  Nosyamnupu-
yeckune (opmynbl, MpensioxeHHsle B nuTep.atype [15, 16] gna ouenkn U20,
JanT CubHOE pacxoxieHue Mmexgy coboi. Ham kaxeTcsa uenecoobpasHbiM B
KayecTBe MacwTaba CKOpPOCTW Bbi6paTb Ty, MNPV KOTOPOWM 3HayeHne g8 Ha-
XOAUTCA TMPUMEPHO B cepejuHe Anana3oHa CBOEro n3MeHeHus. [loaTomy B
HacTosiwen paboTe MacwTabom BbiGpaHa CKOpPOCTb xugkocTn U2, npu KoOTO-
pon $3=0,3, TMpu Takom Bbibope 3HayeHne Macwtaba onpegenseTca B
60ONbWNHCTBE C/lydyaeB WHTepnoasuneil 9KCNepuMeHTasIbHbIX [AaHHbIX, WHOrga
HenocpeACTBEHHLIM W3MEPEHWEM, W TOMbLKO B PefKuMX Ccrydyaax 3KcTpanons-
umein Ha HebosnblWoOe paccTosiHue.

N3 pucyHHOB 2 1 3 BUOHO, YTO 3KCNEPUMEHTasIbHbIE TOYKW, MNONYy-
YEeHHble A1 4YacTuy pa3HbiX pa3MepoB W pasNNyHbLIMM  UCcnefoBaTesnisamu,
pacnonaranwTcsa B ABYX, [OBOMIbHO Y3KUX nosocax. B ogHoit nonoce Ha-
XOAATCA TOuku, cooTBeTcTBywwme CTNC, (puc.2), a B Apyroii mnsobpaxe-
Hbl gaHHble, nonydeHHole B OTMNC v B ABYX(Ma3HbLIX MNCEBAOOKMKXEHHbLIX  CMOSAX
XuaKocTb-TBepabvii mMatepuan (AMNC) (puc-3). Xop 3Tux ABYX MN0OMOC Pe3Ko
oT/nyaeTcsa gpyr oT gpyra, npuyem B MocfnegHeMm cnydae Habnwogaetcs
6onee peskoe nageHve $3 ¢ pocToM C. VHTepecHO o06paTuUTb BHUMaHVE Ha
TO OOGCTOATENbCTBO, YTO 3KCMepuMeHTaslbHble pfaHHble ansa OTMNC HaxopAaTcs
B Toii xe nonoce, u4to ana ANC. TaH kak cTpykTypa [NC sABnseTrca ogHo-
pogHoOi, 3TO NoATBepxAaeT NpPaBWIbHOCTb BU3YyaslbHbIX HabmwogeHun o6 of-
HOPOAHOCTU CTPYKTYpb opraHu3oBaHHoro TIIC;
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MaTemaTnyeckasa mogesb

OCHOBHble MAeM W NOAXOAbl K MOCTPOEHUN MaTeMaTUYecKux Mogenen
019 onucaHus 3aBKCMMOCTM O6bEMHOIM [0nM TBepaol (asbl OT pa3HbiX (hak-
TopoB B [NC nogpo6HO W3N0XeHb B sMTepaType u 0606WeHs B MOHOrpapum
NeBa [16]. AHanoruyHoie noaxoApl BCTpeyawTca B 60see  HOBbLIX paboTax
[17-19]-. B o6nactm TMNC MOXHO Ha3BaTb HECHOJ/IbKO paboT, MNOCBAWEHHbIX
aTomy Bonpocy [1,2,13,21-26]. B xoge fasbHENWUX pacCykaeHuin 6yaem
npuaepxmBaTbCa OAHOINO W3 YMNOMAHYTbIX B KHure Jleea [16] nogxoposB, a
UMEHHO Mogenu HapmaHa, WHOrga HasbiBaemol KanwnnspHol mogenbio  Hap-
maHa-HoseHn [15], onucbiBakweli nepenas AaBfeHWA MNpU TEYEHUN XUAKOC-
TV 4yepe3 HEenoABWXHbIE CMoi TBepapiX 4YacTuy. Hawa wmogenb, onucbiBawwas
3aBNCUMOCTb OOLEMHOI [0NM TBEpAoi (a3bl OT WUCTVHHOW, cpefHel  nuHeli-

HO/i CKOpPOCTV XWAKOCTM, CTPOUTCSH Ha Clefywumx TpeX OCHOBHbLIX npeano-
JIOXKEHUSAX :

1. Ponb rasoBoi (a3bl COCTOMT /MWb B TOM, 4YTO OHa YyMeHbwaeT
cBobofHOEe ceyeHue annaparta, B HOTOPOM MPOUCXOAUT  MCEBAOOXUKEHUE
TBepAblX YacTul, OJHOM TONbKO XMAKOCTbI. CregoBaTtenbHo TNC npeacTta-
BWIM KaK CYMMy [OBYX He3aBWCUMbIX 4YacTeil: ny3bipy rasa wm ANC. U3BecT-
HO, u4TOo B [NIC B COCTOAHUM [AMHAMWUYECKOrO paBHOBECUA cwuna rugpasnv-
YEeCKOro COMpOTMB/EHNA, AeiCcTBywWero B eanHuue obbema (OP), pasBHa
yAenbHOMYy Becy TBepAoi ¢a3bl C y4eToM apxXuMefoBOWN MOMpaBHA:

P = 03(p3-Pa) G)

2. CtaumoHapHbiii AMNC paccmaTpuBaeTCs KaK pacCWMpPEeHHbii  Henog-
BWXHbIA C/oli, B KOTOPOM 3aBWCMMOCTb [P OT CKOPOCTU TEYEHUS XUOKOCTU
onuceiBaeTcA ypaBHeHueM HapmaHa [16]:

a

®

3. Vvesa B Buay KBasaUTypOYNEHTHOCTb MHOFO(a3HbIX TEYEHUN, KO-
3OUUMEHT COMPOTUBMEHNA X Hanuwem B CHeAywlem Buae
C Naba

X Re G)
R?



104 A. EpmakoBa, W. Xongeput, E. ¢®. Credorno, B. W. MbsHos Vol .U.

W NpeanosiokuM, 4TO MNokKa3aTeslb CTeneHW p MOCTOSHHbIA BO BCeli obnactu
cyluecTtBoBaHuga TIIC.

lpyHMMaa BO BHUMaHWE, YTO 3KBUBAIEHTHBIN aAnameTp HaHana  CJ/ioA
MOXHO onpeagennTb ypaBHEHNeM:

2 _
dy 5 0363 14)‘33 ®)

M3 BblLEeNPUBEOEHHbIX COOTHOWEHWA HaxoAWM BMECTO MCXOAHOW 3aBMCMMOCTHU
ee obpaTHyw (YHKUMIO:

£11
n2  K(®3d3s) (1-93)2~P %)
rae
P g P3~P2 03)
K= 2@ e
@ C-Y VP ps

nocne nepexoga K 6e3pa3MepHoOii CKOpPOCTU MOMYy4YUnM criegywlylw — 3aBUCK-
MOCTb :

E

2-p
1~ /0,3
(0,$3 " 030 ©

(@)

3TO ypaBHEHWE COOEepXUT BCEro OAVMH HEW3BECTHbI napameTp p, 3HadeHue
KOTOpPOro yganocb nogo6bpaTb TaH, 4YTOOGbl pacCcyUUTaHHbie MO  YypaBHEHWUH
HPUBbIE Nexasn BHYTPU MNOJIOC 3KCMNEepUMeHTasIbHbIX ToyeH. Takum  o6pa3om
nonyyumnn 3HadyeHusa p=1,0 gna CTMNC wn p=0,5 pna OTNC. CooTBeTCTBYyWWNE
KpUBbiE 3aBUCMMOCTU OT (3 M3006paxeHbl CMJ/IOWHLIMU JIMHUAMW Ha  PUCYHKaXx
2 n 3 COOTBETCTBEHHO. W3 puCyHHOB BWAHO, 4TO ypaBHeHne (3) yAoB-
NeTBOPUTE/IbHO ONUCLIBAET HaWW IKCMEpPUMEHTa/IbHbe AaHHble  npaKTU4ecKu
BO Bceli obnactm cyuwecTtBoBaHua TIMNC. CucTemaTuyeckoe OTK/IOHEHWEe Bre-
BO OT pacuyeTHol KpumBoii B o6nactn <9>0,3 fawT 3KCNEepUMeHTaslbHble
TOYKW, nMonyyeHHsle B [AMNC, 4YTO BEPOATHO CBUAETENLCTBYET O BO3MOXHO
HEKOTOPON HEOAHOPOAHOCTU CTPYKTypsl camoro [AMNC no cpaBHeHuw c OTMC.

N3 ypaBHeHus (9) cnepgyeT, UTO MpPU BbILEMPUBEAEHHLIX  3HAUEHUSAX
P mexay CKOPOCTbW U3> M/JIOTHOCTbK TBEPAON (asbl U XUAKOCTU,  BA3KOe-
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Tbl0 XMAKOCTWM W AMaMeTpoOM 4YacTul, [AO/XHbl CYlWecTBOBaTb Cleayluue 3a-

BUCUMOCTW :
ana OTMNC:
"3
P3 P
Cpy (10)
ona CTMC:
*
Uz = da (11 )

P2e+V2

O6paboTKa COOTBETCTBYWWMX AaHHbX (Tabnuua 3) nokasana, 4To YypaB-
HeHve (10) (Npy MOCTOSAHHOM 3Ha4YeHUU V2 U p2) cnpasesMBO B UHTep-
Bavle 0,15<62<0,6 ™M, 1,28<p2<2,64 :/ cw3. IKCMNEepUMEHTasIbHble [AaHHbEe,
nonyyeHHole B CTNC He yaoBneTBOPAKWT ypaBHeHun (11). 310 rosoput O
TOM, 4TO ypaBHeHue (9) B cnydae CTNC MOXHO paccmaTpuBaTb J/Mlb  Kak
YUNCTO 3MMUPUYECHOE COOTHoWeHne, a B cnyyae OTMNC - Kak MpubnnxeHHyl
mMaTeMaTU4ecKyl Mogesb.

CMWUCOK YC/IOBHbIX OBO3HAUEHIA

dg - 9KBMBaNEHTHbLI AuaveTp KaHaia Mexgy dvacTuiuamm, M;

d3 - guameTp TBepApX 4YacTtuy, M;

g - YCKOpeHue cwunbl TaxecTn, M/Cek2;

p - HOHcTaHTa, (-);

AP - nepenag pdaBneHvsa, Kr/m2;

Un, U2 - WCTUWHHblE JMHEWHble CKOPOCTM MNOTOKOB rasa W XMAKOCTW COOoT-
BETCTBEHHO, M/CEH;

U20 - UCTUHHasA CKOPOCTb Hadasia MCeBAOOXNKEHUS, M/CeH;

U* - UCTWHHasA CKOPOCTb XWAKOCTW COOTBETCTBYWWAsA 3HadeHuio $3=0»3,

Mm/ceK;

Wi, W2 - (QMKTMBHble J/IMHEliHble CKOPOCTU MOTOKOB rasa W XMAHOCTU COOT-—
BETCTBEHHO, M/CeK;

N - koappuumeHT TpeHus, (-);
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P - koagpuumeHT wnssmnucrtoctu, (-);
V2 - HMHemaTu4yecHas BSASHOCTb XWMAKOCTW, M2/CeK;
®1, oF, 92 ~ Ob6bEMHbe JOMM rasa, WWAHOCTM W TBEpPAoOro wMmaTepuana B
peaHTOpe, M3/M3;
*3 - ¢aHTOp (opMmbl TBeEpAapxX 4Yactuy, (-);
pz2 , P3 _ MAOTHOCTb XWAHOCTW W TBEPAOro mMaTepuvasna COOTBETCTBEHHO,
Kr/m3;

Be3pa3mepHble Fpynnbi:

Re = V2

CokpaueHus :

TNC - Tpexpa3Hbliii NCEeBAOOXMKEHHLIA COW

CTNC - Tpexja3Hblii MCEBAOOXKMKEHHLI Cnoin 6e3 HacagHu

OTNC - Tpexda3Hblii NCEeBAOOXMXEHHbIA CMOW C HacagKow

ONC - aByXda3Hblii NCEBAOOXKMKEHHLIA C/IOAN XUAHOCTb-TBEpPAbi MaTepuan
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SUMMARY

The behaviour of a gas-liquid-solid three phase fluidized
bed was investigated. As solid material,ribbed packing was immer-
sed into the fluidized bed. It was shown that the presence of the
packing equalizes the structure of the bed and hinders the forma-
tion of spatial inhomogenities. Experiments were carried out for
the examination of the three phase fluidized bed in the presence
and absence of the packing. A mathematical model is proposed
for the description of the solid phase volume fraction which de-
pends on the liquid flow rate.
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MACCOMEPEJAUYA C XUMWUYECKOW PEAKUMEW HA TPAHULE
PA3OENA ®A3 "TA3-XMOHOCTbL™
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MocTynuna B pepakuuio 8 aekabps 1975 r.

B paboTe npuBegeHa wuepapxuyeckas Mofesib raso-
XWOKOCTHOIMO peakTopa W pPacCMOTPEHbl BOMPOCH, CBA3aHHble
C peleHNeM ypaBHEHWA MaTeMaTU4YeCKOro OnMcaHws BTOPOro
YPOBHA 3TOW MOoZenw.

YpaBHeHUss MaTeMaTU4yeCKOoro onuvcaHumsa O6binn nosyye-
Hbl MYTEM HEHOTOPOro YMpoWeHNs ypaBHEHUA MNepeHoca Be-
Lectsa B TYpOY/IEeHTHOM MOTOKE U pelleHbl 4YucneHHo. Mpu
3TOM, B OT/M4YMe OT Apyrux paboT, Yy4TeHbl SABNEeHWs 3aTy-
XaHus KoaghuuueHTa  TypOyneHTHOW Anddy3um 1 M3MEeHeHUust
CHOPOCTW MNOTOHa B Hanpas/IeHUN NEPNEHAVNKYNAPHOM K MO-
BEPXHOCTU pa3gena da3.

AHa/IM3 pe3yNnbTaTOB pelWeHns nokasasl Hanuune o06-
nactein T.H. "6bICTPbIX” M '‘Men/IeHHbIX” peakuuii B 3aBUCU-
MOCTU OT BE/IMYUHbI OTHOWeHUA 6e3pa3MepHbX MnapamMeTpoB
®2/Pe. O6nactb  "6GbICTPLIX' peaHuuii  nony4eHa npu
02/Pe>10 1 XxapaKTepunsyeTcs HeuyyBCTBUTE/IbHOCTbI 6e3-
pasMepHOro wmewpasHoro AuUpy3MOHHOro MOTOHA H MUKPO-
rmapoavHamMvke B MorpaHWyHoMm cnoe. 06nacTb ‘‘MeasieHHbIX™
peakumii Gbina nonyyeHa npu ©2/Pe<0,1 un XapaKTepusyeTcs
COBNafeHneM peleHns ypaBHEeHW mMaTemaTMdecKoro onuca-
H/A C acuMNTOTUYECKUM peweHrem npu ¢=0.

MpBeAeH Takxe aHa M3 BAUSHUA NapameTpoB, OMu-
chiBawWMX npoguan KoappuumeHTa Andpy3num u CHOPOCTU MOo-
TOKa, Ha BeNnuuHy 6e3pa3mMepHoro AnpPy3nMOHHOro mnoTokKa,
oripefeneHsl 06nacTu CYWECTBEHHONO W  HECYWeCTBEHHOro
BNNAHNA 3TUX MapameTpos.
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XuUMMUecKre MpoLecch, nNpoTeKawwue npy B3auMOAENCTBAM rasoB U
XMAKOCTEl, WAPOKO pacrnpocTpaHeHsl B MPOMbILIEHHOCTU. [OCKONbKY siBle-
HWsi MaccornepeHoca 4Yepe3 rpaHuly pasgena (a3 MOryT oKasbBaTb Cylle-
CTBEHHOE BJ/IMSIHUE HA CKOPOCTb W HanpaB/ieHMe XUMWUYECKOro npeBpale-
HVSI, MPOTEKAWWero B XUAKOW (aze, NAMMATMPOBATbL MPOLECC B LEIOM, UM
yAensieTcsi 6onblioe BHMMaHWe uccriegoBaTeneii. 063op paboT, MNOCBSWEH-
HbIX BbllleyKa3aHHbIM BOMPOCaM, MOXHO HaiTu B MoHorpaduax [1-3]-

VlepapxnyecHasa mofesib ras3o-XuUAKOCTHOro peakTopa mnpeacTasB/ieH-
ve puc. 1.

ra3oxXnakocCTH bilA peakTop

XV o
KOHBEKTWBHbLIIE  MacconepeHoc B
nepemewvisanne NnoToK BMAE WCTOYHMKA
X____ _______
3/leMeHTapHbIi 06beEM peaHTopa
111 pacnpepeneHuve §gcnﬁgﬂ$ggng§ Cp. AMhhY3NOoH-
- HbIW MOTOK
rasocogepxaHus MOBEPXHOCTI
K
3/1IEMEHTApPHLIA aHT MaccoobmeHa
" KOHB €KTUB HbliA KOHOYKTWB HbliA CKOpPOCTb peak-
nepeHoc nepeHoc un
1 KWHETUKA XUMUYECKUX peakuuii

Puc. 1. lepapxunueckas MofeNb raso-XWAHOCTHOrO peakTopa

BTOpbiM YpOBHEM 3TOl MoAenu sBAsSETCS MaTeMaTUYecKoe OnucaHue npo-
LLECCOB MacCOMNepeHoca, COMPOBOXAAEMbIX XUMUYECHO peakuueid u npore-
KawWMxX Ha eguHUYHOW MaKpocTpykType (Ny3bipb, MOpWEHb, CTpys U T-n.)
B pe3ynbTaTe aHanM3a MaTeMaTUYECKO Mofenu BTOPOro YpPOBHS onpegen-
seTcs (yHKUMOHa/IbHAsi 3aBUCUMMOCTb MeX(pasHoro Auddy3nOHHOro MnoToka
OT NapaMeTpoB, XapaKTepusywlux JoKaslbHYyl FuapoAvHammMyeckykw obcTa-
HOBKY W CKOPOCTb XWMUUECKOU peakumu.
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Ony6/MHOBaHO 3HaynTeNbHOE KOMNYecTBO paboT, MNOCBAWEHHLIX 3TO-
My BOMpocy, Hanpuvep, pa6oTel [4-15], (6onee nonHyw 6ubanorpagpuio
MOXHO HaliTu B KHurax [1-3]). B 6onbwvMHCTBE paboT aBTOpbl MCXOAAT U3
YPaBHEHUS KOHBEHTUBHON ANDAY3MM C TeMA WM MHbIMM YMNPOWEeHUsMU,  Of-
HaKO, J/MWb B HECHONbKUX cTaTbax [4, 16-20] wmn3y4dawTcAa npouecch ne-
peHoca BelecTBa, npoucxogduue B TypOyneHTHbIX noTokax. CyuecTBywme
B Takux MOTOHax £BMIEHUS MW3MEHEHUA CKOpPOCTU MNOTOHa W  KoadduumeHTa
Ondhy3um BellecTBa C M3MEHEHWEM PacCTOAHUW [0 MNOBEPXHOCTW  pa3gena
(ha3 3HAYNTENBLHO YC/IOXHANT paccmaTpuBaemylo npoodnemy.

Lene HacTosuweli paboTbl - onpegennTb HaHOe BAUSHUE OHaxeT Yy4yeT
Buga nNpopwnisi CKOPOCTU MNOTOKA W SABNEHUA  3aTyxXaHus KoahuumeHTa
TYpOYNeHTHOW AnhhY3Un Ha BENUYMHY AMGHEHY3VMOHHOIO MNOoTOKa.

MycTb ypaBHeHMe nepeHoca BelWecTBa B TypOY/IEHTHOM MOrpaHWYHOM
c/fioe 3anucaHo crnefywuyM o6pasom:

301 :_901.
— +n 3 ,D fI (1)
3T X . 3x.3 1j3x.”~

1-1,2, .. .,K; 1=1,2,3

Mpn BbiBOA4E YypaBHEHW/ A MaTeMaTM4eCKOro OnMuMCaHWsa BTOPOro YPOBHA Moge-
nn 6GbiAv NPUHATH cregylwne AoNyWweHns:

1. Xvmmuyeckasa peakuust npoTekaeT B O6GbeMe XWAKOW (ha3bl.

2. EAvHMYHOEe o06pa3oBaHMe 06TeKaeTCA W30TPOMHbIM  TYpOYNEeHTHbIM
NOTOKOM. [lOBEPXHOCTb €AWHUYHOro 06pa30BaHMs  pPaBHOAOCTYMNHa Typoy-
NEHTHbIM NyNbCcaunsm .

3. TonuuHa rvapoOANHAMUYECKOro MOrpaHN4yHoOro Cnoss HamMHOro MeH-
blle XapaKTepHOro pasmepa efuHWYHOro 06pa30BaHus -

4. TIpUYMHON BO3HUKHOBEHUSA TYPOYNEHTHbIX MNynbcaunii B OCHOBHOM
ABNSETCA He OTHOCUTENbHOE [ABWXeHue (a3, a ABWKEeHWe ABYyX(pa3HOro no-
TOKa B peakTope C BbICOKUMW JIVMHEWHBIMA CKOPOCTSMM -

5. OcpefHEHHOCTb TYpPOY/IEHTHOrO [ABUXEHUS [OMNyCKaeT paccMoT-
peHve npouecca Ha JaHHOM YPOBHE KaK CTalyoHapHOro.

6. [lpeHebperaem pasanuneM KoaDPUUMEHTOB MOJEKYSAPHONA  Andhy-
3UN KOMIMOHEHTOB W MEPEKPECTHLIMN 3fheKTamu.
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MpVHATLIE AONYWEeHUs [alT BO3MOXHOCTb CUMTaTb MOBEPXHOCTb eau-
HUYHOro o6pa3oBaHUsi MJIOCHOI, a o6TeHaHMe ero MoTOKOM - [JlIoCHOMa-
pannensHeiM. C yyeTom 3Toro o6ctosiTenibcTBa ypaBHeHue CO wmoxHO ne-
penvcaTb B 6e3pa3MepHOM Buge:

30. 3 30. Lv " 3 30.
PeWCroO ——— [DCn) -1+(— )2—@CO -] + Y.0? )
3C an an Ly 3C 3C 11
B Tex cnyyasx, --KOrga MpuYMHOli  BO3HWHHOBEHUSI  TYPOY/IEHTHbIX

nynbcaunini SIBASIETCA OTHOCUTENbHOE ABWXEHWe (a3 npeHebperawT  BTOPbIM
4YleHOM nMpaBoii YacTu ypaBHeHust C2), [OCHOMbHY Mbl paccmaTpuBaem Te-
YyeHue B CUCTEME HOOpAMHAaT, 3aHpensieHHol B UeHTpe ABuXylweroca eau-
HUYHOrO o06pa3oBaHMs, TaHoe JonyleHue SABNSAeTCHA HeonpaBgaHHbM.  Cym-—
MapHbli  KOahOUUMeHT aAnddy3nm B Hanpas/eHMM M0 KacaTeslbHOW K noBepx-
HOCTW eAguHNYHOIO ob6pa3oBaHMsA MOXeT oKa3aTbCA 60/bwMM MO CpaBHEHWIO
C KO3dpuumeHTOM AnpPy3unm B Hanpas/ieHUM NepneHAnKYASspHOM K  npBepx-
HOCTM pasgena ¢a3. OTciwga cregyeT, 4YTO MNepBble [fABa 4ieHa npasoi
yacTtun ypaBHeHuss C2) MOryT O6bTb COM3MEPUMbl, HECMOTPS Ha BO3MOXHOE
BbiMO/IHEHNE OOWENPUHATOro HepaBeHCTBa

30 36
g

PeweHne ypaBHeHus C2) no3BOAseT MNONy4YMTb 3aBUCUMOCTb  OCpes-
HEHHOro AupPy3NOHHOIro MNOTOHAa

1 0.
J 1* - % [OCnagﬁr-] n=o dc C3)

OoT 6Ge3pa3vMepHbiX MnapameTpoB Pe™ n XapaKTepusywumnx COOTBETCTBEH-
HO TIUAPOAUHAMMYECKOE COCTOSIHAE CUCTEMbl U CKOPOCTb XWMUYECKOrO Mpe-
BpaweHus .

MocTaBneHHas Bble 3ajada pewanacb ANA ABYX BapuaHTOB MOZENw.
Mogenb Nl npepctaBnseT coboil ypaBHeHne (2} 6e3 yyeTa BTOPOro useHa
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npaBoli 4Yactu M c 3aBucumocTsasmm DCn ~wWCn ) , 3agaHHLMM B Buae
anrebpanyecknx QyHKumin. OyHkuma D C n1 ) BO Bcex cry4asax 6bia 3apa-
Ha BblpaxeHnem

D ¢ = DO + (1-DO) nn M)

oTpaxawowum siBIEHNE YMEHbLIEHNS CYMMapHOro KoadduuueHTa Auddy3un no
vMepe MpuenmxkeHna K MOBEPXHOCTWU pa3fgena (a3, MoATBepXAeHne KOTOoporo
OblI0 3KCrNepuvMeHTaNbHO™ noslydeHO B nocriegHee Bpems [18-20], 3asucu-
mocTe W C n J 3agaBanacb OOHMM W3 CeAywWuX COOTHOWEHWIA:

- C1-blo)C1-n)2C6+C1-C)CLl-n)u] C5a]

w (M 5+ 3n - wne C56]
n

+ C58]

WO+1O n+ o6n2

OnucbiBas pacnpefeneHne CKOPOCTW MNOTOKa yKasaHHbM — crnocobaw,
Mbl He CTaBwIM nepef coboi uenb MOAyYMTb MNPOYUAb CKOPOCTU  Hawbonee
6/M3KNIA K OeNCTBUTENbHOCTU, 3ajadein 6bNo onpefeneHne 4YyBCTCUTE/b-
HOCTW BeNV4YMHbl cpegHero 6e3pa3MepHOro Aud@y3vMOHHOro MNoToKa H u3mMe-
HEHMI0 BMAA MNPOYMASA CKOPOCTU W BEANYMH  NIOKaSIbHbIX 3HAYEHU CKOpOCTHU
B HanpasneHuu nepneHavKy/aApHOM K MOBEPXHOCTW pa3gena. Ha puc. 2a,6
npeacTaBfeH BWA HECKONbKMX XapaKTepHbiX npojgunei kKoadppuuueHta And-
(y3Mn 1N CKOPOCTM MNOTOKa, MNOJYYEHHbIX U3 COOTHoweHwun C4&) un (5a) -
(5B) COOTBETCTBEHHO.



114 A.TapumaH, A.EpmaHoBa, H .PaccagHuHOoBa Vol. 4.

0.2 0.4 0.6 0.8 1.0 n

Puc. 2a MNpojpunu 6Ge3pa3mMepHOro HO3p-
puumeHTa aAnhhdy3nn

1-Do = 1; n=1
2-Do =0,1; n=1
3-Do =0,1; n = 4
4 - Do = 0,7; n=2
5-Do - 0,7; n=4 Puc, 26 Mpogunn 6e3pas3mep-

HoW CHOPOCT UM noTeka

1> =0, 3 G =0,1;
ypaBHeHVe 5a - 2 - Wo = 0?7; G =0,1;

3 -Wo =0,1; G = 1;
ypaBHeHne 56 - 4 - Wo = 2,5; G = 3;
ypaBHeHne 58 - 5 - Wo =0,7; G = 3,5;

Mogens N 2 coCTOUT HenocpeACTBEHHO W3 ypaBHeHus (2), npuyem
3aBucumoctn D (1) m W (1) 3agaBasiCcb KaH onucaHo Bblwe, a D (¢) no-
narann HOHCTa@HTHOW W B pas/IMyHbIX BapuaHTax BapbupoBam ot 0,1 po 1.
O6e wmogenn npegnonaranv npoTekaHne B CUCTEME OHOM XUMUYECKOW pe-
aKuuu nepsoro rnopsaka

KaTta/im3aTtop
Ar ——————- > AU —m——mmm e 3 MPOAYHTHI

UncneHHoe peleHne ypaBHeHMﬁ MaTeMaTU4YeCKOro onumcaHusa 6bi1o noJsly4eHo

ona mogenu N 1 metogom KpaHka-HukonbcoHa C21), a gna mogenu N 2 -
MeToAoM YycTaHoBneHua C22). [Mpu 9TOM WUCNOMb3OBA/INCL  Cleaywume Kpa-
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eBble M HauyasbHble ycnoBuss g B (U, G )-

eCn O =0
0 (0, C< O = 1;

C6)

NMocTaBneHHas Bbille 3ajadva 6GbUla pelleHa Hamm paHee C¥? ana  60-
Nlee MpocToii mMofgenu, KoTopas BbiTeKaeT U3 ypaBHeHus (2), €ecnM B HeM
npeHebpeyb BTOPLM YIEHOM MpaBoii YacTM U 33aaaTb 3aBucumocTu D C p )
mwOCn) B Buge

DCM) = const = 1; W(n) = const = 1;

T.e, MpeanosioxMTb, YTO Bce TypOyneHTHbe nynbcauuu, AeiicTBywume B
Hanpae/feHUM MNepneHauKyIsiPHOM H MOBEPXHOPTU €AVMHUYHOI0 06pa30BaHuisl,
[OCTUranT nocnefHeli He 3aTyxasi-

B pe3ynbTaTe pelweHWs YypaBHEHWA MaTeMaTU4YecKOro onucaHusa 4ss
3TOl mMogenu 6bU10 NMoKasaHO Hamdve obnacrteir T.H. "6biICcTpbX” U '‘mMen-
NeHHbIX" peakunii B 3aBWCMMOCTWM OT BeNU4YMHbl OTHOWeHus ¢2/Pe. 06nacTtb
"BbICTPLIX'" "peakumii Gblna nosydeHa npu $2/Pe>10 n XapakKTepu3yeTcs He-
YYBCTBUTE/IbHOCTLI0 MeXdpasHOro AndPy3noHHOro MnoToKa K MUHPOrvapoauv-
HaMMKe B MNOrpaHNUYHOM cnoe. [locnegHee sBeHNe OOBACHAETCA TeM,  4To
"ObICTpbE"” peakunn 3aBepuanTCA B O4YEHb TOHKOM MOBEPXHOCTHOM cCroe
Jaxe npu JO0BOJSIbHO 60/bWMX 3HaueHusix Pe. 06nacTb "'Mef/ieHHbIX™ peak-
uuin 6elna nonydeHa npu $2/Pe<0,1 n xapakTepusyeTcsa coBNajeHnem pe-
WeHUs ypaBHEHWII MaTeMaTUYeCcKOro OnWcaHWsa MOAeNn C  acUMNTOTUYECKUM
peweHnem npu $=0. 3TO 06CTOATENLCTBO AaeT BO3MOXHOCTb MpM  pacyeTe
OUhPYy3MOHHOIro MNOTOKa CBECTU 3ajadvy K pacuyeTy (uanyeckoii abcopbuum,
npeHebperas KWHETUYECKUM YJIEHOM B YPaBHEHUAX MaTemMaTuyeckoro onu-
caHus

Pe3ynbTaThl pacyeToB A1 mogeneli, 06CyxgaeMbiXx B HacToswel pa-
6oTte, npeacTaBneHsl Ha puc. 3 u 4. HpuBaa 1 Ha puc. 3a,6 cCOOTBETCT-
ByeT acuMnTOTUYECKOMY peweHunio npu Pe=0. /3 yKa3aHHbIX PUCYHKOB BU[-
HO, 4TO npu ycnoBun h2/Pe>10 peweHve A 0benx Mopesneil coBnajaeT C
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obpa3zom, "

acmMnToTuyeckum peweHvem npnm Pe=0 Co6nactb 1), Takum
peaHunin

Oona aTux 6onee CroXHbIX Mogenel rpadHvuen obnactm  "6bICTpbIX'
aBnseTca Kpusaa $©2/Pe=10,
J

Puc. 3a. 3aBucumMocTb 6e3pa3mepHoro aunhipy-
3MOHHOro noToKa OT napameTpa ¢
(mopgenb N 1, Wo=0,5; Do=0,5;
n=2; G=0,5,)

Puc. 36. 3aBucmMocTb 6Ge3pa3mepHOro Aundpdy-
3MOHHOro MoToKa OT napaveTpa ¢
(mopenb N 2, Wo=0,5; bo=0,5;
n=2; G=0,5; D(G)=0,7.)
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/3 BbllleCcKa3aHHOro cnefyeT, 4TO €C/M BLHINOMHAETCA HepaBEeHCTBO
©2/Pe>10, TO CKOpOCTb Mpouecca /AUMUTUPYETCS TFUOAPOAVHAMUKON, Bbl-
6paHHbIi  TMOPOANHAMUYECKON pexuMm 419 Takoi "peakumm  SBASETCA Hepoc-—
TaTO4YHO WHTEHCUBHLIM U MMEETCHA BO3MOXHOCTb YBE/IMYEHUA CKOPOCTU MNpPO-
TeKaHusa npouecca B UEeNoM NyTeM MHTEeHcupukaumm rungpogmHaMmyeckoro
pexuma.

HpvBasn 1 Ha puc. 4a,6 COOTBETCTBYET aCUMMNTOTUYECKOMY pPELEHWUI0
npu ¢=0. MNpu ¢2/Pe<0,1 (obnactb I111) peweHne ypaBHeHus (2) nNpakTu-
YyecKn coBnagaeT C acUMNTOTUYECKUM peweHuem npu ¢=0. T.e. rpaHuua
obnactn ''MeANneHHbIX" peakuuii  Takke OocTaslaCb Hen3MeHHol. CKOpOoCTb
npouecca B LE/IOM B 3TOM C/iy4yae J/MMATUPYETCH CKOPOCTbI0 XUMUYECKOrOo
npespaweHns u oA UHTEHCupuKauuMmM npouecca cnegyetr WCKaTb BO3MOX-—
HOCTb YBENNYNTb CHOPOCTb COGCTBEHHO XMMWYECKOW peaHLuu .

Puc, 4a. 3aBucumocTb 6e3pa3mepHoro Auvg-
(y3MOHHOro noToka OT napameTpa Pe
(mogens N 1, Wo=0,5; Do=0,5;
n-2; G-0,5,)
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Puc. 46. 3aBucumocTb 6e3pa3mepHOro auep-
(hy3MOHHOro noTOoKa OT napameTpa Pe
(vogenb N 2, Wo=0,5; Do=0,5;
n=2; 6=0,5; DC0=0,7.)

OnpepeneHHbin MHTepec npeacTaBnseT BOMPOC O 3aBUCUMOCTU Benu-
YMHBl  CcpefHero AupPY3MOHHOro MnoToHa OT napamMeTpoB,BXOJAWUX a ypaB-
HeHna (A) un (5a)-(58B) wn onpegenswouux Bug npopuieii  KoahdhuumeHTa
OUDPY3nM 1M CKOPOCTU MOTOKa.

Hak 6bil0 yKa3aHO Bblle, WCMO/Ib30BaHHbIA HamMM BWh,  3aBUCUMOCTMU
KOaphmumeHTa Aupdy3nnm OT pacCTosHUA A0 MNOBEPXHOCTU pasgena (a3 no-
Nyynn aKcrnepumeHTaslbHOE MOATBEPXAEHUEe,  OfHaKo, [0 Cux nop cpeau
uccnegoBaTenein HeT €OUHONO MHEHMA MO  BOMpOcaM O Be/MYuHe nokasa-
Tensa creneHn B ypaBHeHUM (A) M O TOM MNPOHUHAWT /M TypOYy/NeHTHble
nynbcauum K MNOBEPXHOCTU pasfena, 4TOo onpegenseTt BenuyuHy Do (23).
Mony4yeHHble B HacToslwel paboTe 3aBUCMMOCTU  BeMYMHbI CpefHero gug-
(y3MOHHOro noToka OT napameTpoB Do n N, npeacTaBfieHHble Ha puc. 5,6
NO3BONAKT cAenaTb BbIBOA O TOM, 4TO ANA /6bIX OTHOweHwid h2/Pe atwn
3aBUCHMMOCTWN SABNAINTCA BeCbMa CYUWECTBEHHbIMW, a 3TO AMKTYeT Heobxoan-~
MOCTb MOCTaHOBKM 3KCMNEepUMEHTa/IbHbIX paboT no  onpefeneHnio  UCTUHHbLIX
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3HaveHnn DO u n. B TO xe Bpemsa, KakK cregyetr U3 puc.

sX N OoT 2 o 4 HabnojaeTcss OOBOMbHO — cnabast

3aBNCUMOCTb
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6 npn 3HayeHun-

J or n,

UTO BO3MOXHO, W 06yCnaB/IMBAET MOJIlydYeHMEe PasfIMyYHbIMU aBTOpaMuM 3Haude-
HUA N OT 2 00 4 NMpU KOCBEHHOM OMpPeAeneHun BefMUMHbI M.

J

Pnc. 5. 3aBucumocTb 6e3pa3mvep- Puc.
HOro Augpy3MOHHOro no-
TOKa OT napameTpa Do
Cvogens N 1, Wo=1,
n=2; G=1.)
- Pe=1000; = 1;
- Pe=300;  ¢2- 1;
- Pe= 100; m= 1;
- Pe= 10; m= 1
Pe= 3; m= 1
- Pe= p @@= 1;
- Pe=10; 2=100;
- Pe= y ($2=100:
- Pe= 0.5 $2=100.

OCoO~NOUAWNER
I

Ha puc. 7 npeAcTaBneHa  3aBUCUMOCTb  CPeAHEero

6, 3aBUCUMMOCTbL 06e3-
pa3mepHoro aAuggy-

3MOHHOI O
OT napameTpa n

NMOTOHa

Cmopenb N 1 0 m
Do=0,1; G=1

1 - Pe*300; h2= 1:
2 Pe=100; h2= 1;
3 - Pe= 10; 2= 71;
4 Pe= 3; 2= D
5 Pe= 1; (*) = 1;
6 Pe= 10; 2=100;
7 Pe= 1;: $2=100;
6 Pe= o0,5; ¢$2=100.

6e3pa3mepHOro

OVDDOY3MOHHOIO MOTOHA OT KOo3gpuuueHTa Andpy3mm B HanpaBieHUn Mo Ka-
caTeflbHOW H NOBEPXHOCTW pa3gena (a3. BnvaHMe 3TOoro napameTpa Takxe
ABMSETCHA CYWeCTBEHHbM MpuW npoTekalun npouecca B /060K M3 yKa3aHHbIX

obnacTeii.
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R L e R T 0 I 1 1 1 rvarre

0.01 0.1 1

Puc. 7. 3aBucumocTb 6e3pa3MepHoro aupipy-
3MOHHOro0 notoka oOT napameTpa D(¢)
Cmopenb N 2, Wo=0, 1; Dg=0,01;

n=2; G=2)
Pe=100; ¢2:1; 5 - Pe=G,5; ¢92=1

- Pe= 30; o¢2=1; 6 - Pe=1; $2=10

- Pe= 10; o¢2-1; 7 - Pe=0,5; 210

- Pe= 3; $2=1;

AN PR

HaH cnegyeT un3 puc. 8,9 B o6nacTtm '6LICTPLIX” peaHuuii BennuuHa
cpegHero AMp@y3VMOHHOINO MNOTOKa He 3aBUCUT KakK OT napavMeTpoB, onpe-
JenawowmMx Bug Npopuias CKOPOCTU, TaK M OT TOro no KakoMmy u3 ypaBHe-
Huii C5a5-C5B) paccunTbiBasio 1 9TOT nNpopuib. 3JTO 06BACHAETCA  Tew,
UTO, Kak ObU/I0 yKasaHO Bblue, MNpy OTHoweHun (G2/Pe>10 ToNuMHa KOHUEH-
*TPaUMOHHOI 0 MOrpaHUYHOro C/i0A 3HA4YUTENbHO MeHblie TOJMWWHE  FUAPOAN-—
HaMM4yeCcKoro norpaHnWyHoOro Ccrfosi, rAe CYWeCTBEHHO B/UAHWE  WN3MEHEHUA
CcKopocTu noTtoka. [MNpu $2/Pe<10 cpegHuiAi 6e3pa3mMepHblii  AnghY3MOHHbIN
NOTOK YyBeNnunBaeTCA B MNoATopa - fABa pa3a npu WU3MeHeHun 3HadveHnsa Wo
or 0,1 pmo 1.
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J
Pnc. 6. 3aBucumocTb 6Ge3pasmep- Punc. 9. 3aBucumocTb 6e3pas-
HOro AU(PY3MOHHOro no- MEPHOro ANMHY3NOHHO-
Ka oT napameTpa Wo ro notoka oT napa-
(mogens N 1, Do=q; meTpa G (mogens €& 1,
n-1; G=1.) Wo=0,1; Do=1; n=1.)
- Pe=1000; o¢2= 1; 1 - PelO00; ($2=100;

- Pe= 300; 2= 1;
- Pe= 100;: o2=m 1;
- Pe= 10; o¢2= 1;
Pe= 3; 2= 1;
- Pe= 1; ¢o2=m 1;
- Pe= 10; ¢2=100;
- Pe= 1; ¢2=100;
- Pe= 0,5; ¢2=100.

- Pe= 300; 2= 1;
- Pe= 100; ¢2= 1;
- Pe= 30; o02- 1;
Pe= 10; ¢2= 1;
- Pe= 3; ¢02- 1;
- Pe= 1; 02= 1;
- Pe= 1; $2=100;
- Pe= 0,5; ©$©2=100.

Co~NoOP~WNE
1
ooNo,PWN
I

B 3aksueHne xo4yeTcs OTMETUTb, UTO CAenaHHbe B AaHHOoli paboTe
BbIBOAbI CMpaBeAMBbl A1 MJIEHOYHOrO NM6G0 MOPWHEBOr0 PEXMMOB  Te4YeHus
raso-XugKocTHoOli cmecu. [IpMMEHUMOCTb PAaCCMOTPEHHLIX Mogenel gns  ny-
3bIPbKOBOIO pexyVMa TeUeHUsl AO/kHa ObiTb  AOMOMHUTENbHO Uu3y4yeHa, MO-
CKO/IbKY [OMylWeHNne O [MJIOCKOM MOBEPXHOCTVM  eAUHWYHOro 06pasoBaHus U
njockonapasfieflbHoM 06TeKaHuM B 3TOM C/lyydae SBSIETCA  Cepbe3HbIM
YNpoWeHnem peasibHOW (M3NYEeCKOW KapTuHbl. [lpoBepKa cpaenaHHbiX BboB:I .0a
Ha 0onee C/OXHLIX MOZEensx sBNSeTCA fasibHelweli 3ajayeil aBTOPOB Ha-
cTosiell paboThl.
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BEIPAXEHVE BNATOAAPHOCTU

ABTOpbl BbipaxawT 61arofapHoCTb AOKTOpy Woxedy XongepuTy 3a nnogo-
TBOPHYI0 AUCKYCCUI0 NpU,NOCTaHOBKE 3ajauv.

OBO3HAUYEH/S
Ct

r X «w

Wo

n
WC n) n -

KOHUEHTpaumsa pearvpywuero KOMMNOHEHTa B XuAKoh da-
3e, Monb/m3;

paBHOBECHas KOHLEeHTpauusi i-TOro KOMMOHEHTa B Xuia-
HOCTU, MONb/M3;

KO3OMUMEHT TypbyneHTHOW anphy3um BAaM OT MOBep-
XHOCTU pas3gena (a3, M2/ceH;
CYMMapHbiii KO3QPULUMEHT  HOHAYKTUBHOIO
TOro KOMMOHEHTa MO J-TOW HoopguHaTe, M2/CeH;

nepeHoca i-

- 0 -—

CKOpPOCTb Ob6pa3oBaHMsA §-TOFO0 KOMMOHEHTa, Monb/
Cm3''ceK);

CKOpPOCTb 06pa30oBaHMs 1-TOFO0 KOMMOHEHTa B KWUHETU-
yeckoii o6racTv npoTeKaHust peakuun, Monb/Cm3*cek);
napameTp B ypaBHeHuAx C5a) - C5B);

WHOEKC KOMMOoHeHTaN

WHOEKC KOOpAMHATSHI;

OCpefHEeHHbI -6e3pa3mMepHbii AN(GHY3NOHHbIA NOTOK;
YMNC/I0 KOMMOHEHTOB;

XapaKTepHbli NNHEelHbIA pa3mep No KoopguHaTe X,M;
XapakTepHbIA NuHelHbIi pa3vep Mo KoopauHate y,M;

napaveTp B ypaBHeHuu CA);

J-Tasa cocTaBnfawwas CKOpPOCTU MOTOoKa, M/CekK;
CKOpPOCTb Te4yeHusi NOoTOKa BJaan OT MNOBEPXHOCTM pa3-
nena (a3, M/cek;

napameTp B ypaBHeHusix C5a) - (5B);
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X=Xi - NpoAo/sbHAas KoopAauHaTa Mo TEeYeHW MoToKa, M;

y=x2 * NepneHauKy/isipHas K MOBEPXHOCTU ra3-XMAKOCTb KOoOop-
AvHaTa, M;

T - Bpewmsi, CekK;

o
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SUMMARY

The hierarchic model of the gas - liquid reactors was
constructed and the problems are discussed which arise at the
solution of the equations used for the mathematical description
of the second level of the model.

Equations were derived for the mathematical description
based on the simplification of the mass transfer equations. In
this work the attenuation of the turbulent diffusion coefficient
and the alteration of the direction of flow rate being
perpendicular to the boundary surface were taken into account.

The analysis of the results showed the domain of the 'fast"
and "slow" reactions as the function of ©2/Pe dimensionless
parameter ratios.

Moreover the effect of the diffusion coefficient and the
parameters describing the profiles of the flow rate were
analysed.
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Investigations were carried out in furan produc-
tion from furfural concerning catalysts with different
palladium contents. The catalysts containing 2.5 w.%
palladium on alumina was found to be the most suitable
from the investigated catalysts. Furfural conversion
of 100 % and a furan yield of nearly 100% were measured
under the given parameters. Because its major loadabi-
lity and productivity it 1is suitable for industrial
utilization in furan production.

In the previous papers [l1,2J the possibilities of furan pro-
duction from furfural, the oxidative decarbonylation in the pre-
sence of steam and the reductive decarbonylation in hydrogen were
investigated. During the examination of the reaction,several noble
metal catalysts were tested and the palladium catalysts were stat-
ed to be the most suitable ones.Catalysts containing 1.6 and 2.5w.%
palladium showed good selectivity,good loadability and productivity.

The tests carried out to establish the fatigue and regener-
ating properties of catalysts justified the view that catalysts
are adequate for the industrial realisation of furfural decarbony-

lation.

The present paper presents the results measured at atmos-
pheric pressure of different palladium content catalysts supported
on alumina. The technological parameters play a major role iIn the
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heterogeneous catalytic decarbonylating reaction. The role of tem-
perature, the furfural/hydrogen molar ratio, and the liquid load
were investigated to establish the optimum parameters.

EXPERIMENTAL

The decarbonylation of furfural was investigated on five
kinds of catalysts (0.65; 1.1; 1.6; 2.5;5.0 w.% palladium content)
To increase the activity of the catalysts they were treated in a
special way 1in order to ensure that in long active periods big
loadability and productivity should be reached.

The pretreatment of the catalysts involved a gradual tempe-
rature increase iIn a hydrogen stream. There was need for gradual
temperature increase, because of the close relation between the
decrease of the catalyst activity in the working period and the
large scale change of the specific surface of the catalyst.

The specific surface change of the catalyst containing
2.5 w.% palladium with a specific surface of 250 m2/g is shown
in Table 1, in the function of the time and treatment.

Table 1. The change of the specific surface in the function of the
temperature and time

Time Temperature Specific surface
O m27/9)
4 200 225
4 300 195
4 400 185
4 500 149

s data confirmed that the structure of the catalysts had
changed considerably. To avoid a decrease of catalyst specific
surface an activating method was elaborated and 1its application
does not result in large scale change of the specific surface of
the catalyst.

Both the velocity of the heating up and the temperature held
in the hydrogen stream are the sensitive parameters of the gradu-
ate activation. According to these the temperature of the catalyst
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was raised to 100 °C during two hours and 220°C was attained dur-
ing eight hours (15 °C/h), following this 300 °C was attained by a
heating velocity of 5 °C/h. After the attaiment of 300 °C, the ca-
talyst was held at this temperature for 10 hours.In such a way the
decrease of the specific surface of the catalyst was below 10 %.
The catalysts for the decarbonylating experiments were pretreated
as mentioned earlier.

DISCUSSION

Decarbonylating Experiments on the Catalyst Containing a Lower
Amount of Palladium

The experimental results derived from the lower palladium
content catalysts are shown in Table 2.,where the furfural conver-
sion (%) is iIn the function of the temperature (°C),and the liquid
load (cc furfural/cc catalyst._hour). It was justified by the meas-
uring data that in the case of a higher palladium content the fur-
fural conversion, the rate of decarbonylation is higher.ln connen-
tion with the conversion data presented in the Table, it should be
mentioned that they are equal to the furan yields as the amount of
the by-product did not surpass 1 %.

The optimum temperature of the decarbonylation is 300 °C,
higher or lower temperature powerfully decreases the furfural con-
version. The catalyst containing 0,65 w.% palladium 1is not suit-
able for industrial utilization.In the case of a catalyst contain-
ing 1.1 w.% palladium,better furfural conversions and furan yields
were achived. A catalyst can be used as far as 320 °C with a lower
liguid load, at a higher temperature the furfural conversion de-
creases because of the résinification of the furfural and its de-
position for active sites. |Its use is not appropriate because of
the large residence times which are necessary for the attainment
of a good conversion. Conversion of 97 % and selectivity of nearly
100 % for furan were attained by catalyst containing 1.6 w.% pal-
ladium. The catalyst retained its activity for a long time, but
the tract of time of the active periods showed a decreasing trend
after the regenerations.
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Decarbonylating Experiments on a Catalyst Containing 2.5 w.%
Palladium

The experimental data are summarized in Table 3. The results
are illustrated in Figures 1, and 2.

The effect of the liquid load and the furfural/hydrogen mo-
lar ratio on the furfural conversion can be followed 1in Figure 1,
at the same temperature,while the effect of the temperature can be
stated in Figure 2 at a constant liquid load and furfural/hydrogen
molar ratio.The strong effect of the temperature on the decarbony-
lating raction was confirmed in both cases. 300 °C seems to be the
optimum temperature under the examined conditions.

The furfural conversion and furan yield decrease at the tem-
peratures deviating from the optimum. The furfural/hydrogen molar
ratio of 1:1 was considered to be the most suitable one at 300 °C,
while the furfural/hydrogen molar ratio of 1:1.5 was stated at 340
and 270 °C, which can be explained with the furfural/hydrogen sys-
tem and the order of the residence times. The furfural conversion
is 100 % as far as the value of 0.75 cc furfural/cc catalyst-hour
at 300 °C and beside the furfural/hydrogen molar ratio of 1:1.

The furéan yield is nearly 100 % at the same parameters. Fur-
fural conversion and furan yield of nearly 80 % were also measured
beside the liquid load of 3.5 cc furfural/cp catalystehour.ln a ca-
se of a bigger liquid load than 0.75 cc furfural/cc catalyst-hour
larger scale fatigue- and frequent regenerations must be taken into
consideration.In a view of this a catalyst containing 2.5 w.% pal-
ladium is suitable for furan production at 300 °C furfural/hydrogen
molar ratio of 1:1 and with a liquid load of 0.75 cc furfural/cc
catalyst-hour.
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Decarbonylating Experiments on a Catalyst Containing 5.0 w.%
Palladium

The measured data derived from a catalyst containing 5.0 w.%
palladium are summarized in Table 4. The rate of the furfural con-
version in the function of the parameter change is illustrated in
Figure 3 and 4. The connections constructed in the figures unambi-
guously-confirmed that a catalyst containing a higher amount of
palladium has remarkably good decarbonylating properties.

At higher temperatures than 270 °C, the furfural conversion
and furan yield are 100 %. Furfural conversion of 100 % was meas-
ured at 300 and 340 °C with a liquid load of 3.0 cc furfural/cc
catalystehour.

The increase of the furfural/hydrogen molar ratio decreased
the conversion. The furfural/hydrogen molar ratio of 1i.0.5 proved
to be the optimuin, because of the high palladium concentration. To
protect the catalyst activity it is not expedient to work at a
lower molar ratio than 1:1.

The increase of the furfural/hydrogen molar ratio decreases
the rate of the furfural conversion, and this effect is clearly
indicated at a lower and higher temperature than 300 °C. These
statements are also valid for the change of the liquid load. A ca-
talyst containing 5.0 w.% palladium was found to have the most
suitable decarbonylating properties from the examined catalysts.

A three-dimensional diagram (Figure 5) was constructed for
the characterization of the reaction parameters; the furfural con-
version, palladium content and temperatures were indicated on the
axes. Connections were sought at a constant furfural/hydrogen mo-
lar ratio and liquid 1load (0.2 cc furfural/cc catalyst*hour). The
conversion values belonging to the same palladium content, but to
different temperatures were designated by thin continuous lines.lIn
the case of lower palladium contents the effect of the temperature
causes a maximum curve (300 °c) while in the case of higher palla-
dium contents (2.5 and 5.0 w.%) the optimum temperature range ex-
pands (270 to 340 °c).
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The above mentioned curve determines a plane- its outlines are

destignated by dotted-broken [lines-which shows the furfural con-
version in the function of the palladium content. A thin broken
line marks the change of the furfural conversion in the function
of the palladium content of the catalyst at a constant temperatu-
re (300°C) and with constant "liquid loads (0.2; 0.5; 1<0; 1.5 cc
furfural/cc catalyst-hour.)

The inscribing of the planes belonging to a bigger liquid
load than 0.2 cc furfural/cc catalyst-hour would have disturbed
the clear illustration, therefore only their isocurves are shown
belonging to 300 °C (thin broken lines).

On the basis of the decarbonylating experiments the catalyst
containing 2.5 w.%(possibly 1.6 w.%) palladium can be stated to be
the most suitable ones among the investigated catalysts from the
point of view of industrial utilization taking into consideration
the production costs of the catalysts. The use of a catalyst con-
taining 5.0 w.% palladium would 1increase the production cost of
furan on an extreme scale.

A catalyst containg 1.6 w.% palladium has short active periods
after the regenerations [2], therefore its use iIs inexpedient.
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PESIOME

Bbli npoBefeHbl OMbITHl MO MOMYYEHUO (ypaHa u3 Oypdypona € Ka-
Tanusartopamm pas/IMYHOro cogepxaHusa nannagusa. U3 umlydaemblX  KaTtanm-
3aTOpPOB cambiM BbIFOAHLIM OKa3a/ics KaTanm3aTop, cogepxawwin 2,5 Bec.N
nannagua Ha amoMuHUU.  Bbiiv namepeHsl 100%-Haa KoHBepcusa — gypdypona
n NpnéanauTtensHo 100%-Heli BbIXO4 (PypaHa nNpu LaHHbIX MapaveTpax. Mves
B BuAy 3arpyxaemocTb W MNPON3BOAUTE/IBHOCTb Crnocoba, OH SABAAETCH Bbl
rogHbIM O MNPOMbLIW/IEHHOr0 MPUMEHEHNSA B MPOU3BOACTBE (ypaHa.
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Veszprém University of Chemical Engineering
and *Petfurdd, Nitrogen Works)
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Experiments were carried out for the Kkinetic
investigation of the decarbonylation of the Ffurfural
useing a catalyst containing 2.5 w.% palladium. The
rate and kinetic equations were stated on the basis of
experimental data at 300 °C at a furfural/hydrogen mo-

lar ratio of 1/1. According to the calculations, the
rate determining partial process is the surface reac-
tion .

In previous papers [1,2,3] investigations pn furan produc-
tion, and the parameters of the decarbonylating reaction were dis-
cussed. The effects of the temperature, the furfural/hydrogen mo-
lar ratio and the Uliquid load were investigated, and the most
suitable catalyst - metal palladium on an alumina supporter - was
selected from the catalysts for the decarbonylation of the furfu-
ral .

The kinetic investigation of the decarbonylating reaction
is discussed here.
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EXPERIMENTAL

The kinetic study of the decarbonylating reaction which ta-
kes place at an atmospheric pressure in the presence of hydrogen
was carried out in accordance with the previously mentioned paper
[3] on a catalyst containing 2.5w.% palladium on an alumina suppor-
ter. The experimental apparatus and the analytical methods are dis-
regarded here, as they were discussed in.detail earlier [1].

The experiments were carried out at 300 °C and at three
different furfural/hydrogen molar ratios (1/0.5;1/1;1/2) with in-
creasing feed rates (liquid loads:cc furfural/cc catalyst.hour) in
order that different residence times should be attained. The de-
carbonylation of the furfural was also investigated without the
presence of hydrogen. The results obtained under these conditions
are indicated in the tables as furfural/hydrogen molar ratio of
1/0. The calculation of the Kkinetic study was based on the analy-
sis of the raw material and the product, and on the method used by
SZABO [4].

The calculating method, the rate and kinetic equations in
accordance with the presumed mechanism can be found in a previous

paper [5]-

DISCUSSION

In the interest of the alternation of the residence time,
the liquid load was varied between 0.75 and 4.00 cc furfural/cc
catalyst‘hour. It is to be noted that in the case of lower liquid
loads than 0.75 cc furfural/cc catalystshour both the conversion
and the furan yield were 100 %. The experimental data are summa-
rized in Table 1, where the furfural conversion, the methyl furan,
the tetrahydrofuran yields are indicated at the furfural/hydrogen
molar ratios of 1/0;1/0.5;1/1;1/2. On the basis of the data, it
can be stated that, the increase of the liquid load decreases the
rates of the furfural conversions and yields.
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Table 1.The conversion and yield values

ent liquid
300°C.

Conversion )
Furan yield
Metilfuran yield %
THF yield

Conversion (%)

Furan yield %)
Metil furan yield %
THFE )

Conversion
Furan yield
Metil furan yield %
THF yield &

Conversion %
Furan yield %
Metil furan yield %
THF yield(%)

Decarbonylation

of Furfural 141

in the function of differ-

loads and furfural/hydrogen molar ratios at
Furfural/hydrogen molar ratio = 1/0
Liquid load (cc furfural/cc catalyst-hourj
0.75 1.0 1.5 2.0 3.0 4.0
98.5 92.0 81.0 50.0
97 .0 91.0 80.0 49.1
1.5 1.0 1.0 0.9
0.0 0.0 0.0 0.0
Furfural/hydrogen molar ratio = 1/0 .5
Liquid load (cc furfural/cc catalystehour)
0.75 1.0 1.5 2.0 3.0 4.0
99.0 98.1 94.0 89.6 79.0 62.0
97.1 95.0 89.0 83.8 74.0 58.0
1.9 = 2.6 3.0 3.8 3.0 2.8
0.0 0.5 2.0 2.0 2.0 1.2
Furfural/hydrogen molar ratio = 1/1
Liquid load (cc furfural/cc catalyst<hour)
0.75 1.0 1.5 2.0 3.0 4.0
100.0 99.0 96.5 92.0 84.5 76.0
96.3 94.6 92.2 88.0 81.1 73.8
2.6 3.0 3.0 2.8 2.4 1.6
1.1 1.4 1.3 1.2 1.0 0.6
Furfural/hydrogen molar ratio = 1/2
Liquid load (cc furfural/cc catalystehour)
0.75 1.0 1.5 2.0 3.0 4.0
100.0 94.0 84.5 80.0 69.3 47.0
92.0 87.1 76.0 70. 1 65.0 44.5
3.2 3.9 5.1 5.4 2.0 1.5
2.7 3.0 3.4 4.6 1.3 1.0
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The measured data were
lation between the furfural concentration

cal space velocity (1/S).

The calculated values are given

Table 2. Values calculated from the experimental

B " 10 9/s)
S eio (g/9s)
1/3-10 (9/s)
mole/

aso  (mOle/O)

F :H2=1/0

F:H2=1/0.5
I'yp')tlllo F:H2=1/1
(mole/qg) F:H2=1/2

The furfural concentration
cal space velocity is illustrated

Liquid

0.

4
2
0
1
0
0
0
0

75

.833
.554
.392
.04
.030
.020
.0
o

investigated molar ratios.

carbonylating reaction

can be read from Figure 1.

and in Table 3. according to the

AL

Rtdey

and Mrs.

used for the

E. Csaszar

illustration of the re-
(yA)t and the

in Table 2.

data

recipro-

load (cc furfural/cc catalyst-hour)

O O O rr r O w o

1.0

.444
.405

.294

.04

.280
.190
.145
.826

in

1.5 2.0
9.667 12.889
5.109 6.812
0.196 0.147
1.0 1.4
2.940 4.64
0.854 1.452
0.503 1.131
1.836 2.138

the function
in Figure 1. 1in

The specific reaction
of the furfural
O (va- values corresponding to the given

dqv

dC1/s) -

AVt

can be
values of A(1/S), which

A QA5

3.0

19.317

10.209
0.098
1.4
2.820
2.129
4.021

4.0

25.776

13.613
0.735
1.0
4.800
3.198
6.361

of the recipro-
addition to the

rate of

the de-

calculated with

investigated molar ratios.
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The specific reaction rate in .the function of (YA)t is demonstra-
ted iIn Figure 2. The reaction rates and the mole fractions were
calculated on the basis of Figure 2. and the mass of the catalyst.
The calculations are summarized in Table 4. Figure 3.was construc-
ted on the basis of Table 4. which resulted in a linearized rate
equation corresponding to x/W vs. x relation according to the fol-
lowing rate equation:

w
al + b1? + cXpBl

and to the kinetic equation

W =
1+ V a + Kbi Pbi

respectively. The symbols are the same as used in a previous pa-
per [5]- (Other ordinates correspond to the lines of Figure 3.)

Fig.1l. Furfural concentration vs. reciprocal space velocity.
T = 300 °C
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Table 3. The calculation of the specific reaction rate

CwnS 1@ ypo 00 OTms SeRfo

T

o

PO 6

1

1/se<lo”
(gs/9)

0.10
0.15
0.20
0.25
0 .30
0.35

0.075
0.125
0.175
0.225
0.275
0.325
0.375

0.10
0.15
0.20
0.25
0.30
0.35

0..15
0..18
0.21
0.24
0.27
0..30
0.33

yfHt-i°3
(mole/g)

3.83
2.60
1.78
1.24
0.82
0.38

2.50
1.37
0.77
0.39
0.27
0.05
0.01

2.62
1.40
0.73
0.41
0.19
0.09

4.44
3.46
2.70
2.10
1.63
1.27
0.80

Vol

w- 106

(mole/g

2.02
1.36
0.96
0.86

1.73
0.98
0 .50
0.34
0 .26

1.89
0.99
0.54
0.33

3.26
2.54
2.00
1. 58
1.2
1.5
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Fig.2. The specific reaction rate vs.furfural concentration T=300°C

Fig-3.

The

linearized rate equations based on Equation 6a.

0.31

0.30

0.29

0.28

10.24

in ref_[5].-
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Table 4. Data of the linearized kinetic equations

Furfural/hydrogen molar ratio

1/0
(YAYE-103 (molesq) 0.5 1.0 1.5 2.0 2.5 3.0
6
w- 10 (mole/gs) 0.48  0.96 1.43  1.90 2.36 2.82
W- 10« (mole/s) 9.08 18.16 27.05 35.94 44.65 53.35
f2(yB) - (y) J “102 2.03 1.98 1.93 1.88  1.83 1.76

(mo le/g.)

(YA>t

X* E 102 2.427 4.975 7.653 10.471 13V440 16.574
7 V]

x/w - 10-* (s/mole) 0.267 0.274 0.283 0.291 0.301 0.310
1 - X 0.975 0.950 0.923 0.892 0.865 0.834
\JT-X 0.987 0.974 0.960 0.946., 0.930 0.913

(sl”molel 51.698 52.337 53.185 53.977 54;.865 55.736
2582 - w

(s1nr2/mole 1/a)2561.6 2595.0 2631.5 2671.8 2716.3 2765.9

ast-103 (mole/) 0.2 0.4 0.6 0.8 1.0 1.2 1.4
W= 106 (mole/gs) 0.27 0.54 0.81 1.08 1.35 1.62  1.89
w.106 (mole/s), 5.10 10.21 15.32 20.43 25.54 30.65 35.75

2V o-@ J-102 2.06 2.04 2.02 2.00 1.98 1.96 1.94

(mole/Qg)
- 172 A>T .102 0.970 1.960 2.970 4.000 5.050 6.122 7.216
2]Vo -~A)t
X/Weio_I* (s/mole) 0.190 0.192 0.194 0.196 0.198 0.200 0.208
1 - X 0.990 0.980 0 .970 0.960 0.949 0.938 0.927
NI - x 0.995 0.990 0.985 0.979 0.974 0.968 0.963
2/mole 172) 43.595 43.388 44.025 44.244 44_.467 44.694 44.892

"1F
X

1872 W (s1~/mo lel/a)1844.4 1853.4 1862.8. 1872.4 1882.7 1893.2 1904.1
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Continued Table 4.

Furfural/hydrogen molar ratio

1:1
vtr 103 (mole/g) 0.2 0.4 0.6 0.8 1.0 1.2
w =106 (mole/gs) 0.26 0.52 0.78 1.04 1.28 1.54
W 10® (mole/s) 4.91 9.81 14.68 19.67 24.21 29.13
-
- =]
R2(yAo v, & o 2.06 2.04 2.02 2.00 1.98 1.96
(mole/g)
GA>tT 11020 .970 1.960 2.970 4.040 5.050 6.122
2(yA)o- (yA>t
X/W-10-i*(s/mole) 0.197 o0.200 0.203 0.205 0.209 0.210
1 - X 0.990 0.980 0.970 0.959 0.949 0.938
"Il -x 0.995 0.990 0.985 0.979 0.974 0.96é

\Yy” <s~2/molel/a) 44 426 44.699 44.978 45.312 45.667 45.840

X

1948 W 1912.9 1922.2 1931.9 1942.3 1952.3 1964.3

(Sl/Z/mOrel/Zy

1:2
(YA)t-103 (mole/g) 0.5 1.0 1.5 2.0 2.5
wlO6 (mole/gs) 0.389 0.775 1.157 1.536 1.910
WIO* (mole/s) 7.35 14.65 21.88 29.06 36.13

R <yA>0-<yAst] -102 2.03 1.98 1.93 1.8  1.83

(mole/qg)
x+102=NT————— — +102 2.463 5.050 7.777 10.638 13.661

2(YA>o0- IyA>t
x/W-10-* (s/mole) 0.3349 0.345 0.355 0.366 0.378
N - X 0.987 0.974 0.960 0.945 0.929
(s¥Ymolel a) 57.872 58.699 59.610 60.498 61.484

X

3250 7 W 3232.2 3275.1 3322.2 3374.0 3431.5

(sl/7a/molel/2)
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The illustrations of 8.b, 8.c, 8.d,8.e. linearized rate
equations discussed in a previous paper [5] have been omitted,
since they do not satisfy the appropriate kinetic equations. In
the above mentioned Kkinetic equation, the surface reaction is
the rate determining step and the raw material furfural and one
of the products furan adsorbed on the surface of the catalyst,
according to this, the presumed mechanism is valid for the decar-
bonylating reaction of the furfural._The constants of the equation:

can be determined from the slope (1) and the axial section of the
line (a@l) in Figure 5. If Kb2-0, that is carbon monoxide is not
adsorbed on the surface of the catalyst, then the rate & and
the equilibrium (K) constants can be calculated as follows :

IT KB2 # 0, then k and K cannot be calculated, the calcula-
ted values for the decarbonylating reaction at 300 °C according
to the different furfural/hydrogen molar ratios can be seen in

Table 5.

Table 5. Calculated values from Fig. 4.

a-10“3 Bel0*“3 k «106 K *10
A
<s/mole) (s/mole) (nole/semm Hg)(1l/mm ]

o I/O 2.580 3.200 0 .509 1.631
R P
I—lCDg 1/0.5 1.880 3.683 1.050 3.866
e
PJ T/i 1.949 2.540 1.35 3.430
KT o
T
W >1.4 172 3.250 3.909 1.21 4.747
Sr o
b. *v. S
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The decarbonylation of the furfural takes place in the follo-
wing stages corresponding to the calculated values:

a. ) The adsorption of the furfural on the catalyst

b. ) The decarbonylating reaction on the surface of the cata-
lyst

c. ) The desorption of the furan from the catalyst.

The following conclusions can be drawn from the kinetic
equation.

1. ) The reaction rate is proportional to the specific sur-
face area of the catalyst, therefore it is practical to
use a catalyst with a specific surface area as high as
possible.

2. ) The application of hydrogen stream decreases the for-
mation of the condensed products and their deposition on
the surface of the catalyst, in this way the hydrogen
protects the active sites from the desactivation.

3. ) The calculated values of the equilibrium constant of the
chemical reaction and the adsorption equilibrium con-
stant of the component justify that the optimum
furfural/hydrogen molar ratio is 1/1.
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PE3IOME

Bbin nNpoBefieHbl OMbIThl C LE/bld UCMLITAHUA KUHETUKU AeKapOoHWIv-
poBaHus Qypjpypona, nNpvMeHAsA KaTanu3aTop, cogepxawwii 2,5 Bec.% nan-
naama. CKOPOCTb N KUHETUYEeCKOe YypaBHeHue Obliv YCTaHOB/IEHb HA OCHO-
BE 3KCMNepuMeHTaslbHbIX fAaHHbIX, Mony4deHHsiX npu 300 C° v nNpy  MOJIAPHOM
OTHOWeHWN dypdypon/Bogopos 1:1. Mo pacyeTam Obll0 YCTaHOB/MEHO, — 4TO
nMMMTHpYyKWen cTagnein SABNAETCA MNOBEPXHOCTHas peakuus.
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EINE METHODE ZUR ANNAHERNDEN ANALYTISCHEN LOSUNG EINER
AUCH DAS QUELLENGLIED ENTHALTENDEN TRANSPORTGLEICHUNG

K. POLINSZKY, J. FULOP, K. SEITZ,und T. VAJDA

(Forschungsinstitut fur Technische Chemie
der Ungarischen Akademie der Wissenschaften,
Veszprém - Budapest)

Eingegangen am.12. Februar, 1976.

In unserer Arbeit untersuchen wir aufgrund frihe-
rer Resultate die Mdglichkeiten der anndhernden analy-
tischen Lésung von Transportgleichungen, in denen das
Quellenglied eine lineare Funktion des darin vorkommen-
den Potentials darstellt. Mit Hilfe numerischer Berech-
nungen wird gezeigt, daR die Annaherung in dem Tfur die
Praxis wesentlichen Bereich der unabhédngingen Variablen
auch in diesem Fall genigend genaue Resultate liefert.

EINLEITUNG

Die Transportprozesse der chemischen Verfahrenstechnik werden
wie bekannt mit Hilfe partieller Differentielgleichungen beschrie-
ben. Fur eine exakte analytische L6sung dieser Gleichungen bendtigt
man einen relativ groflen mathematischen Apparat, wobei die erhal-
tenen Resultate von komplizierter Struktur sind, so dall die fur die
Praxis wichtigen Berechnungen mit diesen Formeln nur in beschrank-

tem Masse durchgefuhrt werden kodnnen.

Aus diesen Grinden erschien es notwendig, eilne anndhernde
analitische Losungsmethode auszuarbeiten, deren Aufstellung einer-
seits womodglich kein besonderes mathematisches Ristzeug voraus-
setzt, und die erzielten Resultate gut Ubersichtlich und fir nume-
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rische Berechnungen direkt verwendbar sind. Diese Methode haben
wir in einer friheren Arbeit [1] unter folgenden AnwendungsVor-
aussetzungen schon ausfuhrlich beschrieben:

1. der untersuchte Prozess ist stationdr, und das diesen be-
schreibende Gleichungssystem enthalt zwei Unbekannte mit zwei un-
abhé&ngingen Variablen;

2. die im Gleichungssystem figurierende partielle Differen
tialgleichung 1ist eine Fouriersche bzw. Ficksche Gleichung mit
Newtonschen Randbedingungen;

3. auch die zweite Gleichung ist linear;

4. die Parameter der Differentialgleichungen sind Konstante.

In dieser Arbeit wird untersucht, auf welche Weise die obige
Anndherungsmethode fur den Fall erweitert werden kann, wenn in
der partiellen Differentialgleichung auch ein Quellenglied vor-
kommt, das von dem betreffenden Potential linear abhdngt.Die erwei-
terte Methode wird anhand eines Beispiele gezeigt, was ihre All-
gemingultigkeit nur iIn geringem Masse einschrankt.

BESCHREIBUNG DES PROBLEMS

Betrachten wir eine in einer unendlichen Umgebung erwarmte,
sich fortbewegende, ebene Ladung, in der sich wdhrend der Warme-
behandlung auch eine exotherme oder endotherme Reaktion abspielt.
Die Ladung bewegt sich im Ofen mit der Geschwindigkeit v in Rich-
tung der x-Achse.Die Temperatur des an der Stelle x = 0 eintreten-
den Stoffes betrédgt TO, die Temperatur des Anwarmeraumes T£, und
es gilt notwendigerweise: TE > TO.

Bei der Aufstellung des mathematischen Modells von obiger An-
ordnung nehmen wir folgende Voraussetzungen an:

1. die Temperatur des anwdrmenden Gasraums andert sich der
Ladung entlang nicht (Gas von unendlicher Warmekapazitédt). Dadurch
entsteht keine zweite Gleichung,das aber keine Einschrankung bein-
haltet;



1976 Analytischen L6sung einer Transportgleichung 153

2. die Ladung ist hinsichtlich des Warmetransportes aniso-
trop,also eine Warmefortpflanzung tritt nur in der Querrichtung -
Richtung y - auf;

3. zwischen der Ladung und dem anwarmenden Gasraum besteht
eine konvektive Warmelbertragung und in jedem beliebigen Punkt der
Oberflache der Ladung ist der Warmestrom proportional zu dem W&ar-
meunterschied zwischen dem Gasraum und der Stoffoberflache;

4. es wird angenommen, das die Starke der in der Ladung an-
genommenen Warmequelle bzw. negativen Warmequelle proportional zur
Differenz zwischen der momentanen Temperatur und der Eintritts-
temperatur des Stoffes ist;

5. es handelt sich um einen stationaren Prozess.

Aufgrund der obigen Annahme ergibt sich fir das mathemati-
sche Modell des untersuchten Problems:

*TCb:A S -CT - To) , @

mit den folgenden Anfangs- und Randbedingungen:

TO.,y) =T0 , )

T = a(d£ - T(x,L) @)
¥ oy

o)

In den Gleichungen bedeutet T die Temperatur der Ladung, \
stellt den Warmeleitungskoeffizient, y die Dichte,c die spezifi-
sche Warme, V den Proportionalitatsfaktor der Quellenstdrke und a
den WarmelUbertragungsfaktor dar. Ausserdem ist zu ersehen, das die
Ladung in der Querrichtung eine - symmetrisch um die Achse y =0
angeordnete - Lange von 2 L hat.
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BESCHREIBUNG DER ANNAHERUNGSMETHODE

Fuhren wir nun in (@) - (@ folgende Parameterkomplexe ein:

so ergibt sich fur die zu ldsende Gleichung folgende Form:

92T _ aT ]
a 9y2 ~ 2 b(T Te" ¢ ©)
T(0,y) =To ; ¢“a)
<}1)5Lk)l EE(ES— T(X'w > *© S
~ (o)

) y,-b--7,TS - -

Als eine anndhernde analytische L6sung wollen wir den Tempe-
raturraum nicht mit zwel Veré&nderlichen T(X,y) bestimmen, sondern
nur seinen der Variable y nach gebildeten Durchschnitt erhalten.
Dieser ergibt sich laut Deffinition zu

0 =~ : T(x,y)dy.- ®)

Die Gleichung fiur die Durchschnittstemperatur kann aus der
Gleichung (3 abgeleitet werden, wenn die Durchschnittsbildung fir
diese laut (5) durchgefihrt wird. Wir erhalten dann:

®

Durch Umformung der linken Seite von (6) mit Hilfe der Randbedin-
gungen (4b) - (4c) ergibt sich bereits die Gleichung fur die Durch-

schnittstemperatur :

bur@ - Tx,L)) =11 - b(T - To) . ™
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deren Losung infolge der darin enthaltenen unbekannten funktion der
Oberflachentemperatur nicht auf explizite Weise aufgeschrieben
werden kann.

Es wird daher folgende Hilfsfunktion z(X) eingefihrt:

™ - T(°x,L)
200 16 - T G

Mit Hilfe der Funktion (8) kann die Gleichung (7) In eine Form ge-
bracht werden, die noch besser zu behandeln ist:

ez (Tg- T =11 -b(T - T . ®

Falls nun die Funktion z(xX) entsprechend modelliert bzw. angendh-
ert werden kann, so gilt das untersuchte Problem als ldsbar.

ANNAHERUNG DER FUNKTION z(X)

Fihren wir die gewdhnliche Simplexform der die chemischen
Transportprozesse beschreibenden Potentialfunktionen ein (wir ver-
wenden dabei die Bezeichnungen wie fur das untersuchte Problem) :

) T - T,y
6(x,y) = 1° -T-——- ao

dann andert sich die Definitionsgleichzung z(x) aufgrund von (8)
und (10) wie folgt:

z(x)= Sliiiki. . (11)
o)

Es kann gezeigt werden, daR diese Potentialsimplexe allgemein in
folgender Form aufgeschrieben werden konnen:

" PKX

e(ey) I y) + £ Ak(e " a2’
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Hierbei sind die Koordinatenfunktionen ¢(y) und Ak(y) nur mehr von
einer Variable abhanging, die Reihe der gk Werte kann mit Hilfe
der Losung der Eigenwertgleichung des Problems berechnet werden
und unter ihnen besteht die Ordnungsrelation O0<pO<pi<.e._Ok<e_<C27].

Das Simplex 0(x,y) ist die Losung der speziellen linearen
partiellen Differentialgleichung zweiten Grades, die den Prozess
beschreibt. Von den unabhangigen Variablen x und y kann x auch die
Zeitkoordinate darstellen.Es ist wichtig zu beachten,das die Funk-
tion ¢ ¢) in der Form laut (12) von O(X,y) nur dann auftritt, wenn
der zu beschreibende Transportprozess nicht bloss einen Aus-
gleichungscharakter hat. In diesen Fallen ergeben sich auch Wir-
kungen, Welche die Entwicklung der homogenen PotentialVerteilung
verhindern: dem entspricht zum Beispiel der Fall einer Quelle bzw.
einer negativen Quelle.

Setzt man die allgemeine Form (12) der Funktion z(X) in (11)
ein. so ergibt sich:

» -OKX
o (M+rK20 Ak(L)e a3)
z(x) =
b + £ Ak e "¢k x
k=0

Wie in [1] bereits gezeigt wurde, Tfolgt es aufgrund von (8
aus physikalischen Uberlegungen auch jetzt, das z(x=0)=1, sowie
daR es einen Grenzwert lim z(X) = ze gibt. Uber den Verlauf der

xX*m®

Funktion z(xX) zwischen diesen Werten kann aber infolge der kompli-
zierten Struktur von (13) nichts ausgesagt werden. Jedoch besteht
die Moglichkeit, wie in [1], die Funktion z(xX) mit ihrem im limes
X~& angenommenen Wert 2z anzundhern. Dieser Grenzwert betragt
aufgrund von (13), wie leicht einzusehen ist:

z(X)*z» = (@L))
V4

Unsere Aufgabe besteht nun darin, den Grenzwert zn - ohne Verwen-
dung der Loésung von (12), d.h. ohne die Notwendigkeit, die ur-
sprungliche partielle Differentialgleichung I16sen zu miussen - zu
bestimmen, denn unsere Anndherungsmethode ist nur in diesem Fall
selbstandig anzuwenden.
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BESTIMMUNG DES GRENZWERTES z»

Schieiben wir die Laplace-Transformierte des Simplex (12) auf:
@

15

Es ist leicht einzusehen, dall die Funktion ®¢(y) aus der Transfor-
mierte - im Hinblick auf die zwischen den gk Werten bestehende Re-
lation - durch Grenzwertbildung unmittelbar gewonnen werden kann,
da namlich

lim pz(p,y) = o) + ae)
p-0

und aufgrund von (16)offenbar gilt

o®) =lim pz(p,L), (17a)

® = pl)i—mO pz@®) ? (17b)

so ergibt sich schlielflich bei Verwendung von (17a)-(17b) aus(14):

zo = lim (18)
P-0 z (

Es wurde also gezeigt, daR der Grenzwert z» durch die obige
Methode bereits aus den Laplace-Transformierten der LOsung der ur-
spriunglichen partiellen Differentialgleichung aufgeschrieben wer-
den kann. Dies ist von grosser Bedeutung, da die Errechnung der
Laplace-Transformierten viel leichter durchzufiuhren ist. Wir méch-
ten noch hinfugen, dall dieses Verfahren offensichtlich nur in dem
Fall anwendbar ist, wenn das Problem nicht nur einen reinen Aus-
gleichungscharakter hat, also wenn im Simplex (12) auch ¢(y) vor-
kommt. Bei Ausgleichungsprozessen muR das unter [1] gezeigte
dieser Methode ahnliches - Verfahren angewandt werden.
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Wir haben noch den Grenzwert zm im Falle des von uns unter-
suchten Problems zu bestimmen. Durch Vergleich von @) und (l10)
ist einzusehen, daR nun fur den Temperatursimplex folgende Gleich-
ung heranzuziehen ist:

ons
2 -1; + b(x

—B) . (19)
Die Gleichung fur die Laplace-Transformierte des Simplex kann

durch &hnliche Transformierung von (19) wie bei (15), und dabei
unter Verwendung der auf das Simplex bezogene Bedingung (4a) auf-

gestellt werden:

daz
ady2 P-Dbz+1 -1 (20)

Die Ldsung von Gleichung (20) gewinnt man auf die Uubliche
Weise unter Bericksichtigung der Laplace-Transformierten der auf
das Simplex bezogene Bedingungen (4b)-(4c):

z(py) 21

und bei (21) kann die Durchschnittbildung &hnlich wie bei &)
durchgefuhrt werden. Es ergibt sich dann:

ETE
PA-1E-Db 1 a 22)

wlt?*hf*? 1

Mit Hilfe von (21) und C22) kann der Grenzwert (18)bereits auf-
geschrieben werden:

ZONES

2P~ qim (23)

r=
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Bildet man sodann bei (23) den Grenzwert, so erhdlt man nach Um-
formungen und nach Einfihrung des dimensionslosen Komplexes

62tgo )
tg6 (62+N)- N6

Durch das Ergebnis laut (24) haben wir das gesetzte Ziel er-
reicht: der als Annaherung der Hilfsfunktion z (x) gewahlte Wert zce
wurde als Funktion der pysikalischen Parameter (@, b, N und 1) des
untersuchten Problems aufgeschrieben. Die Genauigkeit der Annahe-
rung wird nur mit Hilfe der numerischen Fehlerkalkulation ausge-
wertet, die theoretischen Uberlegungen (ber die Art des Fehlers
der Methode sind namlich in [1] beschrieben.

BERECHNUNG DES FEHLERS DER ANNAHERUNG

Akzeptiert man die angefuhrte Anndherung, so erhalt die
Gleichung (@ folgende Form:

a _ ,—C\
T*~"bjJ T ————--- T® " bT® @5

Die Losung von (25) kann unter Verwendung der auf den Durchschnitt
bezogenen Anfangsbedingung (4a) durch die ublichen Methoden erhal-
ten werden. Das Resultat ergibt nach Ubergang auf den Simplex laut

(10):

° bL2
sxp[ -1 {NRZ
\ L2 Na z» 26)
1 bL2
Naz«®

wobei sich der Wert von z» aus (24) ergibt, und der Index K weist
darauf hin, das die Losung eine Annaherung darstellt.

Mittels viel komplizierterer Berechnung [3] kann von den
Gleichungen (3)-(4) ausgehend naturlich auch der genaue Simplex-
durchschnitt OE bestimmt werden, den wir bei der Berechnung des
Fehlers der Anndherung benédtigen :
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expr|< a bL2

72 4 a
L _ b2

hier sind
2 sin2Bk
ok = ) 28)
Bk + RksinBk cos Rk

sowie die gk Werte die Wurzeln der Eigenwertgleichung:

Bk tg Rk = N (€5))

Unter Verwendung von (26) und (27) kdénnen wir nun die prozen-

tuelle Fehlerzahl aufschreiben:

N =]OE - OKI-loo [%] )

durch die der Fehler unserer Anndherung charakterisiert werden kann.
einer geeigneten Ahnlichkeitstransformation kann weiter-
Problem schlielich durch drei
die bereits bekannten Zahlen

Mit Hilfe
hin gezeigt werden, das dieses

unabhangige, dimensionslose Grossen:
N bzw. 6 sowie w = ~ eindeutig charakterisiert wird._.Unter Benitz-

@27) und (@0) fur den Fehler die fol

ung derselben ergibt aus (26),
folgende Form:
— - 62
exp [&-B=)w] - j:2 expF(62-Nze)w] - Nz
nw = o T o _ 6L D
R? Nz

wobei die darin vorkommenden Parameter durch (24), (28) und (29) an-

gegeben sind.
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Die aufgrund der Gleichung (31) be-
rechneten Resultate sind auf den
Abbildungen 1-9. zu sehen. Wie
schon auf der Grundlage von [1] zu
erwarten war, betragt der Fehler an
den Stellen x = 0 und x - Null und
erreicht sein Maximum irgendwo zwi-
schen den Grenzwerten.Es zeigt sich
weiterhin, daR sich die Anndherung
im allgemeinen beil grofRen negativen
62 Werten und kleinen N-Zahlen als gut erweist, da hier der Fehler
bereits bei den w Werten zwischen 0,5 - 2 verschwindet. Aus der
Struktur des untersuchten Problems geht hervor, das der Wertvorrat
des Parameters 6 bei dem oberen Grenzwert beschrankt ist, fTalls es
verlang wird,das die Ldsungen auch im Grenzfal x—~ existieren sol-
len. Selbstverstandlich wird - falls diese Voraussetzung nicht
erfullte ist - die Fehlerfunktion n ebenfalls divergieren.

ZEICHENERKLARUNG

Parameterkomplexe

A,A Koordinatenfunktion bzw. deren Durchschnitt
c spez. Warmekoeffizient der Ladung Ckcal/kgeK]
K laufende Indexzahl

2 L Dicke der Ladung [m]

N Nusselt-sche Zahl

p Parameter der Laplace-Transformation

T  Warmeverteilung der Ladung [°K]

T durchschnittliche Temperatur der Ladung [°K]
To Temperatur des eintretende Stoffes [°K]

T0 Temperatur des WArmeraumes [°K]

v Geschwindigkeit der Ladung [m/h]

w Fourier-sche Zahl

v Raumkoordinaten [m]

z Hilfsfunktion

2,7 Laplace-Transformierte des Potentialsimplex bzw. deren Durch-
schnitt
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a Warmeubertragungskoeffizient [kcal/m2h°K]

$k Eigenwert

y Dichte der Ladung [kg/m3]

6 dimensionsloser Komplex

n Fehlerfunktion

0,0 Potentialsimplex, bzw. dessen Durchschnitt

X Warmeleitungskoeffizient [kcal/m h°eK]

®,9 Koordinatenfunktion, bzw. deren Durchschnitt

ok Parameterkomplex

\ Proportionalitatsfaktor der Quellenstéarke [kcal/m3h°K]
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/

The main operation unit of the pentosane-con-
taining materials or pentose solution based furfural
production process is the two-stage reactor. Here,
the furfural produced in the chemical reaction is ex-
tracted or stripped out. This paper presents the pro-
cess-model of a laboratory scale, atmospheric, non-
-steady-state reactor. The model and its data set is
based on experiments carried out in an isotherm (108 ©C)
tank reactor. The formation, decomposition and strip-
ing out steps of the furfural production were tested
in 35 weight per cent sulphuric acid solution con-
taining initially 5-28 g/1 d-xylose and 4.2-75 g/1
furfural, respectively. A relatively simple model
structure was found adequately reflecting the chemical
reaction and the coupled stripping out process.

Furfural, a potential plant component, is generally found in
polysaccharide (pentosane) form. Because these polysaccharides are
hydrolised at a much faster rate than the cellulose matrix, dif-
ferent furfural production methods utilize that fact excluding the
decomposition of cellulose itself [1].
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1. FURFURAL PRODUCTION STEPS

Hydrolysing polysaccharides with strong mineral acids at ele-
vated temperatures, simple water soluble sugars are obtained. As a
following step, furfural as well as methoxy-furfural are formed
from the decomposition products, pentoses,®uronic acids, and hex-
oses, respectively. Furfural is esentially formed in two steps:

a) the Tfirst step 1is the water uptake, i.e. pentosane Iis
hydrolysed to pentose

b) the second step is the water loss, i.e. releasing one
mole water, pentose becomes furfural, wich to prevent further
decomposition, 1is either extracted or stripped out of the system.

In general, industry-scale Tfurfural production methods are
similar, except that the a) and b) steps are performed in one or
two units and that of extraction or stripping out is used to
recover the furfural produced [2, 3]-

There is a considerable amount of literature on the hydroly-
sation process of pentosane containing materials (corn-cob, rice-
-straw, deciduous tree, and bagase etc.) [5]- Similarly, there is
an equally large number of publications degling with the technolog-
ical details of furfural production, for the production and decom-
position reaction rates greatly depend on the quality of the pen-
toses hydrolysed, correspondingly, on the raw material selected.
For example, the decomposition rate of d-xylose in 0.8 weight per
cent sulphuric acid is about twice as high as that d-mannose (the
hexose most easily decomposed), and 1.7 times that of the d-ara-
binose [8].- Therefore, reagent grade d-xylose solutions were used
throughout the experiments.

2. FORMATION AND DECOMPOSITION KINETICS OF FURFURAL

The reaction scheme of the homogeneous phase reaction in
acidic medium can be written as follows:

r2

d-xylose r furfural decomposition product
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Most authors think that the elementary reactions of this con-
secutive scheme in dilute solutions are first-order reactions [2,3,
4].1t has to be noted that the rate constants proportionally change
with the acid concentration, thus the first-order kinetics hold
only under strictly identical acidities or rather, pH values. MEL-
NYIKOV [6] collected the decomposition rate data (i) of d-xylose
published by several authors relating to different sulphuric acid
solutions brought to the boil. This compilation is shown in Table
1, demonstrating that to achieve technologically acceptible decom-
position rates (i.e. ki > 0.5 h_1) acid solutions over 25 weigh per
cent concentrations have to be used at atmospheric pressures.

Table 1. Decomposition rate values of d-xylose in sulphuric
acid solutions at their boiling point temperatures

Sulphuric acid concent- Boiling point Rate constant of decomp,
ration (weight per cent) (&) reaction (h-"

15.0 103.0 0.09

19.2 104.0 0.13

20.0 104.4 0.16

24.5 105.7 0.26

25.6 106.0 0.35

26.5 106.5 0.52

29.0 107.5 1.00

32.0 109.0 0.62

40.0 114.0 0 .67

52.0 127.0 2.52

A number of explanations appeared in the literature relating
to the decomposition of furfural. Omitting their analysis, the ki-
netical model proposed by SCHOENEMANN [7] and DUNLOP [1] was accept-
ed and used. Its main feature is the statement that the decomposi-
tion reaction of furfural - in the presence of xylose - due to its
high reactivity and polymerisation tendency, does not follow the
first-order Kkinetics. Under given H+ concentration and isotherm
conditions the kinetics-scheme, proved by several identification
tests, can be written as shown be™ow:
ki K3

d-xylose intermediate fur fur al resin

ki
condensation
product
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Thus the kinetic equation set is written as:

dx

dx “KjX @
di Kx - kil - KoFi @
ar Kji - k*fx- K3F ®
o K fit K3f ®@

However, the kinetic studies failed to identify the intermedi-
ate. It was also SCHOENEMANN, who introduced the simplifying assump-
tion, gt WO and making use of the relations resulting from assump-
tion, namely k* >> k™ and k] >> k*Ff, the intermediate i can indeed
be eliminated and the necessery kinetic equations®become:

dx

dt x

df -

dt kjX - k™"xf - k3Ff G.a
gtt) kA xF+  kff @

3. THE MODEL OF THE STRIPPING PROCESS

The Fflowchart of the semicontinuous Tfurfural producing
stripping system is shown in Figure 1.

Assumptions :
a) Both phases are ideally mixed,
b) The u phase is the stagnant liquid, the @ phase is the
steam phase bubbling through the a liquid phase (V«>>VB),
c) Only furfural takes part*in the mass transfer between the
phases,
d) The n and P phases are in thermal equilibrium,
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Due to the slow reaction,the
quasi-equilibrium distribu-
tion of the furfural between
the two phases can accounted
for with a constant K,

) The transfer mechanism is ad-
equatly represented by the
two-film theory,i.e. chemical
reaction is assumed to take
part in the bulk of the li-

Fig.l. The flowchart of the fur- quid phase.

fural producing and strip-
ing out system

Starting from Equations 1, 3.a, and 4.a changes taking part
in the a-phase can be characterized by the following equations:

d
o “kix (1.b)
ar KjXa - k2xafa - kD (Kfa - fR) - k.jfa G .b
d RjPD + K2x2P! @.b
Esl

s uf ®

where:
U = kDK - kT> (6>

is the value of the transfer current relating to unit furfural
mass. Thus pa is in fact a quantity proportional to the yield of
the stripped furfural. In the B phase ((if VBB << Va)

BRFR - BofQ = vakD (Kfa - fB) @)

BRFfR - BAFE = Vaufa ¢:D)

Be f~ = 0 for the following discussion, and let us rearrange
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Equation 7, yielding the equation below:
e 1, M ©
f K KKD

In technological terms M is called the stripping out module.

If K and kB do not depend on each other and on M, then Equation 9
is reduced to a linear relationship. Hence, of the K and kD values
can be kept at some constant values throughout several experiments
and the corresponding fa/f" values are measured, then their linear
correspondance indicates, on the one hand, the adequacy and the
soundness of the model, and on the other hand, K can be calculated
from the ordinate interscession and kQ from the slope value. In the
assumption e€) it was stated that K is constant, at least over the
region of interest. The same, however, can only be solved,by prop-
erly modifying the experimental technique and when the compounded
mass transfer coefficient kD is concerned. Therefore, similar hydro-
dynamical conditions were ensured keeping the evaporation and con-
densation rates at constant values. (It was assumed that the chem-
ical kinetics had no effect on the mass transfer coefficient.)

4. EXPERIMENTAL

The schematics of the experimental system is shown in Figure
2. The reactor () itself is made of Rasotherm glass and is a 0.5
1 roundbottom flask equipped with a sampling probe. A reflux col-
lector head (2) and a condenser (3) are attached to the reactor.
Pump (& delivers the condensed product into the receiver (&) and
transfers an equal amount of distilled water back into the reactor
from tank (6). Thus in the 0-190 ml/hour offtake range the prede-
termined Tfluid Ilevel and acidity could be maintained. External
electric heating of the reactor was adjusted to maintain a 280 ml
per hour evaporation rate throughout the experiments.
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Fig.2. Schematics of the experimental set-up

4.1 Parameters of the stripping model

Stripping out experiments were carried out in 35 weight per
cent sulphuric acid containig base solutions with 5-20 g/3 ini-
tial d-xylose and furfural concentrations. The reactor temperature
was maintained at 108°C throughout the experiments. Variables of
Equation 9 and the regression line gre shown in Figure 3. It can
yrell be seen that experiments starting with either furfural or
d-xylose yield the same results in the 0 < M < 2 range.
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The constants calculated from the regression line are as follows:

=
1

12.60 (dimensionless)

kD = 1.28 (h_1)

4.2 Determination of the kinetic constants

The rate constant char-
acterising the decomposition of ea
furfural was determined from 35
weight per cent sulphuric acid
solutions initially containing
4.2 g/l; 16.7 g/l and 75 o/l
furfural, respectively. It was
found that the decomposition
kinetics do not follow the
first-order mechanism. In our

view the equation:

ff = K2+ K,f (10)

adequatly describes the kinet-
ics of decomposition.

By introducting the

Fig.3. The experimentally construc-
ted f /fc vs M function
e Experiments starting from

d-xylose
° Experiments starting from
furfural
relationships the expression
f
k3t 11)

k3)e k3

is obtained.
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According to the experimental results, the model 1is adequate
if k™ = 0.012 £/gh and = 0.11 h 1. At the same time, 1t can
be seen from Figure 4 that in the case ¥ < 5 g/f, the decomposi-
tion can practically be described by tha first-order Kinetics
model. Because the highest furfural concentration in the stripping
out experiment never exceeded the 5-6 g/l values, the use of this
simplification is acceptable.

4.2.1 Determination of the kinetic constants k” and k2 by
identification method

Kinetic measurements were made in d-xylose solutions ini-
tially containing during the measurements. The equation system
containing Equations 1, 3.a, and 4.a, characterizing the Kinetic
model was generated on a MEDA 81-T type analogue computer. By
changing the parameters kj and k2, the solution, best fitting the
experimental curve, was created. The adequacy of the models with
the appropriate parameters proved to be excellent (see, e.g.-Fig-
ure 5.)

Table 2 presents the k1 and k2 values derived from seven
separate kinetic experiments.

Table 2. The concentration independency of the kinetic
constants kj and k~

xq (/i) ki (h-1) k2 (Ig~1 h 1)
3.2 1.07 0.09
5.0 0.92 0.13
8.4 0.88 0.14
11.4 0.93 0.06
15.2 1.00 0.12
22.0 0.91 0.17
28.0 0.94 0.13

o
©
()]
o
-
N

Average
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Fig.4. Decomposition of furfural in 35 weight per cent sulphuric
acid solution

Table 3. Calculation of the decomposition of d-xylose
and the parameter-independency test

Conversion, Conversion, experimental with M = 0.60
Time calculated with

KX = 0.95 h" XO =5 g/t X0 =15 g/% XO = 28 g/t
Q) % %
0.2 17.3 13.6 18.1
0.4 31.6 - 29.4 27.8
0.6 43.4 44 .7 - 46.8
0.8 53.2 - 57.1 53.8
1.0 61.3 63.0 - 63.6
1.4 73.6 75.8 - 71.3
2.0 85.0 - 83.9 82.7
2.5 91.7 90.5 - 91.2
3.0 93.2 94.2 93.4 93.9
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Fig.5. The computer solution of the kinetic model

The rate coefficients were also identified with the help
of the stripping out model. Selecting an M = 0.60 steam module and
employing Equations 3.b, and 9, the conversion of the decomposing
d-xylose was calculated as a function of the time.Table 3 presents
the conversion values measured and calculated assuming 47=0.95 h 1
The agreement satisfies the technical needs.

The adequacy of the data base also proves the good reproduc-
tibility of the experiments. This is obviously due to the thermo-
dynamical stability of the solution kept at its boiling point,i.e.
due to the enforced isothermness of the reaction. This is Tfurther
assisted by the low volatility of the sulphuric acid. It is worth
while to note the salting out effect of sulphuric acid on the fur-
fural, for the distribution ratio K = 12.6 is about two times that
of the equilibrium vapour-liquid distribution coefficient of the
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water-furfural systems.

In summary, we can conclude that the model structure presen-
ted makes use of an easily measurable or identificable parameter
set, satisfying the usual design requirements.

SYMBOLS USED

concentration of the byproduct in the liquid phase (g/74)
volumetric flow rate of the vapour phase (&/h)
concentration of furfural in the liquid phase (g/f)

= dimensionless furfural concentration (- )

ol

- = =W O

° concentration of the intermediate in liquid phase (g/£f)
kl, k", k2, k", k3, k* reaction rate constants
kD compounded mass transfer coefficient (£/h)

K apparent equilibrium distribution coefficient
(by definiton K=PX)
M stripping out module (by definition M=’B)
p concentration of furfural in the condensate (g/A)
u control-variable (defined in Equation 6) (£/h)
X concentration of d-xylose in the liquid phase (g/f)
\Y volume of the reaction liquid mixture (D
Indexes
X equilibrium value
a liquid phase
) vapour phase
o] initial value
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PE3IOME

OCHOBHOIl MpPOLECCUMOHHOW eAuHuueld B Npon3BoAcTBN ¢yppypona u3
cofiepxalero MeHTo3aH CbipbA WIM M3 pacTBopa MNBHTO3a,ABNAETCA OBYX-
(ha3Hbii peaHTOp. O6pa3oBaBWMICA B XOAE XMMUYECKON peakumn ¢ypdypon
30ecb BbinapuBawT WM 3HCTparupywT. B gaHHoO cTaTbe nNpuBOAMTCA  MO-
Jenb aTMochepHoro sabopaTOpHOro -peakropa C HecTauMoHapHbLIM  PEXUMOM.
Mofenb M cucTemMa [faHHbIX OMMpPaeTCs Ha 3KCMNEPUMEHTH, MNPOBEAEHHbIe B
nlotepmmyeckom (108°C) peakTope-kKoTne. [lpoueccsl ob6pa3oBaHus, pas-
NoXeHust 1 BbiNapku ¢ypoypona wuccnegosanucb B 35 Bec%-om pacTtBope
CEepHOM KUCMOThHl, MNpM Haya/bHOM cojepxaHun A-kcunola 5-26 r/n, u Ha-
YaUlbHOM cofepxaHun gypoypona 4,2-75 r/n. XuUMUYECKYID peakumi N CBA-
3aHHbIA C Hell Mnp.ouecc BbiNapHM YAANoCb BbPa3vWTb C MOMOLWbBI [0BONbHO
NPOCTOA MOAEbHOW CTPYKTYPbI-
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The economic operation mode of a non-steady-state
furfural reactor requires that a minimum amount of
steam should be consumed to achieve given product
qualities. As furfural 1is an intermediate in the che-
mical kinetic scheme, maintaining the reasonable op-
timum stripping out trajectory, simultaneously ensures
the most efficient depression of the side products.
The problem of optimized control was solved on the
analogue computer simulation of the process model,out-
lined iIn Part 1. By introducing an analogue memory
pair, applicability of the the step to step solu-
tion, approximating the continuous control situation
was also studied. Applying the quasi-optimised control
thus obtained for the experimental reactor, satisfac-
tory results were obtained within the usual technical
accuracy limits.

The process model of the non-steady-state, stripping out
furfural reactor was presented in the previous paper [1] and its
applicability was proved via laboratory tests.The aim of this pa-
per is now to formulate the conceivable variants of the control
tasks relating to that system.
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Three Kkinetic constants (k# k2 and k3), one equilibrium
coefficient (K), a compounded mass transfer coefficient (3),
the vapour module (@) from the parameter set of the mathematical
model .The experimental technique was designed to allow for limited
changes of the last parameter. That means, variable M, rather, va-
riable u,proportional to M enters the control problems as the cont-
rol variable.lt has to be noted that the kinetic conditions of the
system studied result in a trivial solution as far as the optimum
control of temperature variable concerned.This iIs because studying
functions k.,(T) and k2(T), the activation energies are found to be
approximately equal [21 and by far greater than thet of the func-
tion k3(T). Therefore, in order to achieve the highest furfural
yield, the system should be maintained at the highest possible
temperatur throughout each stage of the process.

1. THEORY OF OPTIMIZED CONTROL

Tlje model system of the non-steady-state furfural reactor is
a common differential equation set, i.e. is of the following form:

= 0@, W @D

The objective function functional of a control problem is written
in general form as:

It is the minimum value of that functional which has to be
ensured via the appropriate selection of the optimized control,
u t@®-“. According to the general procedure of the PONTRJAGIN®"s
maximum principle E31, the relationship:

H Xy Iy, W = Xgg Ly W + X0 <y, W &)

has to be created, where:
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while the A(t) function has to satisfy the following vector equa-
tion:

dA 3X"0 A (»n)
at = Ao -A Y ®

If the control problem 1is formulated as a fixed endpoint
problem, then the objective function () can be rewritten as:

1 = 1 c.y.(1) = min! 6)
j 3 3 e

To achieve optimized control the relationship:

HIAMLYM , U (OL = B o <ply® . u ©] = 0 @

—opt

and the minimum value of H according to u, for each t also have to
be expressed. Because u is not limited and the derived function of
H according to u does exist, the relationship:

JH[A(L), X (), ™ pt(®]
3uopt

o @)

Accordingly, the concrete equation system reads as follows:

g)_é Sko1X (9.1)
df
dt knx - k2xf - k3f - uf (9.2)
where: re- k2xf + k3f 9.3)
M K kD
- 9.4)
kD + M kD<K

introducing an aid variable z, defined as:

dz
dt -5

the objective function reads as follows:
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1, = b + 2 = min! (10

If the aid variable is written in the form

the objective function reads as:

T )

v min! 12

This latter equation is the mathematical formulation of the
statement that using the optimized amount of steam in an operation
lasting for a time t, the quantity of the byproducts is minimized,
or expressing this in another way, the given allowed byproduct
conversion is achieved with the minimum possible amount of steam.
The technical economic advantage of this criterion is obvious.

However, it remains to be seen how criterion (I0) is to be
understood.

Discussing Equation (9.4) it can well be seen that if M<<kD,
the Equation becomes :

u = km (13)

that is, in this case its meaning is the same as that of Equation
(12). However, the fact is of greater importance that the value of
kD is not constant for industrial reactors, rather [4]

kp = am as

and therefore:

u = KM z-2-§ as)

Thus the content of the two criteria are -the same over the
entire range of M considered.Therefore, the optimized control pro-
posed automatically ensures an energetical optimum as well.
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1.1 Determination of the optimized control trajectory

Let us construct function H according to Equation (7) employ-
ing the objective function (107:

H = Xb (k2xF + k3F) + Xzu = 0 (16)

Applying Equation &) :

3H

dt 3b 0 an
and

dA

dt g:_ 0 a8
that is
and Ab - w = C;

X, X a ) = X 7-1

respectively. Substituiing in%o Equation (16) the following equa-
tion is obtained:

H = cb(k2xf + k3F) - u = O

Thus the problem has to be formulated by giving the terminal
b value, and duly searching for the =z sets belonging to the mini-
mums. The best solution sought can then be selected from these
sets.

2. SOLUTION OF THE OPTIMATION PROBLEM ON ANALOGUE COMPUTERS

Equation (19) defines the control variable as proportional
to the basic variable f. This explicit form permits the efficient
computerized handling of the problem. Substituting Equation (19
into Equation (9.2)and using dimensionless concentrations relating
to xq, the differential equation set of the optimization problem

IS :
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dt

db
dt

dz -
e

Gy. Marton, J. Vass Vol. 4.

KiX - szoxf - K3? - Cy (K(%X X + k3)F2

=y (kX x + k3)F

The first quadrant of Figure (1) shows the wiring schemat-
ics modelling the equation system outlined above.

2.1 Approximation of the optimized control with a step function

Let the parameters of the numeric problem have the following

values:

K1l 0.
kr = O
k3 = 0
Xy = 11
L 5
b 0

e

Let us select

95 (a/h)
.12 @vgh)
11 (a/h)
.00 (/)

.50 (@& in xylose equivalents

.27 ( - ) mass fraction

the solution z-,.5=3.15 from the solutions ob-

tained on the analogue computer (i.e. assuming a residence time of
xe=1.5 hour, at least 3.15 z have to be consumed!)

Figure 2 presents the x, ¥ and B concentrations under opti-
mized control and assuming a constant control parameter

g = 3.15/71.5 = 2.1 h"1

The concentration values at Te=1.5 hour are tabulated in Table 1
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Figure 1.
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Wiring schematics of the optimized control problems (1)
and the solution of the step-following process of cont-
rol with one memory-pair (1)
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Transients of the state-variables in case of optimized
control (full lines) and constant control (dotted line)

Table 1. Computed data by analogue computer-
at Te =1.5 hour

T = 1.5 hour u = 2.1 h-1 u = u
e opt

X (%) 24 24

f ) 14 19

b D) 33 27

p %) 79 80

It can be seen Tfrom the data of Table 1 that the amount of

byproducts 1is about 20 per cent less in the case of optimized
stripping out than in that of the constant stripping out rate.

3. EXPERIMENTAL VERIFICATION OF THE OPTIMIZED CONDITION

As has been mentioned, the system described in Part 1, Fig-
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ure 2 [1] allows for occasional changes in the condensate offtake
and water input, i.e. to set constant u values over periods. Then
i£f was amied at Tfollowing the optimized, inherently continuous
control via stepped control under the condition that the inaccuracy
resulting from the sampling should not exceed the 1 or 2 per cent
level in the results obtained. Generally, further complications
arise in calculating the length of the sampling periods .of sampled
signals. Taking advantage of an appropriately controlled analogue
memory pair (cf. Figure 2, second quadrant) the sampled optimized
control could be simulated with relative ease. Figure 3 presents

Fig .3. Plot of the optimized @ '“# and stepped ( -0 ) control
variables comparison of the b values obtained under con-
stant control (---o-—) and the computed b values under
optimized (————— ) and stepped (---) control with the exper-
imental data corresponding to the stepped control.
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the continuous and samples (— o---) u values. The b sets obtai-

ned under optimized control (full line) and stepped control (dashed
line) are also shown in the diagram. Full squares represent the

experimental values obtained in the latter case, while full dots

correspond to the experimental b values controlled at u = 2,1 h_1.
Dividing the 1.5 hours long period into 15 segments, the deviation

in final b values are below 2 per cent. (Because the z1<5 = 3.26,

calculated from the approximating function is about 3 per cent

greater than the original, it 1is obvious why the result of the

quasi optimum control does appear more favourable.)

It can well be seen that though the experimental points fit
closely to the computed quasi-optimum ones, their scatter is '‘one-
-sided”. This is attributed to the fact that all experimental er-
rors are accumulated in the same sense, i.e. in the phase corre-
sponding to the deviation from the optimum, i.e. any deviation in
the control programme, connected in another step is accumulated as
a penalty.

In summary, it can be concluded that the method shown can be
used for the optimized and quasi-optimized control of the n¢n-
-steady-state reactor. Time programming of the condensate offtake
can be achieved in practice via a relatively simple means, thus in
our opinion the economy of the process in obvious.

SYMBOLS USED

a empirical coefficient (Equations 14 and 15) (- )
concentration of the byproducts (a/n)
volumetric flow rate of the vapour phase (vh)

ch dimensionless optimizing coefficient of Equation 19 (- )
f furfural concentration in theliquid phase (a/n)
H Hamiltonian

index of the vector component
kK1l, k2, k3 reaction rate constants
kD compounded mass transfer coefficient (vh)
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apparent equilibrium distribution coefficient (- )
stripping out module (by definition M = g &/m)
number of the vector components

furfural concentration in the condensate (W%)
aid variable (defined in Equation 11)

volume of the reactor

aid variable (defined in Equation 9.5)

xylose concentration (@/9)

vector of the control variable &/h)

vector of the state-variable

time

GREEK LETTERS

a liquid phase index

S condensed phase index

£ symbole of the vector-vectorfunction

\ aid variable of the Hamiltonian (Equation 5)

xe end point of the time
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PE3IOME

B MHTepecax 3KOHOMWYHOW 3KcnnyaTauuu (ypipyposioBoro peaxkropa
pa6oTakllero B HecTauuMOHapPHOM pexuMe, AN MOoMy4vYeHust LeneBoro npo-
AYKTa C 3afaHHbIM KauyecTBOM, HeoO6XOoAMMO CBECTM A0 MUHMMYyMa KO-
YEeCcTBO pacxoAyemMoro napa. [lOCKO/bKY B XMMUKO-KUHETUYECKON cxeme
hyphypon nBNsieTCA MNPOMEXYTOUYHbIM MPOAYKTOM, TO uenecoo6pa3Has (on-
TUManbHas) TPaeKTopus BbiNnapky O3HAYEEeT U  KaH MOXHO 6Gonee AelcT-
BEHHOe MogaBfieHne MNOo60YHbIX MNPoAYKTOB. C MOMOUbI NepeHeceHuss npu-
BeAeHHOli B npepgplaylieii cTtaTbe Mogenu npouecca Ha aHasioroByk BblUMC-
NNTENbHYK MalWWHY ,aBTopaMu Gblna paspelleHa npobrema ONTUMaJILHOT O
ynpaBneHusa. MoakioveHne aHasioroBoil MNBpbl NavMAaTW Aano BO3MOXHOCTb
nccnepoBaTb MNPUMEHMMOCTb pPEWEHUs, Hauaydwum o6pasoMm,lar 3a Warom
NpuéAnxawowero HenpepsiBHOE YypaBHeHWe. [puUMeHss MnosydeHHoe TaKum
o6pa3oM KBasnoNTUMa/IbHOE YMNpaB/iEHWE Ha MWCMbLITATE/IbHOM peaHTope 6bl—
SN NO-/lydeHbl COOTBETCTBYWWME pe3y/bTaTbl B pamMKax O0O6blMHOW TexHuvec-
Ko TOYHOCTW.
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The previous paper presented a short account of
the new-type agitators built up of point-like and line-
-like elements.

These new elements and their properties were
presented with reference to the results of those expe-
riments carried out with their most evident form of
realization, with the rotation-type linear agitator.

This paper presents the results of further expe-
riments carried out with rotation-type linear agita-

tors. The effect of the geometrical properties of the
line elements upon the efficiency of the agitator is
shown.

The results of the dispersion experiments carri-
ed out with the rotation-type line agitators are pre-
sented .

It is concluded that the rotation-type line agi-
tator can advantageously be applied to carry out emul-
geation,suspension operations; and in general,to carry
out intensified heterogeneous-phase operation in such
systems where one of the phases involved is a liquid
phase.
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Preliminaries

The previous paper presented the description of new-type ag-
itators composed of new elements of point-like (therefore zero-di-
mensional) and line-like (one-dimensional) elements. This agitator
series is the result of the joint research project of the Institu-
te of Applied Chemistry, Attila Jozsef University of Sciences,
Szeged and the Northern Hungarian Chemical Works [1, 2].

The characteristics of these elements were described and the
decisive role of their geometry was pointed out.

The results of the emulgeation experiments carried out with
the rotation-type linear agitator, one of their most evident forms
of realization, were presented.

This paper presents the results obtained in further tests of
rotation-type linear agitator.

As mentioned, the rotation-type linear agitator is a rotary
stirrer built up of resilient linear elements whose number is (5
and are coupled at one point to the shaft, their () thickness is
in the 10 to 5000 y range, their (£) length is at least fifty
times that of their thickness; and the elements can freely be de-
flected along their ) length while the frequency of this vibra-
tion experienced during this deflection depends on their (p) elas-
ticity and the y viscosity of the solvent and the n number of revo-
lutions per minute of the rotating shaft.

The most important characteristic of linear elements is that
the ratio of their length to their thickness is considerable, i.e,
1 > 50 g. -Their total volume is insignificant compared to that of
the liquid to be agitated, therefore,they are justly considered to
be one-dimensional elements. It was found that the decreased geo-
metrical dimensions of these elements with reference to those of
the conventional agitators is an advantage in carrying out disper-
sion operations,i.e. the efficiency of the rotation-type linear ag-
itators is influenced by the (@) thickness, () length of the ele-
ments, the in total length of the elements which the agitators is
composed of and the n number of those elements and their E£/V lon-
gitudinal density.
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The effect of a change in the thickness of the linear elements
upon the dispersing ability

It was shown that increased efficiency is achieved by the
appropriate selection the geometrical dimensions of the elements
and this factor is of critical, decisive importance.This statement
is well documented by those experiments in which except (q), all
the other parameters ., s, y> p) were kept constant.

Liquid paraffin, heated to 100°C was dispersed in water
throughout these experiments,and sudden cooling was used to freeze
the droplets formed. The droplets were separated and their size-
-distribution curve was determined from a sieve analysis test.

d 0.25 mm

Figure 1. Figure 2.

The results obtained are shown in Figures 1 and 2. It can be
seen that if (@) is decreased from 1000 y to 250 y,the size of the
paraffin particles formed is also decreased from 25 y to 5 y. It



194 L. Mészaros, M. Szabé, J. Grega, L. Tasi Vol. 4.

can also be noted that the shape of the particle® size distribution
curve 1is also altered. Decreasing (@) results in steeper distribu-
tion curves with higher maximum values, while the heterodispersity
of the system is decreased, the particle size range of the disper-
sion formed becomes narrower and homodispersity begins to prevail
in the system.

There is no doubt that having changed the values of s, a,
and n, the g-dependency of the degree of dispersity is also
changed and that the optimum point is shifted.Nevertheless» it can
be concluded that in general, (d), the average® particle size de-
creases linearly with decreasing (©) -

The effect of the rotation speed of the agitator oh the dispersion
operation

An experiment, similar to that described previously was car-
ried out keeping all the parameters constant (g, I, s, p) except
the rotation speed (pm) of the agitator.

25 -

10 20 30 40 W

1000 3000 5000
rpm

Figure 3. Figure 4.
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Figure 3 and 4 present the particle size distribution obtain-
ed at four different @px) values.

It can be concluded that at the beginning (d), the average
particle size, linearly decreases with increasing rotation speed,
then having passed a certain (pm) value it levels off. This opti-
mum value of the degree of dispersity depends on the (@) thickness
of the linear element and at different (rpm) figures it vyields
different (d) average particle size values.

Suspension-polymerization bead-polymer production experiments
carried out by the rotation-type linear agitator

The reason for selecting the suspension polymerization of
styrene as the model reaction of the experiment was that the par-
ticle size distribution of the beads - assuming otherwise constant
experimental parameters - considerably depends on the stirring,
i.e. the efficiency of the dispersing operation.

At the same time,the particle size distribution of the beads
formed and cured can easily be determined.

The chemical parameters of the suspension-polymerization
operation was selected according to literature recommendations,
e.g- styrene feed-in, temperature, catalyst feed-in, time of the
polymerization reaction, and stabilizer feed-in, etc. Meticulous
care was exercised in keeping these parameters constant throughout
the entire experiment-series. Agitators of two types, the conven-
tional turbine-type agitator and the rotation-type linear agitator,
were employed and, in both cases, two rotation speed settings, 240
rpm and 420 rpm were tested.

The particle size distribution curves determined from the
sieve analysis tests are presented in Figures 5, 6, 7 and 8.

Comparing the particle size distribution curves obtained in
the experiments carried out with the turbine-type agitator (Figur-
es 5 and 6) to those of the rotation-type linear agitator (Figures
7 and 8),it is immediately apparent that the average particle size
of the beads produced with the rotation-type linear agitator is
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shifted towards the lower micron figures and,at the same time, the
span of the distribution curve is also narrower.The degree of het-
erogeneity of the beads produced by the rotation-type linear agi-
tator is so much reduced that it is apparent even on visual inspec-
tion that the size of the product is much more homogeneous. This
observation is also duly supported by the sieve analysis data as
the quantity of the most abundant particle size fraction amounted
only to 26 % by weight of the total quantity of the beads produced
with the conventional, turbine-type agitator ,while the same param-
eter with the rotation-type linear agitator was as high as 65 % by
weight.

The results outlined above suggest that the rotation-type
linear agitator provides an effective means to control the average
particle size produced in similar suspension-type polymerization
operations.

If a sufficiently large number of experiments are carried
out,changing the geometrical dimensions of the linear elements and
monitoring the particle size distribution of the bead polymers pro-
duced, a correlation plot can be obtained enabling the optimum di-
mensions of the linear elements to be selected, leading to the de-
sired bead size.

The logic employed in selecting the parameter ranges to be tested
in future

It is obvious from the experiments outlined earliner that
in the very same material system, changing the geometrical dimen-
sions of the linear elements brings about a shift in the optimum
points of the degree of dispersity and these points can only be
experimentally determined.

Considering that all five of the q, £, s, pand n para-
meters can be changed,the number of the experiments to be carried
out is fairly high.Therefore, it seems plausible to try to deter-
mine what limits could be drawn to narrow down the range of the
parameters to be tested without jJeopardizing the validity and u-
niversality of the conclusions.
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Obviously, there is no need to test several types of materi-
als of construction,covering a wide span of $, because neither the
very stiff nor the very soft brands of the materials aré suitable.
Therefore a test series carried out with three or four materials
of construction of different modules of elasticity seem to,provide
a clear picture of the effect of this parameter.

It is also straightforward that the dispersing effect of the
line agitator is shown at its optimum at high rotation speed valu-
es. Therefore, the 4,000 - 15,000 rpm range seems to warrant a
test series.

There is no discussion about the importance of the viscosity
of the medium to be dispersed as it alters the efficiency of the
dispersion operation. But to test that effect, three systems of
considerably different viscosity seem sufficient.

The number of the experiments primarily depends on the extent
that the geometrical parameters, q, £ and s, are \varied-.- This
number, no doubt, is high.But even so, limiting assumptions can be
made for the ranges of the possible geometrical parameters,thereby
the number of experiments can well be kept within reasonable
limits.

It is evident that the q and £ parameters of a linear
element mode of a material, .characterized by the appropriate
value, cannot be selected at will, rather, each q thickness has a
corresponding minimal (£ = 50 q) and maximal length [limit beyond
that limit the elements become deformed and form a 'tangle™.

Furthermore, it is concievable that the length-maximum of the
linear elements practically determines the upper s number of ele-
ments that can be applied so that they can still deflect and freely
vibrate as demanded by the medium to be agitated. Consequently,
there more linear elements cannot be employed thaft this upper num-
ber, otherwise they mutually interfere with each other®"s movement.

The third most important parameter of the elements, (q), is
limited at the lower sizes by the characteristics of the material
of construction. The most significant and decisive of them are the
fatigue stress limit and elasticity. The upper value of (@ should
not possibly exceed the 2 mm figure, making the testing of this
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parameter meaningful only in the range below that limit.

The aim of the papers was to
give an account of the new-type
agitators we have developed, basi-
cally differring, both in the con-
struction and method of operation,
from the conventional agitators
widely employed 1in the chemical
industry.

As it can be seen from the
last section projecting the fields
of the future experiments, consid-
erable research is still needed
before all the parameters essen-
tial for construction design and
all the phenomena essential for
the understanding of their effect
and method of working are under-
stood and explained.

Having coverded a significant
part of that Ffield, we intend to
report once again on the results
obtained.

It should be mentioned that

several chemical reactions were of

basic iImportance: saponification ,

sulphonation, and nitration, etc.,

were carried out in the existing five, large laboratory-scale mo-

del systems now in operation (stirrer, film-reactor, spray-drier,

melt-reactor, and dust-precipitator; their schematics are shown

in Figure 9). Basically physical operations suspending, emulgea-

tion, gas absorption, and drying, etc. also proved that the time

necessery to complete these operations is reduced to one fourth -

one tenth of the original time, if, the operation is carried out
with the new-type linear agitator.



200 L. Mészaros, M. Szabé&, J. Grega, L. Tasi Vol 4
REFERENCES
1. MESZAROS, L., GREGA, J., LAKO, L., MARKO, L., SALAMON, Z.,
SZATMARY, 1., TASI, L.T

Hung. Patent appl. No. EA-116 (166.693),

Britich Patent appl. No. 45 553,

Austrian Patent appl. A - 4188,

Bulgarian Patent appl. No. 26 913,

Czechoslovak Patent appl. No. PV-3691,

Danish Patent appl. No. 2817,

French Patent appl. No. 74 , 22 469,

Japanese Patent appl. No. 49-124 556,

Yugoslav Patent appl. No. P-1680,

Polish Patent appl. No. P-173 895,

German (FRGX Patent appl. No. P-24 29 255,5,

Norwegian Patent appl. No. 743 713,
Romanian Patent appl. No. 79 082,
Swedish Patent appl. No. 74 06754-7,
Soviet Patent appl. No. 2 038 429, and
GDR, Canadian, Italian, Swiss and U.S. patent applications
are pending.
2. MESZAROS, L., GREGA, J., LAKO, L., SALAMON, Z., SZATMARY, 1.,
TASI, L.:

Stirrers Built Up of New Elements.
1974 Chemists®™ Congress, Miskolc.
Soc.)

PESIOME

B npepbioyweit ctaTbe LUMHMA pedb Wia

(Lecture presented at the
Organized by the Hung.Chem.

06 armtTaropax, noCTpPOEeHHbIX

n3 pa3pa60TaHHb|x aBTopaMn TOYeYHbIX " ]'IVIHeI7IHOO6paSHbIX 3/1eMEeHTOB HO-

BOro Tuna. 3TW HOBble 3/1EMEHTHI
MOUWb0 pe3y/ibTaToB oneiToB,
armnrtartrope,

B pgaHHOW cTaTbe 6yAeT MNoKaslaHo BAMsHUE
CTB JIMHEWHbIX 3/IEMEHTOB Ha 3h(EeKTUBHOCTbL arutaropa.

CA pe3y/ibTaTbl OnbiITOB MO AgncneprmpoBaHuio,
HbIX JIMHEMHbIX armtartopax.

Ha ocHoBe 3Tux pe3ynbTaToB MOXHO
OGbITb C ycnexoMm npuMeHeHbl npu 3amysbcaunn,

npn WMHTEHCUBHOM MNpoBegeHUN TaHUX TreTeporeHHbolX npoueccos,

n3 (*)a3 ABNAETCA XUNOKOCTbIO .

U UX KavecTBa 6biIm
NpPOBEAEHHbIX HAa POTALMOHHOM
ABNAKWMMCA Hauboniee NpocToil (opMoli KX WCMOSIHEHUS -

c no-
JIMHEWHOM

NMnoKa3aHbl

reoMeTpuyecknx CBON-
30ecb npuBOAAT-
NnpoBeAeHHbIX Ha poTaunoH-

YCTaHOBUTb, UYTO OHM MOryT
CycrneavMpoBaHuM 1 BOOOGLE
roe ogHa



Hungarian Journal
of Industrial Chemistry
Veszprém
Vol. 4. pp. 201-210 (1976)

INFLUENCE OF SUBSTRATES ON THE CATALYTIC
ACTIVITY OF FERRIC OXIDE

S.S. JEWUR, J.C. KURIACOSE

(Department of Chemistry, Indian Institute of
Technology, Madras, India)

Received: May 19, 1976

Ferric oxide catalyses ketonisation of acetic
acid and dehydrogenation, dehydration as well as
hydrogenolysis of alcohols. The ketonisation of acetic
acid has been studied in the presence of 1isopropyl
alcohol, benzyl alcohol and tertiary butyl alcohol at
375 and 440°C in a flow reactor. On the basis of the
mutual influence of the acid and alcohols on each
others® reaction and the temperature coefficient of the

ketonisation reaction, it is suggested that the
mechanism of the ketonisation reaction is temperature
dependent.

INTRODUCTION

Ferric oxide is one of the multifunctional catalysts that
promotes dehydrogenation,dehydration and hydrogenolysis of alcohols
which is also found to catalyse the ketonisation of fatty acids.
While there is much information available on the studies of various
decomposition reactions of alcohols on semiconductor oxides little
is known about the ketonisation reactions of acids.This investiga-
tion has been undertaken with a view to understand the primary na-
ture of the catalytic activity exhibited by ferric oxide in the
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ketonisation of acids. The present paper deals with the study of
the nature of the catalytic activity of ferric oxide and the modi-
fication of the activity brought about by co-substances.

EXPERIMENTAL

The reactions were studied at atmospheric pressure using a
flow type reactor,mercury being used to displace the reactant into
the reactor [1]. a-Fe203 was prepared starting from FeCl3.6H20 (SM
LR, purity 99.3 % [2] and characterised by X-ray analysis.The ox-
ide was heated at 500°C for 5 hours and crushed into a uniform
granular from and used.Acetic acid (BDH, LR) used in the reaction
was purified by distillation after refluxing it with potassium per-
manganate and acetic anhydride according to the procedure suggested
by Orton and Bradfield [3]- Isopropyl alcohol (BDH, AR) was used
without further purification.Benzyl alcohol (BDH, LR) was purified
by distillation after refluxing it over pellets of pure sodium
hydroxide.

Preliminary experiments were performed to Fix the proper
grain size and the volume of the catalyst. From the plot of per-
centage conversion of acetic acid as a function of the size of the
crystallite,an optimum grain dimension of 1.4 mm (mesh size 8) was
fixed for further experiments._The volume of 1.25 ml of the catalyst
was chosen at which there was a linear increase in conversion with
volume of the catalyst. The conversion of acetic acid was Tfollowed
by titrating the unreacted acid against standard alkali. The quan-
tity of acid reacted was also computed on the basis of the carbon
dioxide elvolved. Liquid products were condensed in a cold trap and
analysed by vapour phase chromatography using a carbowax column
Hydrogen gas was used as a carrier maintaining the column tempera-
ture at 10-15°C above the highest boiling in the mixture to be ana-
lysed.

RESULTS AND DISCUSSION

Studies using mixtures of acetic acid and alcohols were car-
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ried out with a view to understand the nature of primary activi-
ties of ferric oxide which may be responsible for the ketonisation
reaction. Ferric oxide promotes both dehydratation and dehydroge-
nation would compete for only the type of activity it needs for
its reaction, leaving the other free for acetic acid adsorption.
It this "other" activity is the one that promotes ketonisation,
acetic acid would undergo uninhibited ketonisation in the presence
of such an alcohol.lt was considered that thus one can make avail-
able to the acid, only one type of activity.

The predominant reaction of isopropyl alcohol was dehydroge-
nation giving acetone with dehydration to propylene taking place
to a very small extent. Benzyl alcohol underwent both dehydroge-
nation and hydrogenolysis reactions giving benzaldehyde and
toluene respectively. Tertiary butyl alcohol gave only isobutene
and water by dehydration. Small amounts of ester were noticed in
the case of mixtures of isopropyl alcohol and benzyl alcohol with
acetic acid.

Mutual iInfluence of acetic acid and alcohols at 375°C

Fig. 1 represents the influence of isopropyl alcohol, benzyl
alcohol and tertiary butyl alcohol on the ketonisation of acetic
acid at 375°C. The partial pressure studies on the reactions of
pure substances in presence of nitrogen as the diluent were under-
taken for purpose of comparison. All these alcohols were found to
suppress the ketonisation reaction and the amount of inhibition
follows the order; tertiary butyl alcohol > benzyl alcohol > iso-
propyl alcohol, at all partial pressures. The ketonisation of
acetic acid Ffalls sharply as the partial pressure of the acid is
decreased from one atmosphere in presence of alcohols as compared
to the rate of ketonisation in nitrogen. Hence the decrease in
ketonisation is not due to want of acetic acid in the gas phase
but because the acetic acid cannot get adsorbed on the catalyst
utilising the proper active sites in a manner conductive to keton-
isation .
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O CH3COOH reacted in

N2
0 CH3COOH reacted in
(CH3) 3CHOH
o CH 3COOH reacted in
C 6H5CH 20H
CH3COOH reacted in
(CH3) 3coH

Catalyst, 1.5 gm
Temperature, 375 °C

Contacti time 0.16
sec

Acid reacted (m.moles/hour)
>

Partial pressure of acetic acid
(atmospheres)

Fig. 1. Effect of various alcohols on the
ketonisation of acetic acid

H2 in presence of N2

H2 in presence of
CH3CO0H

CH3CH = CH3 in pres-
ence of N2

CH3CH = CH2 in pres-
ence of CH3COOH

Catalyst, 1.5 gm
Temperature, 375 °C

Contact time 0.16
sec

Partial pressure of isopropyl alcohol
(atmospheres)

Fig. 2. Effect of acetic acid on the dehy-
drogenation and dehydration of iso-
propyl alcohol



1976 Influence of Substrates of Ferric Oxide 205

In the experiments at 375°C carried out with the mixtures of
acetic acid and isopropyl alcohol, the dehydrogenation reaction of
isopropyl alcohol was found to be severely hindered as shown in
Fig.-2. Similarly the dehydrogenation as well as the hydrogenolysis
reactions of benzyl alcohol were affected by acetic acid as repre-
sentated in Fig.-3. The decrease in the hydrogenolysis reaction may
be due to the unavailability of adsorbed hydrogen as a result of
the suppressed dehydrogenation of benzyl alcohol. The experimental
runs carried out with the type of activity needed for ketonisation
is competed for by the alcohols that undergo dehydrogenation. The
observations that the dehydration of tertiary butyl alcohol and
ketonisation of acetic acid are mutually inhibited in the presence
of each other (Fig-4 and 1), bring about the importance of the de-
hydration activity for the ketonisation reaction. The results of
the study of the dehydration reaction of isopropyl alcohol in the
presence of acetic acid also indicates inhibition Ilending further
support to the suggestion that the dehydration activity of the ca-
talyst is also necessary for the ketonisation of acetic acid.

O c¢6h5cho in presence

of N2
e CO6HSCHO in presence E—u
Of CH3COOH 3
. COBH;CH3 in presence
of N2 @%
A CGHS5CH3 in presence g5
of CH3COOH X8,
%‘gﬁ

Catalyst, 1.5 gi
Temperature, 375 °C

Contact time 0.16
sec

oz

Partial pressure of benzyl alcohol
(atmospheres)

Fig . 3. Effect of acetic acid on the de-
hydrogenation and hydrogenolysis
of benzyl alcohol
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Mutual influence of acetic acid and alcohols at 440°C

Experiments with the mixtures of acid and alcohols were con-
ducted at 440°C. Figs. 4 to 7, represent the mutual influence of
alcohols and acetic acid on each other®s reaction.

The presence of alcohols that undergo dehydrogenation (iso-
propyl alcohol and benzyl alcohol) was found to enhance the rate of
ketonisation of acetic acid as shown in Fig. 5. But the dehydroge-
nation reactions of these alcohols was severely inhibited by acetic
acid as shown in Figs. 6 and 7. Tertialy butyl alcohol does not
have any effect on the rate of ketonisation of acetic acid, Fig. 5.
But the dehydration of tertiary butyl alcohol was suppressed by
acetic acid as shown in Fig. 4.

As far as the influence of alcohols on the rate of ketonisa-
tion at 440°C is concerned one can easly conclude that the catalyt-
ic behaviour of ferric oxide toward ketonisation at elevated tempe-
ratures is altogether different from that at temperatures less than
400°C. The fact that both dehydration and dehydrogenation reactions
of alcohols are severely hindered by acetic acid at 440 °C indicates
the preferential adsorption of acetic acid on the catalyst. The ob-
served increase in the rate of ketonisation in the presence,of iso-
propyl alcohol and benzyl alcohol might have been brought about by
the adsorbed hydrogen which may be responsible for the modification
of the catalytic activity of ferric oxide facilitating the ketoni-
sation reaction. The alcohols which produce hydrogen over the cata-
lyst have two opposite effects: one a competition for the surface
and the other a modification of the catalytic activity. In the pre-
sent case the latter effect exceeds the former so as to give an
overall increase in the rate of ketonisation. The presence of ter-
tiary butyl alcohol which can undergo only dehydration does not
affect the ketonisation reaction at 440°C, while its dehydration
rate has fallen considerably. This observation points to the fact
that the catalyst exhibits different types of activity towards the
ketonisation reaction in two temperature ranges. Moreover this ob-
servation is supported by the difference in the activation energy
in the two temperature ranges 3] below and above 400°C. Since the
reaction is not altered,the discontinuity observed in the Arrhenius
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(CH3)2C c CH2 in
presence of N2 at
440 °C

(CH3)2C = CH2 in
presence of

o CH3COOH at 440 °C

£

3 (CH3)2C = CH2 in

- presence of N2 at
375 ©°C

> (CH3)2C = CH2 in

g presence of

= CH3COOH at 375 °C

-

< Catalyst, 1.5 gm

=

1

()

|_

Partial pressure of tertiary butyl al-
cohol (@tmospheres)

Fig.4. Effect of acetic acid on dehydration
of tertiary butyl alcohol

0O CH3COOH reacted in

N2

L CH3COOH reacted in
(CH3)3CHOH
CH3CO00.H reacted in
C6HsCH20H

X CH3COOH reacted in
(CH=z)3COH

Catalyst 1.5 gm
Temperature, 440 °C

Contact time 0.147
sec

Partial pressure of acetic acid
(atmospheres)

Fig. 5. Effect of various alcohols of the
ketonisation of acetic acid
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O HZ2 in presence of
n2

m H2 in presence of
CH3COOH

O CH3CH = CH2 in
presence of N2

A  CH3CH = CH2 in
presence of
CH3COOH

Catalyst, 1.5 gm

Temperature, 440
440 ©°C

Isopropyl alcohol

Contact time 0.147
sec

Fig. 6. Effect of acetic acid on dehy-
drogenation and dehydration of
isopropyl alcohol

0 CO6H5CHO in pres-
ence of N2

I CO6H5CH3 in pres-
ence of N2

= COBHS5CHO in pres-
ence of CH3COOH

A  CO6H5CH3 pres-
ence of CH3COOH

Catalyst, 1.5 gm

Temperature, 440
°C

Contact time
0.147 sec

Partial pressure of benzyl alcohol
(atmospheres)

Fig. 7. Effect of acetic acid on dehy-
drogenation and hydrogenolysis
of benzyl alcohol
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plot is attributed to a change in the rate determining step in the
mechanism [4-6].

The same mixtures of reactions can exert different influ-
ences on each others reactions at different temperatures. This
appears to be a consequence of the difference in the temperature
coefficients of the adsorption coefficients, the nature of the
interaction between the various constituents iIn the vapour phase
and the catalyst surface, and the changes in the intrinsic behav-
iour of the catalyst itself with temperature.
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PE3IOME

OHUCb xene3a o6nagaeT KaTa/IMTUYECKON aKTMBHOCTbK NPU KOTOHU-
3auMn YKCYCHOI  KWCNOTbl, Npu ee gervgporeHnsauuv, gerungpartauuu,
N rngporeHnpoBaHnn. HeToHMIauMa YKCYCHOW KUC/OTH uccrefoBanachb npu
375°C* n 400°C B nNpUCYTCTBMM WU30MPONUIOBOro 6eH3nnoBoro u Tepy.oy-
TWUNOBOro CMNMPTOB, B MPOTOYHOM peakTope. [loCKONbKY KucnoTa u cnup-
Tbl B3aVMHO BO3A4ENCTBYWT Ha peakuum apyr gpyra, a  TemnepaTypHbli
KO3M(OMUMEHT peaHuun KeToHuM3auum obnagaeT XapaKTepHOW  BeIUYUHONM,
TO Obn cAenaH BbIBOL, O TOM, YTO MeXaHU3M peakumm KeToHu3auum 3aBu-
CUT OT TemnepaTypbl.
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A computerized method is presented that was
designed for the calculation of mass and heat
balances of technological processes.

The method presented groups the linear and
nonlinear relationships of the model according to
their types. The two, alternately applied stages
of the computation are: first, the simultaneous
solution of the |Ilinear equations for the whole
technologycal system) secondly, the correction of
the coefficients of the linear equation systems
by solving the nonlinear models. The procedure
outlined must be repeated until the required ac-
curacy Iis- obtained.

The advantages of the method are that its
convergence is reliable and no separate inter-
ation is required for the computation of the re-
circulations .

INTRODUCTION

The computation of the mass and heat balances of com-
plex technological system is, from the mathematical point of
view, the solution of a multivarihble equation system consis-
ting of linear and nonlinear relationships. The difficulty in-
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volved in the practical solution process exponentially increases
with increasing technological system complexity and soon nesecci-
tates the use of computers. The realisation of this point re-
sulted in several computer programmes or programme systems pub-
lished over the past decade (e.g- Ref. 1 to 7).

Basically there are two strategies available to choose from
when carrying out computerized calculations of multielement, com-
plex technological schemes:

a) The essence of the generally used sequencing method is
that the equation set characterizing the complete system is grou-
ped according to operation units, and starting from a certain
point of the scheme and following the direction of the informa-
tion flow, the given equation systems are solved. The computa-
tion has to be organized in such a manner that the data required
for the next unit becomes available in due course. The recircula-
tion establishes an information feed-back, mathematically this
results in nonlinear equation systems which might present some
convergency problem.

The sequencing method described is used, among others, in
the SIMUL system developed in Hungary [3]-

b) The other, essentially different strategy is the simul-
taneous solution of all of the equations of the system. Due to
computation technological difficulties resulting from the size of
the problem, this method 1is restricted iIn practice to linear
equation systems. The essence of the method is that the relation-
ships of the input and output streams of the separation units and
those of the "branchings™ are defined by ratio equations in which
the coefficients represent the ratio of a given input material in
the output streams. These values have to be known prior to the
initiation of the computation. The system of the heat and compo-
nent balance equations is automatically generated on the basis of
the schematics and thus the problem is reduced to the solution of
a linear equation system.

Obviously, the method outlined can only be applied if the
ratio coefficients and the operation parameters are preset or
known from actual measurements [4, 7]-
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THE TWO-STAGE PROCESS

Based on experience in the field of the computation of com-
plex systems, and especially on the solutions of recirculations
[5] it seemed straightforward to try to exploit the advantages of
both of the strategies, possibly without their drawbacks.Starting
from this point, the basic principles of a two-stage simulation
process were developed.

The equation system describing the technological scheme is
decomposed to allow the simultaneous solution of the linear and
the consecutive solution of the nonlinear equations. To do so,
similarly to the sequencing method, the nonlinear equations are
grouped according to the operation units, while the linear equa-
tions are generated according "to the simultaneous method,based on
information concerning the schematics and separation, as well as
the branching ratios defined above (in the following, for the
sake of simplicity the term separation ratios is used).

The main steps of the computation process are as TfTollows
(Fig-1):

The 1st step is the generation and simultaneous solution of

the linear equation system on the basis of information con-

cerning the schematics, the known component flow data and

estimated separation ratios.

The 2n* step is the solution of the nonlinear equa-
tion sets in any convenient order for the unknown component
flows, based on the component flows and composition data
obtained in the 15t step, as well as the estimated tempera-
ture and given pressure data. As a result, new data are ob-
tained for the separation ratio and temperature values.

The 1st and 2mc® steps are repeated one after the other as
many times as nhecessary to obtain unchanged separation ratios
within prespecified limits. Thus, the method is based in a series
of corrections, carried out on the coefficients of the Ilinear
equation system, obtained through the solutions of the nonlinear
equations systems.
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-Fig. 1.

Logical schematics of the computation
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The main advantages of the method are as follows:

a) The method can be used independently from the types of
the operation units, the components and the flow scheme involved.

b) No extra iteration is needed for the computation of the
recirculations and controls.

¢ The computation order of the operation unit can be
freely chosen.

d) The method is equally useful for design or modelling
purposes.

Claim a). ensures the universal applicability of the pro-
gram, claims b). to d). are the result of the combined nature of
the solution method selected.

COMPUTATION FLOWCHART

Using an appropriate sign system, the computation flowchart
provides an easily visualizable picture of the logics of the simu-
lation, and contains the iImportant information relevant to the
computation. To obtain this flowchart a simplified technological
flowchart is taken showing only those parts of the whole system
at an adequately detailed level, which are to be modelled. This
simplification results in the omission of certain units, conduits
control or recording instruments. A possible and adequate symbol
system of the operation units is shown in Figure 2. A rectangle
is assigned to" each unit containing the serial number of the com-
putation and the typifyihg, encircled code number. The connection
indices, identifying the component flows are written in parenthe-
sis at the appropriate junction points of the flows concerned.

The iInput and output component flows are shown as straight
line arrows, the energy flows as curvilinear arrows. A serial
number is assigned to the component flows in a similar manner to
the operation units.
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THE PROCESS MATRIX

The information pertaining to the computation flowchart has
to be entered in numerical form. The information relating to the
coupling and type of the operation units 1iIs given in the process
matrix (Figure 3.). The element Pk_.of the Qatrix is the serial
number of that component flow which Is the j (coupling index)
flow of the 1ith operation unit of code number P q. If the sign
of PA is positive, then the flow is an input flow;
gative, then it is an output flow. If that evalue
there is not such a connection point in the system.

if It is ne-
is zero then

Code i )
number Connection points
Ser.N. -
number\ 0 1 2 R I N
PI1,0 Pi.l P1»2 — PIl-j P1.N
2 P2,0 P2,1 p2,2 ~----P20 P2.N
' Pi,o Pi,l Pi,2 "Pi"3 Pi,N
L PL,O PL.1 PL,2 Pl.3 "PL,N

Fig. 3.
The structure of the process matrix

GENERATION AND SOLUTION OF THE LINEAR EQUATION SYSTEM

The linear equation system of the process consists of the
statements relating to the component flows, the component balance
equations written for the appropriate connection points, and the
ratio equations representing the relationship between the input
and output component flows at the branchings and separation units
The equation system written for a single component reads as
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follows :
All = b dl
where:
¢ = tar.d
m = [mj
b = [bA r = 1,2, ... n
s - 1,2, .. n

The determination of elements ars and br is carried out
for each equation type according to Table 1.

The equation system (1) 1is solved for each component, using
e.g. the Gauss elimination method. The component flows obtained
are used to calculate the overall mass flows and concentrations.

Table 1. The types of the equations

Type Equation a b
Stated com- Men=Ms -2 or ain:1 or Mg .zg ~ or
ponent flow m -M - a = Mo~z

out  out ~“out out out ““out
Component aln:1 or
balance ml.n—mout:O a -1 0
equation out ™~
Ratio A — a4,.=a and
equation *MinMout T aln _ 0
out

NONLINEAR EQUATION SYSTEMS

The models of the separation operation units can consist of
the component balance equations, temperature balance equations
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and equilibrium relationships. It is not practical to use some
general method to solve them and it is always up to the developer
of the model decide - considiering the stability, space and
time requirements - which of the available numeric methods (di-
rect iteration, Newton-Raphson method or its variants, etc.) Iis
to be applied to the best advantage.

The solution of the nonlinear equation systems yields the
new temperature and corrected ratio-coefficient data. The ratio
coefficients are defined for each type of the units. The rela-
tionships of the units shown in Figure 2 are summarized 1in Table
2.

Table 2. Definition of the separation ratios
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CONVERGENCY METHOD

It follows from the simultaneous solution method of the com-
ponent balance equations that no extra iteration is required for

the computation of the mass flow recirculations. Instead, the
coefficients of the appropriate ratio equations have to be cor-
rected by some nonlinear equation solving method. In general, a

better estimate can be obtained for the separation ratios than for
the absolute quantities of the recirculated component flows (e.g-
for the components not subject to partition a - O or a = 1» and
for the key components a = estimated, measured or T“reset yield
values) .

The nonlinear equation set relating to the unknown ratios is
as follows (for the sake of clarity, the component index is omit-
ted) .

ce- ~ai = O

f, (nfT a2 al/ as) ai

fa ©1/ 02 === @,/ ... a ) - az = 0

f. (a1, a2 a , <. aS) - a = 0

fS (a., a, ... ag, -=- as) -ag = 0 (@)
Here f., f2, ... f represent the appropriate forms of the

mathematical models of %he given separating operation units. To
calculate the function values, the equation set of the operation
unit has to be solved. Experience justifies the assumption that
the separation ratio of the ¥*L unit, i.e.:
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i = 1,2,....s )

Substituting (@) into Equation (), it reads much simpler:

f2 (aa) - a3z =

fi (ai) - a; 0

1
o

fo @) - ag i = 1,2,...,s @

Equation set (4) suggests the following direct-iteration
method :

a,®h =T1.@@®) i1=1,2,....s ©)

IT the itial values are too bad then certain damping

in
might be required in changing a.

Thus one arrives at the weighted direct iteration:

al(t+l) = (@-6 oai(t) + 6 - fi (ai )
i = 1,2,....s ©®

where the following relationship holds for the weighting factor,

6:
0<6<1
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COMPUTER PROGRAMME

A computer programme called MASTEP was compiled in ALGOL
language for this methodJ the programme contains the equation
systems of the mathematical models of the operation units in
programme-blocks. 1st present set is shown in Figure 2.

In the programme-block designs, in recommendations litera-
ture and our own experience were considered in selecting the
algorithm of the appropriate units (@ and the main criterion
govering our choice was numeric stability.

APPLICATION OF THE MODEL
The technological problem

The use of the computation method 1is demonstrated via an
example. The problem chosen involves a certain multistage distil-
lation unit with product reflux. This connection scheme is fre-
quently used, e.g. iIn natural gas processing plants. The aim of
the two stage separation is to produce light petroleum fractions
from the condensate obtained from natural gas. The product reflux
flows serve to increase the inner material throughput of the rec-
tification columns. This 1is essentially necessary if the quantity
of the processable raw material remains below the minimum level
required to ensure stable column operation. Such a material short-
age can be caused by an output drop on the fields and/or change in
the quality of the gas produced or partial shut-down of the con-
nected plants (e.g- gas storage facilities). The simplified sche-
matics of the technological process are shown in Figure 4.

The problem to be solved is the determination of the magni-
tude of the reflux flows to ensure the given loading.

The calculation

No explicit relationship can be formulated between the load-
ing and reflux, therefore a reiteration, i.e. repeated recalcula-



223

Two-Stage Computation

1976

3onpoad

109ys moj4

1eo1bojouyosl pargrpdurs 8yl

" 2anbi4

Res:=



224 L. TimSr, Z. Csermely Vol. 4.

tion of the whole system is required. One step of this process is
the solution of the component and heat balance equations belonging
to a given component reflux.

Based on the technological flowsheet and the problem to be
solved, the computation flowsheet is prepared (Figure 5) contain-
ing only those units which are indispensable for the solution.

The process matrix can be formulated which represents the
numerical mapping of the computation flowchart, once the serial
numbers of the operation units and the component flows, as well as
the coupling indices are known. The process matrix is given in
Table 3.

Table 3. The process matrix of the problem

Code number Connection points
2 1 6 -2 0
2 2 17 - 3 0
8 3 0 - 4 -7
3 7 0 -8 0
8 8 0 -9 -12
1 12 -14 -13 0
1 9 -11 -10 0
7 14 -15 0 0
2 11 15 -16 0
4 16 0 -17 0
1 4 - 6 -5 0.

The initial values of the calculation are the present values
of the component flows and the operation parameters of the units,
the process matrix determining the connection and type of units
involved, and the estimates given for the ratio coefficients and
temperature data.

Estimates are based on actual measured data obtained on a
variant without product reflux.
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Table 4. Parameters of the component flows

Serial num- Component Tempera- Pressure, Compo sition,
ber of the flow, ture ,
Tlow kmole/h K N/m~"x10”5  kmole/kmole
i 76.00 345.00 19 0.0140 0.4717
2 113.67 339.38 19 0.0188 0.6316
3 152.00 338.05 19 0.0141 0.4740
4 74 .89 327.71 19 0.0286 0.9541
5 37.21 327.71 19 0.0286 0.9541
6 37.67 327.71 19 0.0286 0.9541
7 77.11 406.00 19 0 .0000 0 .0090
8 77.11 368.75 7 0 .0000 0 .0090
9 39.79 327.25 7 0.0000 0.0174
10 19.76 327.25 7 0.0000 0.0174
1 20.03 327.25 7 0 .0000 0.0174
12 37.32 401/00 7 0 .0000 0.0000
13 19.03 401 .00 7 0 .0000 0 .0000
14 18.30 401.00 7 0.0000 o0.0000
15 18.30 340.00 7 0 .0000 0 .0000
16 38.33 334.24 7 0.0000 0.0091

17 38.33 334.24 19 0 .oo00 0.0091
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The computation process is an automatic one, but there Iis
also a provision for external manipulation (e.g- to change some
of the preset values).

The computed component flow values are presented in Table 4.
The energy flow values are printed when the operation unit proper
is calculated (e.g- the heat of condensation, and heat of evapo-
ration, etc.).

Convergency test

The numerical stability of the method in the case of the
problem presented is well represented in Figure 6. The average re-
lative deviation describing the extent of the convergency is cal-
culated as follows [9]])

100

The convergency achieved in
the given problem corresponds to
an accuracy of 0.1 per cent the
practical product yields.

Experience gained through
the simulation of natural gas
processing plants shows that the
convergency of the method is re-
liable regardless of whether the
number of recycles iIs Iincreased
(to 3 or more). In the case of
well-estimated separation ratios
(e.g- based on actual measured
values) no weighting is necessary

In the future, the pro- Figure 6. The Convergency Curve
gramme will be further developed
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due to the improvement of the conver.gency method (determination of
the optimized value, e.g.CI0]) and the extension of the programme-
-block set of the operation units (e.g. units including chemical
reaction).

SYMBOLS USED

A coefficient matrix of the component balance equations
b constant vector of the component balance equation
c component index

i serial number of the operation unit
J coupling index

K number of components

L number of the operation units

m component flow, (kmole/sec)

M mass flow, (kmole/sec)

n number of material flows

N maximum number of the connection point for a given unit
p pressure, /S

P process matrix

r changing index

S number of the branchings and separation units

t number of the iterative steps

T temperature, ®

z composition, (kmole/kmole)
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PE3IOME

CraTbd 3HaKOMUT C MeTOAOM, MNpPUMEHUMbIM ANA pacyeTa Ha 3BM 6Ga-
NnaHca Macchl U Tenna TeXHONI0rMyeckKnx MnpoLeccos.

Mpy OaHHOM MeTode  /IMHelHble W HenuvHeliHble 2aBWCUMoOTU, CcocTa-
BAsWME MOAENb MPOLECCUOHKbIX eavHul, FpynnupylTcsa no Tunam. [Bywmsi
CTYMNeHsiMM, T00OYEPESHO MPUMEHSIEMBIMA B pacyeTe, SBSETCS O4HOBPEMEH-
HOE peleHue JIMHEWHbIX YPaBHEHUA [ BCel TEeXHOMOrM4yeckoi CUCTemsl a
3aTeM KOPPEKTMPOBAHUE KOIPPULMEHTOB CUCTEMbl JIMHEWHbIX YpaBHEHWA ny-
TEeM peleHVsi HennHelHbIX Mogenei. 3To MOBTOPSieTCs BMIOTb [0 AOCTUXE-
HWUSI XenaeMoil TOUYHOCTU.

MpeumylecTBo MeToda 3akK/IuyaeTCHa B Ha[eXHOCTU CXOOUMOCTw, a

Takxe B ToM, 4YTO AN pacyeTa PeumpKynsuuii He TpeGyeTcss ocoboil nte-
pauuu .



Hungarian Journal
of Industrial Chemistry
Veszprém
Vol .4. pp. 231-244 (1976)

PLATE ABSORBER MODELLING BY MATRIX METHODS!

Z. CSERMELY, L. TIMAR
(Hungarian Oil and Gas Research Institute)

Received: March 9, 1976.

The mathematical models of plate separators con-
sist of multivariable, nonlinear equation sets.Several
algorithms can be deduced to carry out grouping of
these equations by types, to choose the convergency
method applicable or the execute the simultaneous or
consecutive solution of the equation subsets obtained.

The results of a study are presented that were
aimed at finding the possibilities of exact means to
select the most efficient computation methods, depen-
ding on the characteristics of the mixture to be sepa-

rated and the type of the column (simple adsorber, and
desorber, etc.).

The performance of an operation unit consisting of a given
number of theoretical plated can be described - for the purpose of
mathematical modelling - by similar equation sets which are inde-
pendent from the particular technological purpose or properties of
the mixture to be separated. In a mathematical sense, the task is
to solve this equation system consisting of multivariable, linear
and nonlinear relationships. By decomposition, i.e. by separating
the equation set into groups, several possible variants of the
solutions, 1i.e. several algorithms can be obtained, depending on
the number of the theoretically possible decomposition schemes and

Lecture presented at the Mlszaki Kémiai Napok®"75 (Technical Chem-
istry Days"75), Keszthely.
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solution orders.

Based on that principle several algorithms were constructed
and successfully identified with existing, practically used solu-
tion methods [1]. Two of the possibilities were discussed in detail
and shown to be applicable for the modelling of complex rectifica-
tion columns used for diverse applications [1, 2].

Research was carried out along two lines. Apart from the
depth of the decomposition, a new governing principle was intro-
duced to work out the theoretically possible methods, and by model-
ling plate absorbers the range of the application possibilities
studied was extended.

1. BASIC VARIANTS OF THE MATRIX METHODS

Under isobar conditions, generally prevalent in separation
methods, the equations describing the operation are the mass, the
component and the heat balance equations together with the equilib-
rium relationships applied for each of the theoretical plates. Exe-
cuting all the possible substitutions, e.g. expressing the mass
flow of the liquid leaving a plate by that of the rising vapour and
the mass balance equation, the vapour concentration by the mole
fraction of the liquid phase and the component equilibrium, an
equation set, containing three types of relationships was obtained.
In matrix representation the relationships are as follows (for n
theoretical plates and k components):

Component balance equations:

mte T, V) =0
.K_
Mole fraction definition (sum) equations:
St, T, V) =0
Q)
Heat balance equations:
Ht, T, V)
Q)
The equation set is solved by an advantageously selected
iterative process, e.g. by the Newtonian method or a variant

1
o
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of it, applying estimated initial values. The solution yields the
liquid concentration x; the plate temperature T, and the vapour

flow V, values which satisfy the equation system within speci-
fied limits.

1.1 Variants without decomposition

It is the most general method when the equation set is si-
multaneously solved for each of the variables with no decomposi-
tion at all [3].

The drawbacks of this approach are that the time and the
storage capacity required for the solution are of considerable
magnitude and the convergency is trustable, but with fairly good
initial values. This brings about significant difficulties, espe-
cially when the initial concentration values are to be estimated.
A possible alternative to solve this problem is to determine the
initial concentrations from the component balance equations along
with the initial T as well as V values, which can be fairly well
estimated [4]-

However, the drawbacks of the general solution are best
eliminated by the decomposition methods.

1.2 Variants with decompositions

Two governing principles were used work out the variants.
One of them is the depth of the decomposition, i.e. how many
subsets are used when the equations are classified (three sepa-
rate groups for each three of the types; two groups, one group
for the one type, the other for the other two types of equation.
Further variants can be deduced iIn each case according to which
variable is calculated by which group.

The number of the variants is smaller than that if the
combinatorical possibilities, for the compositions can be calcu-
lated only from the component balance equations.
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1.2.1 Variants with complete decomposition

According to the types of the equations, three subsets are
formed. Liquid concentrations are calculated from the component
balance equations using the estimated temperature profile as well
as the vapour Fflow profile. From here on there are two basic
variants.

The bubble point method (BP) is obtained if the tempera-
ture is calculated from the sum equations while the vapour Fflows
are obtained from the heat balance equations. This variant Iis
the same as that of the Wang-Henke method, described in the lit-
erature [5]-

The sum rate method is obtained if the vapour Fflows are
calculated from the sum equations and the temperature values are
obtained from the heat balance equations [6]-

The computation schematics of the method based on the com-
plete decomposition method are shown in Figure 1.

io Yo

X = X(T,V) |4 M(x,T,V) - o = s 1 X = ~(T,v)
_ 11

[ ;A 11

¥ = VD 1V s(g.T.v) -0 _ | T =7T(@.V
1 1t

1 o-=- 1 H.(g,T.V) - O te

T = T(x,V) 14 -(0.T.V) =>1 V = VXT)

SR BP

Fig. 1. Computation schematics of the basic variants obtained

with complete decomposition.
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1.2.2 Variants with partial decomposition

Two of the three equation subsets are compounded and simul-
taneously solved (e.g- by the Newtonian method), Tfollowed by the
consecutive - but in itself simultaneous - solution of the third
subset left over.

Any of the three types can be handled in itself, but not
each of them can be used to compute each of the variables, for the
concentrations can only be determined from the component balance
equations. Thus the number of the basic variants is five.

Estimated initial temperature and vapour flow values have to
be secured for each variant. Starting from thesé values, the it-
erative cycle results in the concentrations and new profiles. Then,
the calculation 1is once again repeated with those new data. The
calculation cycle is repeated until the desired accuracy Ffigures
of the selected variables are met.

To facilitate an easier grasp, characteristics of the vari-
ants are shown in Table 1.

It can be seen that three of the theoretically deduced vari-
ants have no practical counterpart known from the literature. Thus,
these methods represent the unresearched means of the solution
technique and further studies are required to find out it any such
practical problem exists where they can be applied to advantage
over the known methods.

2. APPLICATION OF THE BASIC VARIANTS FOR ABSORBER MODELLING

According to the literature and our experience in the field
of modelling rectification columns, the applicability of the algo-
rithms constructed from the very same basic relationships, but
having different structures, depend on the type of the column and
the characteristics of the mixture to be separated. The .aim of the
present studies is to work out a quantitative method to select the
appropriate basic variant used to model plate absorbers.

From the basic variant of the matrix methods the BP and BPT
methods applied for rectification columns, and the SR (sum rate)
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method proposed for the calculation of plate absorbers were used
along with their appropriate computer programmes.

The absorbers studied are

shown in Figure 2.
Four data sets, obtained frgm

the literature and actual natural
gas processing lants on three
typical industrial systems were

used as test data.
The materials of the test

examples are light hydrocarbons. In
two examples the technological aim
is dry gas production.The "dry gas"
consists mostly of methane from
natural gas in a simple absorber,
under different operation condi-
tions [10, 6]- The third example

1 simple absorber relates to the de-ethanization of

2 stripper gasoline [11], while the fourth

3 absorber with reboiler example makes use of the data set
of an absorber equipped with a reboiler, used for the separation
of the light components (lighter than propane) of raw gasoline[10]-

Fig. 2. The adsorber types
studied

The linear temperature profiles computed from the product
temperatures corresponding to sharp separations and from the vapour
flow values assuming constant molar flow were taken as initial
values iIn _each of the examples.

The convergency rate data obtained with the three different
algorithms are shown. The measure of the convergency is the square
sum of the differences between unity and the sum of the mole frac-
tions for each of the plates (E). For the sake of simplicity,
logarithmic scale is used in the figures (In E versus the number
of the iterative cycles).

Figures 3 and 4 present the convergency of the computation
for two simple absorbers, while Figures 5 and 6 show those if the
stripping column and the absorber with reboiler.

It can be seen that in the case of simple absorbers the con-
vergency of the SR method is trustable, the BP and the BPT methods
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Fig. 3. Convergency of the Computation of a Simple Absorber CT0l

Fig. 4. Convergency of the Computation of a Simple Absorber [6]
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Fig. 5. Convergency of the Computation of the Stripper [11]

Fig. 6. Convergency of the Computation of the Absorber with
Reboiler [10]
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are divergent in the Ffirst example and though in the second exam-
ple they were convergent, the convergency rate was inferior to
that of the SR method. In the case of the stripping column and
absorber with reboiler, the SR method became divergent after the
first few iterative cycles, the BP and BPT methods were conver-
gent, the convergency-rate of the former was smaller.

Analysing the figures it can thus be concluded that differ-
ent behaviours depend on the type of the system (with or with-
out reboiler), but this information is insufficient for an unam-
bigous decision. Several indicators were proposed in the Ilitera-
ture to solve this problem. The SR method is t" be applied in
those cases where the theoretical plate number is low [9], and for
such mixtures where the boiling point ranges are wide [9]; for
lower pressures[6] and where the difference between the tempera--
tures of the head and bottom products is smaller then 100 °C [6] -
Table 2 summarizes thesq values in the case of the examples given.
Two new variables were added because they were technologically im-
portant. The BP method is appropriate for the maximum vapour-lig-
uid ratio and low light component fractions in the feed, while for
high light component fractions the SR method is appropriate.

Studying the table it can be seen that the choise is not al-
ways unambiguous and there 1is also no information as to what the
limits of applicability are in the case of both the methods. From
the examples shown it can be concluded that up to eight theoreti-
cal plates the SR method should be used, and above it the BP meth-
od should be used; a conclusion obviously not soundly founded. It
the choice is based on the boiling point range of the feed, the
opposite conclusion is reached.

According to the studies carried out so far, the task cannot
be solved by picking a single, fortunately chosen parameter.

The equation set itself is studied in the following- section,
because though implicitly it contains quantitatively the effects
of both the type of unit and that of the characteristics of the
mixture encountered ih the given problem.

Therefore, the BP and SR methods were studied in detail. In
both methods the Ffirst step is the calculation of the composition
from the material balartce; although the method differs in the way
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the sum and the heat balance equations are used (Figure 1).

In this step the task is the determination of the tempera-
ture and the vapour flow values from the equation set:

0

s @,V

H @, V) 0

written here only for a single plate for the sake of clarity.

Applying the Newtonian method, the following linearized re-
lationships are obtained from the initial T and V values:

s < w + H (T-T10} + U (v-vo> =

H="Hl @ H (a@)zo

Both the BP and the SR methods determine the new T and V
values from the equations by the method of continuous approxima-
tion. This is also the principle of the Gauss-Seidel iterative
method used to solve the linear equation set. The sufficient con-
dition of convergency is that each successive equation of the set
should be dominated by a new variable. Applying the analogy onto
the coefficients of the variables of the problem studied, i.e.
onto the derivatives, the condition of convergency is that a given
relationship should be used for the computation of that very vari-
able towards which it iIs most sensitive, i.e. the partial deriva-
tive of which has the highest absolute value. The method can only
be used for the solution of the problem if it is assumed that the
magnitude of the derivatives do not change during the iterative
process.

In the complete equation set T and V are the vectors accord-
ing to plates, thus instead of the derivatives the matrices of the
derivatives should be compared. According to previous experience
it is generally sufficient to compare a characteristis parameter,
e.g- the Eucledian norms of the matrices when the magnitude rela-
tionship of the matrices is sought.

According to our process, the BP method is to be used if the
relationship:
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oS as iH iH
ar >> av A ar << av

holds and the SR method is to be used if the relationship:

as as OH
<< >>
aT av A aT av

holds.

Having studied the examples it was concluded that in the case
of a system performing multiple tasks, e.g. the absorber with re-
boiler, there is a difference of a magnitude between the Eucledian
norms belonging to the two sections of the column. The value ob-
tained for the upper section approaches that of the simple absorber
while the value of the lower is close to that of a stripper or a
rectification solumn. This fact suggests a new version of the solu-
tion method where within the model of the system, different basic
variants are used for the different sections.

This work will be continued in the future to obtain a method
which can be used to generate the model automatically from the ba-
sic equations, knowing the characteristics of the mixture to be se-
parated and those the.column.

SYMBOLS USED

E measure of the convergency

H function symbol of the heat balance

K number of the components

M function symbol of the component balance

n number of the theoretical plates

p pressure, (atm)

S function symbol of the mole fraction definition equation
T temperature, ®

tp boiling point range of the feed, (9]

tax maximal temperature difference, (9]

\ mass flow of the vapour phase, (kmole/sec)

V/L maximal vapour-liquid ratio, < (kmole/kmole)
X liquid phase mole fraction, (kmole/kmole)
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PE3IOME

3aBUCUMOCTUN, M3 KOTOPbLIX CTPOUTCA MOAE/Nb TapenbyarbiX pasgens-

WX YCTAHOBOK, COCTAaB/ISIET HENVHENHYl cucTemy ypaBHeHwii. [pynnupo-
BKa ypaBHeHWii Mo TunaMm, OAHOBPEMEHHOE WM MOC/NeAoBaTe/lbHOE — pele-
HME MOMYYEHHbIX YaCTUYHBIX CUCTEM YpaBHEHWA U BbGOP MeToda CXOAMMOC-
TV MOXET MPUBECTU K 6GOJbWLOMY 4UYUCNY a/rOpUDMOB.

B cTaTbe NpMBOASTCS MOMYYEHHblE [0 HACTOAWEro BpeEMEHW pe-

3ynbTaTbl UCCNefoBaHUW, Lenbl KOTOPbIX SBMASETCA To, 4YTOO6H A1A as-
NINYHLIX 3afay 6bina HaljeHa To4dHas BO3MOXHOCTb A1 Bbibopa H-anbornee
3(PEeKTUBHOIO0 pacyeTHOro MeToda, B 3aBUCMMOCTW OT CBOWCTB pasfens-
eMoli mMaTepuasibHOli CUCTeMsl M OT Tuna ycTaHoBKM / npocToli  abcopbep,
necopbep un 1.40.7
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The construction of a practice-oriented general
model applicable to evaporator systems 1is presented.
The evaporators proper are considered as systems and
complex operation units. Multistage evaporators with
vapour offtake provisions are constructed from these
units. The results are obtained by solving multivari-
able nonlinear equations. An algorithm-searching
method 1is used for the solution.

For the sake of clarity, the relationships exis-
ting among the parameters of majos importance are
shown graphically.

CONSTRUCTION OF THE SYSTEM-MODEL OF EVAPORATORS

Evaporation is a complex phenomenon exhibiting both thermic
and hydrodynamic properties. In addition, it is also accompained
by certain physical-chemical aspects. In therefore follows that
the description of a single stage evaporator, even under steady
state conditions, 1is a rather complicated task [1].

Evaporation of agueouos solutions is an especially frequent
task. In this case the heating-steam consumption is considerable.
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Significant reduction of the specific steam consumption @ was
achieved in the case of multistage systems, known over a hundred
years. Correspondingly, the thermic problems were dealt with by
energy economics. Though the heat pump evaporation has not become
a widespread method in Hungary the energeticians produced signifi-
cant results with the evaporator systems applying vapour offtake.

Evaporator system studies can have different goals. Corre-
spondingly, models with different description depths can be ap-
plied, 1i.e. the performance of the physical model under different
operating conditions should be tested on mathematical models con-
structed from simpler or more complex equation sets. Thus, e.g-
the single-stage evaporator can be modelled by a system consisting
of the following operation units, coupled into a loop with or with-
out circulation?

a mixing head at the junction point of the feed and the
back-fed circulation,

- a heater used to bring the solution to the boil, such as
a steam heated het exhanger,

- a boiler section, a heat exchanger keeping the hot solu-
tion at the boil,

- a separator, to separate vapour and the thick solution
arriving from the boiler,

- a branching to separate the offtake of the thick solution
from the circulation,

- a pump to circulate and feed in the solution.

The physical models of more complex evaporators, e.g. that
of a Kestner-type caustic evaporator can be generated from the
above mentioned operation units. Studying any of the evaporator
units (stages) , some arrangement of the above basic components is
generally encountered. This means that the evaporator units proper
can also be treated as systems. However, in technological practice
the multistage batteries composed of several evaporator units are
called evaporator systems. Here it is permissible for the evapora-
tor units proper to be treated as separate operation units [2].
Eventually, it is only the computer capacity available and the



1976 Evaporator System Studies 247

economics of the engineering efforts invested that determine wheth-
er the evaporator system is treated as a complex system construc-
ted from subsystems of the stages or not.

The following points are to be noted in constructing the
mathematical model of a stage. It is not always advisable to seek
a maximally detailed description, however, care should be taken to
ensure that the model is a trustworthy and adequately accurate
representation of reality. It is advisable to use models that are
valid over a wide parameter range.

The level of details is, Tfirst of all, determined by the
expectations the model is to meet. After that point, models can
arbitrarily be classified as simple, medium and complicated models.
Figure 1. presents a four-stage co-current evaporator system with
no vapour offtake, constructed from models characterized by a mi-
nimal numer of variables.

Fig. 1. Four-stage evaporator system with no offtake

Applying a description of similar depth for a three-stage
system and stating, e.g. that the heater surfaces are equal,
Al = A2 = A3, specifying the heat transfer coefficients k,, k2 and
k3» as well as the prescribed concentrations, an equation set con-
sisting of +twenty two nonlinear equations yielded the required
solution [3]-
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If the evaporator is considered as a separate operation unit
then it can be connected to several other systems, the connections
varying according to the type of the latter ones [7]- Branching is
found in the vapour line, i.e. the unity of the model is composed
from the operation units of the evaporator proper and that of the
branching.

E (@3) E @3 E@

Fig. 2. Three-stage evaporator system with offtake

This approach is mandatory because vapour offtake 1is very
frequently encountered in real industrial systems. No vapour off-
take or extra vapour input (nhegative offtake) 1is introduced into
the mathematical model by stating E = 0 and E < 0, respectively.To
facilitate an easier treatment in the later stages of the computa-
tion, the seventeén variables (@ used to describe the evaporator
were designated by code numbers. In addition, the mathematical
model contains the equation set consisting of ten nonlinear, inde-
pendent equations M) yielding in a degree of freedom, DF = L-M =
= 17-10 = 7.

The implicit forms of the independent equations are as fol-
lows :

fi (, K, B = 0 the mass flow balance equation relating
to the branching
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fa @ 6, v» =0 the specific heating-steam consumption
fa (AL, B , to) = 0 the boiling point temperature rise,
a \% ( At a)
f. ¢, G, r /t,s , to. tb) =0 the heat balance equation of
K
9 the evaporator proper

> (BV, Sv’ Vv = 0 the dissolved material or dry material

K K

balance equation of the solution

fe (rg, tg) = 0 the latent heat of vapour at the tem-

perature of the heating steam

f£f7 (@, to) = 0 the latent heat of vapour at the tem-
perature of the solution

fe (to,.Ata, ts) = 0 the relationship between the saturation
temperature ts, the boiling point rise
Ata, and the solution temperature t0

f,, (SV, SK, V) =0 the mass balance equation of the evapo-
ration
fio(n" tg, to, SK, Fb’ V, n = 0 the heat transfer equation,
Conditions :
®loss = 0 there is no heat loss
c = 1 tgﬁg. specific heat of water

Vapour is assumed to be pure steam
Solution is thoroughly mixed.

The code of numbers corresponding to the variables are shown
under the heading SYMBOLS USED.

The depth of the description is limited because the impulse
flows are ignored. Thus, the pressure existing in the evaporator
(and the same statement holds for the systems built from them as
well) can only be calculated by indirect methods, via the boiling
temperature value.

The term "complicated model™ 1is restricted to those cases
where the mathematical model consists of more than twenty indepen-
dent equations and computerized algorithm searching is indispens-
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able. Generally, the number of degrees of freedom, (@F) and thus
number of the input parameters, is between 8 and 15, while the
number of variables 1is between 30 and 40 [4].- Such descriptions
are obtained 1if the impulse flows are noted along with the heat
transfer coefficient functions are entered into the model. In such
cases, even with a single stage evaporator, one is frequently
forced to solve complicated multivariable differential equation
sets, especially if the evaporator is considered to be a system of
differential operation units.

The determination of the appropriate algorithm (computation
order)[5, 6] is of considable assistance in solving such problems.
Earlier the authors of this paper reported one such system showing
its productivity enhancing effect in everyday engineering practice

1 -

STUDIES ON THE THREE STAGE EVAPORATOR SYSTEM

The occurrence matrix shown in. Figure 3 summarizes the solu-
tion of the three stage evaporator with vapour offtake shown 1in
Figure 2, under the given input system. Here the roes contain the
equations arranged already according to the computation order and
the variable occurring in the equations are denoted with x. In the
column in front of the rows, the equations, designated by a number,
belonging to the three stages, are referred to (e.g- 6 is identi-
cal to fe).

The first column in front of the matrix contains the number
of the equations of the Tfirst system, the second those of the
second, etc. In the heading, the upper line contains the code num-
bers of variables belonging to the first unit, and the second line
those of the second unit, etc.

Thus, e.g., the lowermost line means that from the sixth

eg ation of the third stage, the third variable of that stage, the

ent heat of the heating steam () 1is obtained. In the heading

the iInput system, the coded variables were arranged into lines
~responding to the three stages.

Thus the 2nd variable of the third stage, (tg) is identical
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to the 9th va'riable of the second stage, the temperature of the
vapour, (E;)' The identity refers to the connections of the par-
ticular stages. This is indicated by numbers (referring to vari-
ables) written above each other in the heading.

Three squares, indicating interactions, are found in the
matrix; here, besides the unknown, located in the main diagonal,
there is yet another unknown variable. The iterative cycles ap-
pear, in this connection, within the appropriate units, because
there is no feed-back in selected for the example shown, the out-
put data of any stage become the input data of any successive
stage at the junction point.

The example was solved under different values of the iInput
system shown and the relationships existing between the parame-
ters of major practical importance: specific steam consumption
(@, heat transferring ability (ka) and offtakes (E), were obtain-
ed .

RELATIONSHIPS BETWEEN THE MAJOR PARAMETERS

The three stage sodium hydroxide evaporator 1is examined
below as a function of the changing vapour offtake values of the
particular units. Offtakes influence only stages placed behind
the offtake points. Changing the offtake in the third stage in-
fluences neither the concentration nor the (A), but only the ¢0
values. Therefore, throughout these studies, only the effects of
changing the offtakes of the 1st and 2nd stages were recorded.
Increasing offtake brings about a decrease in 2, $3, 0 (Figures
4 and 6), in the required transferring abilities, (<A)2, (KA)3 (Fi§
ure 5 and significantly, also in the Tfinal concentration value
B ) (Figure 4). Thus, if a more concentrated solution is sought,
itV can only be achieved via poorer specific vapour consuption
@2, 3 and ¢0) and smaller offtake values. During the calcula-
tions, only the first and second stage offtakes were varied, the
remainder of the initial values are kept constant. The constant
initial values were as follows:
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vs Er and g» vs Er diagrams

The

4.

Fig.-
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Fig. 5.
The (KA) vs Ei diagram

Fig. 6.

vs EZ2 diagram

E2 (t/h)
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1st stage:

G @ = 2.65x10 (ka/h) Bk ® = 6.9 ®

tg @ = 131 (O 4 ® = 117 (O

sk @ = 9.57x10*“ (kg/h) 4 © = 117 (O

2nd stage: 3rd stage:

tg ® = 105 (O 4 ® = 86.5 (O

The offtakes from the 1st and 2nd stage were varied between
0 and 10 (t/h).

The effects of offtake on certain parameters are shown graph-
ically. Based on the diagrams shown, the effects of changing some
of the parameters upon each other can easily be followed. Thus,
the changes to be implemented, to reach a given condition, can be
determined.

From the diagrams it is readly apparent that the theoretical
maximal concentration os 41.5 % under the conditions:

AD : KA2) : A3) = 11.5 : 16.7 : 107

Due to economical factors, such a ratio must not be created,
because then the surfaces of the particular stages become too wide-
ly different. Surfaces of roughly equal magnitude would be desir-
able.

In general, the ratios K, - kK2 : kK3 = 2 - 1.6 : 1 are ac-
ceptable for three stage evaporator systems. Assuming equal sur-
faces, the @@® ratios become equal to the Kk ratios. Since the
offtake from the 1st stage does not effect the operation of the
first stage, (kA), is always constant. Taking it as the basic
value, A2 and (KA become:

®, = 1.14,106
ka® = 9.2 *105
®)3 =  5.75x10=

Based on these data offtake values, corresponding to maximal
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utilization of the surfaces of all three of the stages, can be
calculated.

From A)2 - E1 = 10 (th) (Figure 5
From «a) nand E, : E2 = 2.25 (wh) (Figure 5)

Then the achievable concentration Bv can be calculated: Bv = 17.8%
(Figure 4). The value <40 becomes: % = 0.21 (Figure 6).

IT no offtake is allowed, but the surfaces are nevertheless
kept constant, then the third stage becomes the "tight bottleneck"
limiting the productivity of the two previous stages; thus, with
no offtake whatsoever, lower final concentration is obtained. If
the offtake is increased to, e.g, E2 = 6, then the transferring
ability of the third stage becomes: (A)3 = 4.01x10s (that is only
69.7 per cent of the total capacity of the 3rd stage). The final
concentration becomes: B = 16.2 % but the value of 40D is improved
90 = 0.155. IFf offtake is increased (from E, = 10 (t/h) and E2 =
= 2.25 (t/h)), then the last elements of the system are not loaded
entirely; of offtake is lowered, then the first elements work away
from the optimum point.

As in this case (kA) values were permitted to change, the
diagrams obtained are most useful for design purposes, because the
surfaces (with known k values) can be calculated. Obviously, deal-
ing with existing systems, the surfaces are given. Therefore,
using these input data, other calculations have to be performed
and diagrams constructed.

SYMBOLS USED

Code number

G mass flow of the heating steam fed-in, (kg/h)
tg temperature of the heating steam, @0 2
rg latent heat of the heating vapour (kcal/kg) 3
Sk overall mass flow of the solution entering the

system, (kg/kg) 4

Bk concentration of the solution entering the
system, (W) 5
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th temperature of the solution entering the system,
O

Ata boiling point temperature rise of the solution,
O

kA heat transferring ability, (kcal/h <C)

t temperature of the vapour formed, (9]

r latent heat of the vapour, (kcal/kg)

tQ temperature of the solution in the evaporator,
O

K mass flow of vapour after offtake, (ka/h)

E mass flow of steam offtake, (kg/h), (t/h)

Sv overall mass flow of the solution leaving the
systenm, (kg/h)

Bv concentration of the solution leaving the
systenm, W %

V mass flow rate of the overall vapour formed,
(ka/h)

o specific steam consumption, (ka/kg)

SUBSCRIPTS

Evaporator System Studies

1, 2, 3 denoting the stages

(0}

overall
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PESIOME

ABTOpamMM MOHa’aHO MOCTPOEHME MoZenn O6bIMHOM cucTembl 3Banopa-
TOpOB, KOTOpasi MOXET MNpMMEHeHa W Ha npakTuke. OTAeNbHO B3sThle 3Ba-
nopaTopsl paccmaTpuMBalTCs KaK CUCTeMa W KaK cocTaBHasi JIpoLeCCHOHHas
eguHMLa* 13 HMX CTPOSATCA CUCTEMbl 3BaropaTopoB, MPUrofHble Aas cnoT -
HOro MHOrPCTyneH4YyaToro oTbemMa napa. Pe3ynbTaTbl MOMy4YeHbl 4epe3 pele-
HWE HEeNUHEWNHbIX CUCTEM YpaBHEHWA CO MHOFMMW HEW3BECTHbIMU. [ns  3Toro
npuMeHsieTcs MeToh noucka anropudMa. [ns HarnagHocTu rpaguuecku npe-
OCTaB/ieHbl 3aBUCUMOCTM Mexay Haubosnee BaxHbiMM MNapamMeTpamm B paboueli
obnacTn wmopenemn.
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Approximation of distributed models by ordinary
differential equations 1is one of the methods for solv-
ing optimal control, stability and identification
problems concerning those models described by partial
differential equations.

A method is presented for determining those ap-
proximating equations, based on a modified form of
finite-elements.

INTRODUCTION

Although the improvement of the theoretical investigations
of the optimal control, stability and identification problems of
distributed systems described by partial differential equations is
very progressive [1, 21, the approaching methods still have sig-
nificant importance from the viewpoint of applications and numeri-
cal realizations.

A method based on a modified form of finite-elements [3] is
presented for solving the problem of approximation of partial dif-
ferential equations by ordinary ones.
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The structure of these approaching equations is the same as
the structure of equations well known from the literature of sys-
tem theory [4]. In this way, every result formerly attained for
optimal control, stability and identification problems of lumped
systems can also be applied to distributed ones.

SOLVING A HEAT CONDUCTION PROBLEM TO ILLUSTRATE THE METHOD

Let us consider a simple heat conduction problem that can be
described by the following equations

(see Fig-1):
x 2 0<x<L @

Boundary conditions:

Fig.1.
ar ar
Ix = 0r x ., - um @
X=L
Initial condition:
T, = Ta® ©)
In addition, let us specify a functional as:

0L 2

r = JJIrT1) - TODL dxdx (@)
oo

where Tg is a predefined function.

The problem is how to change the heat Tflux differing from
U(t) only in a constant (K) iIn order to minimize the function @4).
E.g. to achieve a process in the best way a specified temperature
field T (,t) is required and the task is to determine the func-
tion U(t) which gives T(x ,t) being very close to Te (X,X)-
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Transform this model into the well known form of lumped sys-
tem, so the approximate form is:

dt
= At + Ju@®) ®
t(®) = to ®)
e
Y = J f[t(x).t]dx @)
(o)

Let us search the solution in the following form:

TG,t) = 0000 @

Variation of T with respect to T is:

6TT(X,T) = pCY6G(T) , ®

Using Equ. (@ and (1), one obtains:-

ABK - * (kV) »? Aar (10>

Integrating both sides of equation (10) with respect to X,
we obtain:

6T |fdx = a g i » - a i I 53( 6‘ Tdx, (€%

o o

Considering (2), it is easy to show that:

J1>TT)8F + a f£ 6TT]dx - an(T)6TT(L,t) = O a2z

Formula (12) with the initial condition is the integral form
of the problem described in Equ. (1)-<3).

Let us approach the temperature distribution in the follow-
ing form:
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T(x,T) B+ COtE () €S)

Let B () Tfunctions be polynomial of
second degree. In this case they are (see
Fig-2):

4T12
B, Laln 54 %y [- DX+ 7 x2

R2( fs [1=x - Lx2J ,
B3¢ 138 - -&3} .,
so
1 if i=]
Bi (x3) = { i,j = 1,2,3
if i/j
Since "
65 = L B 006 t. ()
3 dt
AT =
N R E
3
3T . AR
3X il_l diT «>\ ™
3 R
fev = 'II diT (xX)6TBL (D -
i=

Using Equ. (12), one obtainsi

RE6TL, (t) + 5T (1) + N3 6Tts (&) =

0

a»

(€3

16

an
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where:
_ 3 dt. L Adsi dBi.
2 - RIGja&X + a~_ t.J gj- »
-fl
i=1 o i=1 o
U J /dra
{xXP7 [ 323 .dx + a §J diT
(0] i = o
L 3 4rR3 dRi
n mJ 333dx - aU(t) +a>( dx  dx -
O% j:i
Since variations 6Tt (T) are independent:
SI1 &2 ~ ]
i
«11 cur ais dx ti - 1 o
12 1 o
azlr > 0133 3 s a n
_— r 1
+ R—+M 812813 ti
831 - 833 t3
where :
=3 OB ® .,
ij
dr, dR.
Ri) = a)( dx  dx  9X

dx >,

263

as

€))

20)

e
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In this way:
Ar _SIM.. (¢2))
B= ~A"1-k , @3)
Initial condition:
ti©® = T™x.) , i=1,2,3 @

In order to change the form of the functional (4) one can
use Equ. (@3) and (D", so:

E{E(T)T] = X(1) - X(2y7- Z aij tj(mH)H)ti(m F (25
where: . =
yi 00 = fsi(ng & ,t)dx (26)
o)
X(x):JTe(x,T)dx . @n

So, we could transform the original problem {)- (@ into (GB)-(7).-

GENERALIZATION OF THE METHOD

The method mentioned above can also be applied in more comp-
licated cases: Let the equations to be investigated be:

WOt * g, La0GT) it ¢ bl 6 ) @
X,EV
Boundary condition is:

+ b2(X) 0, x%6S 9
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1 Initial condition is:
Ux-q.t)) = S(Xp) )

One can improve the approximation by
increasing the number of the intervals divid-
ing the region of Xx and using polinomial
of second degree in every interval (see
Fig-3).

Then the approaching function is:

T XT) = . t )/ @D
mJ

Fig-3. where

BI® o | Ifﬂ<2X3 e - x2) + X] - x8)x + (s - x2)X2]

m m m m m m m m

Bs() _ ., XiXs X - x3) + (8 - x?)x + K - x3)XZ] (€2)
m = It m m m m m m m m m
B3 = it XiXa O - x™M) + & - xPDx + ke - Xi)x2]
m o mouw m m m m m m m
n = 0¢C -X)0 - x)Cs - XJ
m m m m m m m

The approaching differential equations are:

dt. _
Yi = o0 m = 1.2,...,M (3)

a 1 =t 4+
) 1T s R ij= 1.,....3=3

where:
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\

m
Ia V<3 2. <39 >) .V (€D
Vm
IET(X)EH dv, Ei(x)bZ(t)nm ds_

\
m

CONCLUSIONS

A method is presented Tfor approaching analysis for distrib-
uted systems, which provides a possibility to transform the model
equations into ordinary differential equations.

The advantages of this model appearing clearly from the
example given as an illustration are: simplicity, good approximat-
ion and suitable structure for investigating optimal control as
well as identification problems.

SYMBOLS USED

a - thermal diffusivity, (m2/h)

K - thermal conductivity, (kcal/mh°C)
q - heat flux, (kcal/m2h)

u - variable,

X - co-ordinate, (M)

L - thickness of slab, m

U=q(x)/k - decision function, (°C/m)
@ - temperature, (9]

iy approaching function of temperature, (9]
\ - volume, (M3)

S - surface, (m2)
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Greek letters

@), 9C),o(Tr), ti() - functions, def. Equ. @ and (13)
T -time, h

6TC) - variation with respect to X

0 - total time of theprocess, h

r - functional, def.Equ. @

Index

o] - initial value

e - prescribed value

m,j,i - index of the sections
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PESIOME

OpHoli M3 BO3MOXHOCTEel NpubAMKEeHHOro pelleHnst Mopesneili ¢ pacnpe-
[JeneHHbIMM napamMeTpamv, T.€. OMNUCaHHbIX NapurabHEIMU  AnphepeHLnanbHbl-
MM YypaBHEHUSIMM, a TakKke MpoGreM WX YynpaBfieHWsl, YCTOMYMBOCTU U WNAEH-
TUYHOCTU, SIBASIETCS NPUGIMKEHME MOAE/IM C TMOMOWbI CUCTEMbI OGbIUYHBIX
AvddepeHunanbHBX ypaBHeHWii. [puBefseH MeTof OnpeaesieHvst Takol npu-
GNMKEHHOW CUCTEMb YpaBHEHWUli, HOTOpPbLI MO CyWecTBY OCHOBaH Ha BUAOU3-
MEHEHHOI (opME KOHEUHbIX 3/1EMEHTOB.
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Solubilities of a number of gases were deter-
mined in members of the n-pentane n-hexadecane se-
ries. Relationships between gas solubilities and phys-
ico-chemical properties of members of the series were
studied,

It was found that gas solubilities varied lin-
early in the function of reciprocal parachor values of
the solvents, and the slopes of the lines were propor-
tional to the sizes and mean polarizabilities of the
gases dissolved.

An equation was derived to calculate solubili-
ties of apolar and moderately polar gases in n-alkanes.
The equation is not applicable for polar gases, be-
cause the interactions between the gas and liquid mol-
ecules cannot be neglected in such cases.

It is well known that members of homologous series in organ-
ic chemistry display certain regularities - frequently character-
ized by mathematical relationships - as fas as some of their phys-
ico-chemical properties are concerned. The relationship describing
the change of a certain property of the homologous series is ge-
nerally not a simple, linear, but more complicated - though for-
mulatable - relationship. Because the solubility of a given gas
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depends on both the gas and the solvent, the hypothesis stating
the existence of a relationship between the solubility values ob-
tained in a homologous series and the carbon number of the members

the series seemed reasonable. This hypothesis iIs supported by
the work of SEYMOUR and SOSA [1], who stated that the solubility
parameters defined by HILDEBRAND and SCOTT C2, 3], known in the
literature as cohesive energy density (CED), are linear functions
of the logarithms of the carbon numbers.

Some of the regularities found in the course of studies on
the solubility of gases in members of the normal-alkane homologous
series are presented here.

1. EXPERIMENTAL

There are only a very limited number of gas solubility data
measured in normal-alkanes available Iin literature. Therefore,
solubilities of 15 gases in 12 members of the normal-alkane series
were determined. The Ffirst member of the series was n-pentane, the
last one n-hexadecane (C5 through C 16) . Measurements were carried
out at a constant 25 “C temperature. (Later on, solubility values
were also obtained at 40 ©°C to check the validity of the relation-
ships derived at 25 ©C.)

Gas solubility measurements were carried out - as usual - iIn
the saturation apparatuses [4]. Partial pressure of the component
to be dissolved was always kept at 760 torr in the equilibrium
mixture, so the gas solubility values are reported as Ostwald
coefficients. Analytical grade reagents of Hungarian and foreign
origin were used (both liquids and gases) . In those few cases
where literature data were available, the measured values agreed
to them within + 4 %. An absolute error of + 3 % was calculated
for the measurements made.
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2. DISCUSSION

Studying the solubility data two general conclusions can be
made :
- solubility of a given gas (expressed either as Ostwald
or Bunsen coefficient) decreases with the 1increasing
carbon number

- solubility of apolar gases in a given n-hydrocarbon
increases with increasing molecular size of the gas (a
similar tendency can also be noted with polar gases) .

Parachors of the members were used to take into consider-
ation the properties of the homologous series. There are a number
of factors compounded 1in the parachor value, each of which are
significantly influence solubility; it can be used over a wide
temperature range, its values are sums of increments and so the
value is easly calculated.

Solubilities of the gases studied were plotted as functions
of the reciprocal parachors of the n-alkanes (Figure la and Ib).
The following conclusions were drawn:

- There is a linear relationship between the gas solubi-
lities and the reciprocal parachors of the members of
the n-alkane series - except for the value of ammonia.
Extrapolated lines of the apolar gases meet in the or-
igin. Lines of the moderately polar gases also tend to
here,at least within the limits of experimental error.
Lines of the strongly polar gases have positive inter-
ception values. (It follows that in the case if apolar
and moderately polar gases, zero gas solubility would
be found in n-hydrocarbons containing an infinitely
large number of carbon atoms, while even in this case
there would be some solubility for the strongly polar
gases, such as S02 and H2S.)

- Slopes of the gas solubility lines are different for
each gas, the bigger or more polarizable the gas mole-
cules, the bigger the slope values.

There are two significant consequances of the above two ob-
servations:



272 J.Makranczy, Mrs .K .Megyery-Balog, L.Rusz and L.Patyi Vol. 4.

Fig. la. Relationship of Gas Solubility and Parachors
of n-Alkanes
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a) The following relationship holds for the solubility
of apolar gases measured in the n-alkane series:

B,[p],, = constant
where :
3, is the solubility %ﬁ the apolar or moderate-
ly polar gas in the n member of the series,

[pIn is the parachor value of the n-alkane
proper.

The relationship for the more polar gases can only be
formulated if the iIntercepts are known:

(B-b)[P] = constant

where:
b is the intercept of the line.

b) The practical value of the relationship mentioned in
a), is that once the solubility of an apolar or moder-
ately polar gas is known in any member of the series,
the solubility found in the remainder can be calcu-
lated. (The same value for polar gases can only be
calculated from two known data.)

As it was previously mentioned, slopes of the lines increase
with increasing polarizability, therefore the relationship between
the mean polarizability and the slope value was stidued. (Because
parachors are expressed as functions of the solvent molar volumes,
[P] = Vo1, the mean polarizability referring to one mole gas
was used. The.following simple relationship was graphically ob-
tained between the slope (A and mean polarizability data @) :

IgA = kaN - 2

(where N is the Avogadro number, kK is a proportionality constant) .
This is graphically shown in Figure 2.
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Using the co-ordinates
given in Figure 1, solubil-
ities of apolar and moderate-
ly polar gases are given by
the following equation:

As Ig A = kaN - 2, the above
equation can be rearranged:

Igi. = 1 + kaN - Ig[P]
Fig. 2. Relationship of slopes
and mean gas polariz- Dimensional analysis was used
abilities to show that k was no dimen-

sionless, but had the dimension of (dyn/cm)”, 1i.e. it could be
derived from interfacial tension. Thus the interfacial tension
measured between the gas and 1its liquid form was taken at the
1/4-th power and substituted into the equation, which took the
following final form:

IgB = 1+a~aN- Ig[P
g JaN- 1ol

Using the above equation the Ostwald coefficients were calculated
and compared to the ones measured. Deviation was expressed as a
relative error in the usual manner:

(0}

_ 0
% Rel. error Pmeasured computed X 100

measured
(Parachor values were taken from ALTENBURG®"s paper [6], while the
mean polarizability values were obtained from the book of HIRSCH-
FELDER et al [5]- |Interfacial tension values for gases were ob-
tained from handbooks or if not available, they were calculated
by an approximative method [9].-

Data measured and obtained by the derived equation are
shown in Table 1. Relative deviations are also shown.
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Table 1. (continued)

Gas CHi* co2 H2s
sol- R Rel .de- R Rel. de- R
vent meas . calc. viation jeas. Pcalc. viation meas .
c5 1,279 1,282 -0,24 2,685 2, 599 3,20 9,147
c6 1,146 1,095 4,46 2,270 2,236 1,50 8,230
c7 0,956 0, 953 0,28 1,976 1,947 1,47 7,520
Ca 0,849 0,844 0,58 1,746 1,724 1,26 6,986
c9 0,762 0,760 0,20 1,550 1,552 -0,01 6,560
c10 0,693 0,690 0,52 1,397 1,408 -0,79 6,232
Ciil 0,633 0,630 0,47 1,227 1,287 -0,78 5,949
cl2 0,586 0,581 0,84 1,179 1,188 -0,76 5,698
c13 0,541 0,538 0,55 1,091 1,099 -0,73 5,501
Cwu 0,508 0, 502 1,18 1,015 1,024 -0, 90 5,305
c15 0,474 0,470 0,82 0,950 0,959 -0,95 5,152
c16 0,448 0,442 1,18 0,895 0, 903 -0,89 4,999
co N20 S02
Cs 0,395 0,354 10,51 4,093 4,582 -11,94 11,876
c6 0,329 0,302 8,27 3,471 3,568 -2,79 10,876
c7 0,282 0,263 6,81 3,034 3,106 -7.,20 9,790
Ce 0,234 0,233 0, 56 2,729 2,751 -0,81 9,092
co9 0,217 0,210 3,41 2,478 2,477 -0,01 8,558
c10 0,191 0,190 0,47 2,270 2, 247 1,01 8,110
cll 0, 177 0,174 1,86 2,063 2,053 0,48 7.826
cl2 0,166 0,160 3,49 1,877 1,894 -0,91 7,444
cl13 0,151 0,148 1,72 1,779 1,754 1,41 7,182
cl4 0,136 0,138 -1,62 1,637 1,634 0,18 6,942
c15 0,128 0,129 -1,17 1,550 1,530 1,29 6,735

Ci6 0,120 0,122 -1,50 1,484 1,440 2,96 6,571
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It can be seen that there is a rather good agreement between
the measured and calculated values in the case of apolar and moder-
ately polar gases. This is especially true for the gases with ac-
curately known parameters, suchas C02, CH4, Xe, Kr and 02. The
greatest deviation occurs in the cases where the interfacial ten-
sion was obtained from approximations and where the other con-
stants required for the calculation were rather uncertain.Such gas-
es were helium and neon. Solubilities of two polar gases were not
calculated (H2S and S02), because these gases had positive inter-
ceptions and further research is needed to determine their meaning
and true numerical values. It isworth noting that other gas solu-
bility measurements of theauthors - such as those obtained with
n-alcohols - proved that the interactions must not be neglected in
the case of apolar - polar and polar -polar gas -liquid systems.

As mentioned earlier, further measurements were made at 40°C
to check the validity of the relationships obtained. Calculated
values were compared to those measured. It was found that the ap-
propriately derived equation also described the solubilities at
40 °C. There was only a slight deviation between the calculated
and measured data, shown in Table 2. Again no calculations were
made iIn the case of H2S and S02 because to do so would involve the
interception values. This problem will be reviewed in a later
paper .
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PESIOME

JKCnepumMeHTaslbHbBIM NyTEM oOnpefensanacb pPacTBOPUMOCTb MHOTI X
ra§03 B u4/ieHaxX romoJsiorm4eckKoro psdga HOpMaJ'IbeII7I NeHTaH - HopMa/lb-
HbIh IFeKCaH, WwuccnenoBa/ioCb, KakKad 3aBUCUMOCTb WMEETCA Mexay pac-
TBOPUMOCTbD N XUMUYECKNMU cBolicTBamMm )KVI,EI.KOCTeI‘/II AaHHOro romosnorn -
Ye.CKOoro psaa.-

YCTaHOBMEHO, UTO B 3aBWCUMOCTM OT O6pPaTHOro uvcria napaxop-
HbIX 3HAYeHWil pacTBopuTesieli pPacTBOPMMOCTb Fa30B WU3MEHSETCH JIMHENHO
M TaHreHC TaKMX MOJlyYeHHbIX MpPsiMbIX MPONOpUMOHANieH pa3mepy pacTBO-
pvMOli MOMeKysnbl U ee cpefHeli MNonspu3yemMocTy .

3 paccMOTpEHHbIX CUCTEM Fa3 - XUAKOCTb [/l TUna  HEenoJsisipHbIX
- MONSIPHBIX W CNabo MOMSIPHBIX - HEMOJIAPHbLIX BbIBEAEHO YpaBHEHWE,C Mo-
MOWb KOTOPOrO MOXeT O6biTb paccuMTaHa pacTBOPUMOCTb ra3oB B HOp-
MaslbHbIX akaHax. OTO YpaBHEHWE [/1si MOMISPHbIX ra3oB  HENPUMEHUMO MO
CKO/IbKO B TaHOM CJ/lyvae B3auMOAeNCTBUE Mexay MOJieKynamM rasa U Xu-
OKOCTV YyXe Hefb3si OT6pOCUTH.

ABTOpb MPUBOAAT B BuAe Tabnuy pe3ynbTaThl, MOJlyUYeHHble 3Kche-
PYMEHTa/IbHLIM M pacuyeTHbIM MyTeM.
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Heterogeneous chemical reactions occurring in
gas-liquid and liquid-1liquid systems are treated ac-
cording to the principles of system-theory developed
in the Research Institute for Technical Chemistry of

the Hungarian Academy of Sciences. Classification of
the reactions mentioned and the number of their pos-
sible variants are given by six property-classes. The

extended Damk®éhler equations are presented using the
system of component balance equations of the hetero-
geneous reactions. The transfer terms in these equa-
tions are presented by separate balance equations.

The diffusion expression relating to the laminar
film formed between the phases 1is solved in the case
of first order reactions; balance equations relating
to the bulk phases and the transfer terms of these
equations are presented using reaction kinetical and
transfer Kkinetical parameters.

A number of non-catalytical reactions occur in more than one
phase. The extension of intensive technologies over the past de-
cades emphasized the significance of industrial processes ocurring
in more than one phase. This and their varied nature necessitate
their classification. Heterogeneous chemical reaction occurring in
gas-liquid and liquid-liquid systems were treated using the system
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theory developed in the Research Institute for Technical Chemistry
of the Hungarian Academy of Sciences [1]- The system of balance
equations describing the systems mentioned iIn presented [2].

Mass transfer coupled to chemical reaction is one of the
phases of gas-liquid and liquid-liquid systems dealt with here.
According to the criteria of heterogeneous reactions, one or more
of the reacting components are to be found simultaneously in two
phases, and one or more of the reacting components are subject to
mass transfer, eventually arriving into the very phase where chemi-
cal reaction takes place.

Consider a classification of the heterogeneous reactions ba-
sed on property-classes formed from different properties [1],
where an ‘"element-group' structure-element [1], formed from one
respective element of each of the property-classes is used to de-
note a heterogeneous reaction determined by the property elements.
Compositions of respective elements of property-classes from a
possible classification of the heterogeneous reactions. Subjectiv-
ity of this classification is the result of the multitude of ways
used to determine element classes.

Before carrying out this classification let us define the
terms external and internal components, used there. Components are
termed external components if, on the one hand, they do not parti-
cipate in the mass transfer process (or rather, even if they par-
ticipate, it is not taken 1iInto consideration because due to the
definition of equilibrium, each component is subject more or less
to phase changes), i.e. they are genuine inert components; and on
the other hand, if their concentrations (or in the case of pure
phases, their quantities) are so vast that any changes caused by
chemical reactions have a negligible effect on mass transfer. No
balance equation has to be formulated for such compounds, because
their concentrations or mass rates are constant. Their effects -
if acting as one of the parties in the chemical reaction - can be
taken into consideration via the rate constants (e.g- pseudo ni-
-order kinetics) . Obviously, of an external component is subjected
to phase change it becomes an internal .component in the other
phase.

Components with changing concentrations or quantities are
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called internal quantities. Balance equations have to be formulat-
ed for each of them. According to the previous discussion, the
following six property-classes are defined: the chronology of the
"life" of the component is. followed in the classification, i.e.
components are followed from the formation of phases to the reac-
tion.

a). Construction of phases: Constructing phases from the two
types of components, namely external and internal, the following
property-class elements are identified:

1. KfBsz solution
2. KB F - mixture
3. K i
fBﬂ solution
4. K liquid of one component
5. B liquid of one component
6. K B - mixture
g9
7. K gas of one component
8. Bg gas of one component

No distinction is made between gas and vapour. The number of
components is not limited, i.e. phases with one and/or more exter-
nal components were not distinguished (e.g- classification of a
homogeneous phase consisting of 3 components and considering the
ratios of the components as well, 1is presented in [1]- Ratio of
the components is taken care of, in this case, iIn the distinction
made between external and internal quantities).

b) . Contact mode of the phases.
This point is not treated here, a detailed discussion can to be
found in the reference [1]. This classification presents the pos-
sible; constructions of operation units and apparatuses determining
the contact modes of the phases.

c) . Direction of mass flow between phases.
1. Liquid - gas
2. Gas * liquid

3. Liquid gas
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As mentioned before, any of the components of the phases can enter
the mass-transfer process, so optionally several simultaneous com-
ponent transfers have to be considered. Components subject to a
phase change must enter chemical reactions in the receiving phase,
or if component transfer is bidirectional, chemical reactions can
occur in both phases.

d) . Classification of chemical reactions according to the
number of reactions and their time-dependence:

Overall equations of the reactions taking place are consid-
ered in the classification process. Thus eleméntaty reaction part-
ners, radicals, and immediately decomposing intermediates occur-
ring in the elementary steps of the reaction mechanisms are not
taken into consideration.

Reactions are distinguished as follows:

1. Parallel reactions
2. Consecutive reactions
3. Single reaction.
4. Parallel and consecutive reactions.
The number of elements in this property class is 2 + (p + @ + pq
where: pg is the possibility of the co-existing occurrences of
the parallel and consecutive reactions, also taking into
consideration the number of reactions. 2 stands for the
heterogeneous chemical reaction consisting of one reac-
tion consisting of one reaction proper (p > 1 and kK > 1) .

e) . Thermostatic classification of chemical reactions

1. Non-equilibrium reactions
2. Equilibrium reactions.

) . Classification of chemical reactions according to
number of reactants and components formed.

This property-class classifies chemical reactions according
to the number of reactants formed in the reactions proper. Consi-
dering that one or more reactants resident in the absorbent phase
can enter a reaction, with one or more components taking part in
phase changes and the number of products can change as well, the
total number of reactions is f 2~ [13* In addition, considering
that the stoichiometric coefficient of a component can also assume
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values greater than 1 (any integer up to the maximal value of §£),
the number of the reaction is significantly increased:

3 J = (@+3+._.+ (m+n+t)) (mn+t) — (12+22+_ . .+ (m+n+t-1)+) @
With given m, n and t values changing the stoichiometric

coefficient between 1 and £, the number of possible reactions is
as follows:

f = m+n+t 7
z = 1 -1, 1<4 (&)
z = 2mn+t 4 < i <8
E.g,, ifm=1, n=1, t=1 and 1=2, the possible reactions:
A +R —-T A + R - 2T
A +2R-T A+ 2R - 2T r
2A + 2R — T
2A+ R —-T 2A + R - 2T

If values of m, n and t can change between 1 and the given
figures, the number of the totally possible reactions is obtained
by summing f values:

m+n+t

m+n+t m o0
fl m+n+t=2<1:*:I> ” too0 S
The number of reversible reactions is equal. [If consecutive

reactions can also take place, their intermediates increase the
value of m while effecting t as .well.

The reaction-order as a property class is not treated 1in
detail, because the number of components and the kinetics are ra-
rely independent; thus in general, the number of components also
determines the reaction-order. Consequently no finer classifica-
tion of the reactions could be obtained according to the reaction
-order.
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Eventually, six property-classes were used to classify the
heterogeneous reactions. The Descartes-multiples of the elements
of each of the property classes of a chemical reaction defined the
chemical reaction considered, (only one, but at least one element
of each of the property-classes belong to the heterogeneous reac-
tions) .

Thus, the total number of heterogeneous reactions obtainable
from this classification scheme is:

4 X 4 X 3 X (2 +p + g + p X q) x f

BALANCE EQUATIONS OF THE HETEROGENEOUS REACTIONS

Although a classification of the operation units - unambigu-
ously influencing the mathematical relationships used in the de-
scription - was omitted, nevertheless, the balance equation system
of heterogeneous reactions is given as one deduced from general
principles, and from this system the mathematical models best fit-
ting certain discrete variants, are obtained. The mathematical de-
scription starts from the extended Damkdhler equation describing
the component flow. No heat equation is formulated, because the
system is thought to be isotherm, and no iImpulse equations are
obtained.

Two of the terms of the extended component Damkdhler equation
were modified to facilitate a more convenient description of the
balance equations of heterogeneous chemical reactions. Turbulence
of the phases is taken care of via the mixing coefficient of the
conductive term - it is widely applied in the literature mentioned
[4, 5]; the transfer term of the Damkéhler equation - the transfer
coefficient and the driving force - is given by physico-chemical
and reaction kinetical characteristics using the two-film theory.
It is assumed that there is merely a diffusion flow through the
films formed at the contact surfaces of the phases, and the con-
vection and local changes, dependent in the direction of flows of
the phases, are neglected. Accordingly, separate balance equations
are constructed for the films and by solving them, the relation-
ships giving the transfer coefficient and the driving force are
obtained.
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Transfer coefficients are considerably influenced by the
chemical reactions, and in general the driving forces also change
and are not equal to the differences of bulk phase concentrations.

In principle, a balance equation has to be obtained for each
of the components influencing the heterogeneous reaction. No bal-
ance equation is written for the external components or for the
products formed, because their quantities are given by the concen-
tration changes of the reactants. Reaction products that also act
as reactants are considered internal components, while products
participating in phase changes are considered absorbing components.

The balance equations relating to laminar films are:
a) For components subject to phase changes:
div (A grad cA) & A 0 ®@
3=la I « u

b) For reactants:

div (R grad CR) '’ a . GI}S. = 0 &)
J-Iroaj
) o a=1, 2t ===, m
where: GélD =rj CR> r=1, 2, e.., ,

Similarly, G. values can be expressed. If J denotes the
same reaction and A/Is': Al’:}) then obviously 13 G’.;s.. The G value
that also contains the reaction kinetics, shows which reactions
are independent and which are dependent, at the same time, also
determining the iInterdependence of the balance equations. Flow
densities in a given point of the contacting surfaces can be ob-
tained from Equation (4) (see Equation), along with the transfer
flow densities entering the bulk phases through the film of 6
thickness (see Equation 7) .These equations can be applied for both
phases. If no chemical reaction takes place, the two flows are
equal.

JQA ®
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. 3CA
TOA N )
ar

-r _+
rr06

Integrating the above equations, the total quantity trans-
ferred can be obtained.

Balance equations relating to the bulk phase are as follows:

&) . Absorbent phase:

a
- div K1 grad Céi + div Céi « Vo4 J?A‘(O ] |A“. GAU_. =
j=la
_ Pz
= 4t (€2
Ja 3CR . o
_ - = x| = -
div K1 grad CBl + div Cgi x V I}s G%S' ot @)
j=la
b) . Component donor phase:
) , .. TOA Chr
- div K2 grad Céi + div Céi x V Uy 0 at (©)]

The above equations are obtained for each of the internal
components. Solving the independent relatioships thus obtained,
the concentration relationships describing the components proper
are obtained.

Equations (@) and () are solved under the boundary conditions

3CR
r=r CA = CXA —1 = 0 10a)
(0] 1 1
3r
r=r+ CA = CA. CR = CR. (10b)
1 ol 1 ol

Boundary and initial conditions can similarity be given for the
bulk phase as well [3].

The balance equations obtained are shown below In connection
with two examples, by solving the balance equations of the Tfilm
[Equations (@) and ()] and giving the transfer flow densities
[Equations (&) and (7)] in the case or a one-dimensional model.
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The direction of the diffusional mass transfer in the film is
thought to be perpendicular to the direction of convection and
concentration changes in the bulk phases.

Consider the A — T first-order reactions:
Balance equations relating to the film areas follows:
a) . Component donor phase:

pd d2cg _ (ID
dz

b) . Absorbent phase:

A
Di~ i - Kkic? a2

Balance equations relating to the bulk phase:

aC 3C 3c

02 ToA 02
T Ky, * " Ji a3
3X
3001+ SC0 s 61A an ac0 s as
where :
JOA = -
1 — d3 i a5
Z=0
dCA
A eg gk as
Z=6 1

(1) the physical transfer flow density obtained:

J°A D2 _
2 62 Ch2 = C¥A an

From Equation (12):

” sh pZ+C'%

ol P61~ 2 AT

sh p 6

from here:

,O0A D1P
sh pe6. CT ch »<m - Cc , (19)
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Crch(pbl) - <- 20)

where:

Analysing Equations (19) and (20) the role of the rate coefficient
is obtained. It follows from Equation (9) :

JoA : (19)
1 Vi ‘
A
3, Cof O (202)

that the amount components transferred through the surface is pro-
portional to the square root of the rate coefficient Equation
(19a) , and the increase of JJA is limited by the gas-side resis-
tance if k 1Is further increased [Equation (22)]. Simultaneously,
increasinglk’\ makes 1A approach zero [Equation (20a)]-

Transfer flow density into the bulk of the adsorbent phase,
expressed by the overall transfer coefficient between the two
phases and the driving force [using the gas-side concentrations to
express the latter (Equation 21)] is obtained from Equations (17)
and (20).

I = pay PESe, Y 1+ gope Lt omipere G0 G
and :
| *i
. C,, CrAM 22)
$2 K]

respectively, where:
n _ K dA
Y = chC kr/7R*) & = N
tgh ( KANF/RBF)
Substituting Equations (1) and () into Equations (7) and
(8), balance equations relating to the bulk phases are obtained
[Equations (23)-(25)] and by solving them the component concentra-
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tion distributions are obtained:

a) . For the adsorbent phase:

- div (i grad cei) + div (AT V) + Biy B9 e (csa cwdhu -

- k-to1 ol )
where :

A
81 kiDi
a6 yl + gove LT 8lsohe @

b) . For the component donor phase:
-div (K2 grad Céz)i div (Cg\zv) - B('j QCJ‘A2 - C(l\)/IIA/y)
€5

where :

@ = Y (1/%2 + Hel8i)

From the values of JoA and J51A a fraction of the transfer-
red material reacting 11n the fTilm is obtained. If the total
amount of the transferre material reacts iIn the film, the con-
centration value is Equation (4) becomes zero and this relation-
ship is omitted from the description of the systems. Considering
this, two characteristic ranges of chemical reaction rate can be
identified:

8. fi = J°A/]
b) . i > 35
In tha case b) . less than< 3 % of the material adsorbed

enters the bulk of the absorbent phase. If kjDN/i3*“)2 > 12 then
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fi > 35 is obtained.

In the case a). the system is described by Equations (1 -3),
(149 and (21-22). They include the physical transfer @ = 1),
while Equations (21-22) give the multiple of the convection
transfer coefficient and the driving force [6]-

In the case of second - and higher - order reactions the
balance equations relating to the film and expressed for one com-
ponent require the solution of sixth or even higher-order differ-
ential equations, which lacking the roots of the characteristic
equation, can only be treated by approximative methods. Similarly,
no analytical solution of the value equations relating to the
bulk phases in known for reactions like this.

Consider now the balance equations of the reversible reac-
tions ki

Consider the général case with no established equilibrium between
the components in the film and an established equilibrium between
the bulk phase concentrations. The balance equations relating to
the film formed in the absorbent phase:

da2cf A
k1C = L @
dz 1C1 k2Cl1 =kI(Ct “ CI/K)
dacy
D1 -k1(C* - CV/K) @n
dz
where:
K kj/k2

Compounding Equations (26) and (27) in incomplete fourth
order common differential equation is obtained describing changes
of both A and T.

The concentration distribution of component A:
C* = aZz2exp@lz) + a3 expi-c"z) + anz + ab @28)

where:
al = (KD™ + DAk j/D~K
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a, = K2 (I+D&/RfK) exp(—a{),j)_ EC"A - Cél )/p
a; = K2 (I+D&/EyK) exp (aI6,? ((C)‘A I —F*A)/p
a, = 2K(1+Dﬁ/DFK)DA{Dia ch(aIGI)iC*A - Cél)/p

= -2(DPA/DTa § ch (@,§ ) (K+DA/D])C*A+2sh @, § ) (K+DA/DT)CA, /p
p = -2KtDa/D™) ( shiOjé ) + daA>t ch(al6j)

Considiering Equations (15) and (16), the component flows in the
points z=0 and z = 6 are obtained from Equation (28) shown

above:
: KD, 51”1)6(1
JC1>A = (C’iA - Cél) 29
DMOIIHE + DIK t9h CI1E)
6,A Ka,6.0, + jDj ch@ 6j
2o o TR T IR N@OD ey cay
1 chlijaj) + KD shtcijajr 1 01

Values of the component transfer flow densities relating to the
irreversible first order reaction with increasing [Equations
(19 and 20)] are obtained from Equations (29) and (30).

The gas side resistance can be definer by Equations (29)
and (30), similarly to Equations (1) and (22).

A third area of the chemical reaction rate, that of the
instantaneous reactions should also be mentioned. This area bears
significance in the case of reactions involving at least two or
more components. Then, due to the high reaction rate, the concen-
tration of both the components drops to zero in the film. Thus,
reaction takes place only in the plane where components arrive at
via diffusion.

Therefore, e.g- in the case of the reaction A + R T the
relationship giving the absorption rate [7, 8] Iis:

o Ocxa + PEs 31
1 1 da
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The balance equations shown are generally valid equations
and depending on the given case, and operation unit, the actual
technology can become considerably simpler and some of their terms
can easily be neglected.

SYMBOLS USED

- component subject to phase change

concentration, (kmole/m3)

- diffusion coefficient, (m2/h)

- reaction rate, (kmole/m3h)

He Henry®s coefficient,

J - component transfer flow density, (kmole/m2h)
- number of reactions involving component A

® OO0 >
|

Jr number of reactions involving R
equilibrium coefficient
ki and k2 - mixing coefficient, (m2/h)

K - rate coefficient (its dimension depend on the reaction
order)

stoichiometric coefficient

number of absorbing reactants

- number of reactants in the absorbent phase
number of parallel reactions

number of consecutive reactions

reactant

= VO U S5 3 p
1

space co-ordinate of a given point of the contacting
surface, m

- space co-ordinate of a given point of the contacting
surface

r+6 - co-ordinate of a point of the surface of the laminar
film at the side of the main phase

t number of products

t - time, (®)

I convective flow rate, (wh)

z co-ordinate, m

X Co-ordinate, (]

6 thickness of the laminar film, m
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B - physical transfer coefficient, (mh)
w - spacific contact area, (Mm2/m3)
P = k-iD*
Subscripts
f - liquid
g - gas
i serial index
j - serial number of the reaction
sz - solid
0 bulk phase property
0 - overall
1 - absorbing phase
2 - component phase

Upper indices

- equilibrium
T - components respectively
- contacting surface of the phases

o o » X
X

- surface of the laminar films of thickness at
the main - phase side
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PES3IOME

B cOOTBETCTBMM C MpUHLUMNAMU TEOPUU CUCTEM, pa3paboTaHHO B
TeXHUKO-XUMUYECKOM WHCTUTYTe BeHrepckoii Akagemun Hayk,paccmaTpuBawT-
Csl TETEepOreHHble XUMUYECKWE peakumn Mexay ¢asamym XUAKOCTb-ras, W Xug-
KOCTb-XMAKOCTb. llecTbld Kiaccamum CBOWCTB 3aJanTcs pasfesieHve Bbilleyno-
MSHYTbIX FETEePOreHHbIX XUMUUECKMX peakuuii ¥ UMC/o BO3MOXHbIX Bapuauwii
peakumii. MprYMeHsiA pacWwWpeHHoe ypaBHeHWe [avkesnepa, [aeTcsl CUCTema ypa-
BHEHU/I KOMMOHEHTHOro 6annaHca A/l reTeporeHHbX peakuuwii, rae UneHsl
nepejaun BbiPaXeHbl 4Yepe3 OTAesibHble ypaBHEHUs GasnaHca.-

B cnyuae peakuuii nepBoro nopsinka Aisi o6pasyioleincss mexay (pasami
NaMUHAPHOI NfeHKU HaligeHo peweHve AWGAY3MOHHOW 3aBMCUMOCTU U BbPa3vB
C MOMOlWbKY KUHETUYECKUX MapamMeTpoB peakuMnm u nepejaduv, [aeTcs ypaBHe-
HWe 6asnaHca A5 OCHOBHOM Macchl (a3 UM ujieHsl nepeaaqu.
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The problem of the simulation and optimization
of complex chemical systems is considered. Different
methods for simulation and optimization are considered
especially from the point of view of numerical compu-
tation on digital computers. The concept of flowsheet
simulation is critically confronted with the equation
oriented approach. On two examples several algorithms
are compared. The adjoint process is used for the com-
putation of first derivatives of complex systems. The
calculation of first order static sensitivity coeffi-
cients is also considered. It is concluded that the
flowsheet simulation concept is only in the design
stage as an effective tool. In optimization, this
method lead to nested iterations of high dimensional-
ity. However, a minimal number of iteration variables
is obtained with the equation oriented approach.

INTRODUCT ION

In recent years,calculation and optimization methods i

ing complex chemical processes have received considerable
tion in literature.ln the calculation of chemical processes,

N
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sheet simulation was extensively studied because the simplifica-
tion of the design procedures connected therewith promised to be
of considerable use CI, 21. Moreover, emphasis was placed on the
equation oriented calculation of systems which enable problems to
be solved with a saving in computer time [3-5]. The investigations
of optimization Were concentrated on the development of search
strategies for different types of problems, and the direct strate-
gies that were gaining special importance.

On the other hand, methods such as dynamic programming, the
maximum principle, or the multilevel technique, did not play such
a major role in the practical application to the chemical industry.
This was primarily due to the following facts: These methods
proved to be superios to the search strategies only in large prob-
lems (number of variables, number of process units with nonlinear
models, and of couplings) . Hovewer, the treatment of such "large
problems™ is not only problematical because of the expense of
computer time, what is more important is that due to the inaccura-
cy of the models and the multiplicity of solutions, the results
computed at considerable expense do not attain the real optimal
conditions.

In the treatment of problems, which at present can be solved
at a reasonable expense, the search strategies proved to be easily
manageable and reliable, and in most cases led to a reasonable re-
sult. The application of such methods is described here. At pres-
ent, relatively few results are available for the simultaneous
consideration of system calculation and optimization. It is the
aim of this paper to discuss the effective solution of simulation
and optimization problems.

In chapter 2, the algorithms used for this purpose are given.
A procedure for the calculation of derivatives in complex systems
is presented. In chapter 3, two model systems are treated in which
the calculations were carried out. In chapter 4, the essential
results of the investigations are summarized. The following prob-
lems are discussed:

a) . Comparasion of iteration methods for the solution of
simulation problems;
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b) . Comparison of optimization, procedures;

c) . Application of the method of adjoint process to the
calculation of derivatives in optimization and sen-
sitivity analysis;

d) . Comparison of flowsheet simulation and equation ori-
ented calculation of systems.

2. BASIC ALGORITHMS FOR THE CALCULATION AND OPTIMIZATION
OF SYSTEMS

Fig. 1. presents the scheme of a complex chemical process.
It consists of units or element which are represented by small
boxes. The input variables of the k-th element are:

XM = @ X T,
the output variables:
© _ v® -. w©HT>
*- k

n
For each element, the equations Of a mathematical model:

fo0® Xx®.u®) =0 i = l...n o

are given. As to the form of this connection, it iIs assumed that
the y. can be calculated as being unique from the given x and u.

The variables
u<k> - @ ..o @)DT
- 1 rK
designate the design and control variables of the k-th element. A

system is determinated by () and the structural relations between
the input and output variables of different elements:

yhk,i) _x ® @)
gk, i) i
The task of the flowsheet simulation is to calculate the values of
output variables of the whole system
SO0M® _ (0@ .-.y° ®]JT

from the given system input variables
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Pk
and the given design and control variables

This problem can be solved directly only in very simple cases-.
When there are no recycles iIn the systems, the output variables
can be calculated stepwise from the input variables.

2.1 Approaches to the Calculations of Complex Systems

Systems with recycles require iterative calculation. For
this purpose, the system must be torn. In simple systems, the po-
sition of the most favourable variables to be torn can be deter-
mined visually. For larger systems, efficient algorithms were de-
veloped which automatically determine the position of the optimal
tear variables. In flowsheet simulation, the following points are
of special importance:

a) . The task of Fflowsheet simulation is to organize the
solution of systems of equations which in general
are nonlinear by balancing the recycles;

b) . The basic point is the topology of the system only
the form of the model equations being of no impor-
tance;

c) - When type models for the elements exist, various
structure variants can be calculated without diffi-

culty.

The essential disadvantage of the flowsheet simulation con-
cept is the following. If within a recycle there is an element
whose output variables can be calculated only by iterative methods,
the system calculation always leads to nested iterations. Hovewer,
to solve this problem it would be completely sufficient to choose
the iterations of the implicit element as iteration variables of
the whole recycle.

Therefore, it appears to be advantageous to not only consider
the topological system calculation, but also a method of calcula-
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tion for complex systems based on the concrete form of the system
equations. In this case, the system of model and structure equa-
tions (1)-(2) is considered as simultaneous, i.e. a nonlinear sys-
tem of equations, disregarding the question as to which element
belongs to each equation. Using the various algorithms (3-5) , a
favourable order of solution of the equations and a  favourable
choice of the i1teration variables can be determined. However ,there
is the disadvantage that standard models in the usual form

Y® _ f &K ,u*kM

cannot be used directly, because it may occur that the equations
must be transformed according to the structure of the general sys-
tem.

2.2 Simulation and Optimization Procedures Used

The optimisation of chemical processes calculated by use of
flowsheet simulation is carried out as follows: The values of the
parameters to be varied (which may be system input and design con-
trol variables) are determined by an optimization procedure. The
objective function is calculated at these values. For the choice
of optimization variables, the equation oriented calculation of
the system yields more possibilities. This choice is not restrict-
ed to the system iInputs and design/control variables. Therefore,
it is often possible to find much more effective methods of calcu-
lation. In chapter 4 an example is shown in which the Tflowsheet
simulation leads to nested iterations, but the equation oriented
simulation can be carried out without any iterations.

Literature offers a series of different methods for the op-
timization. Our investigation was restricted to:

a) . Powell®s direct method [7];

b) . The method of Rosenbrock [8];

©) . The method of Fletcher and Powell [9];
d) . The complex method of Box [10];

e) . The non-local ™"graben™ method [11].

The solution of iteration problems could be carried out by
using one of the optimization methods mentioned. However, as was
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shown by experience, this is ineffective. It is more useful to
apply algorithms adopted to the special problem. We examined:

a) . The method of successive substitution;
b) . Broyden®s method [12];

c) . Jones®™ spiral algorithm [13];

d) . The Chabyshev approximation [14].

Since the first three methods are well known, a short description
of the fourth is given. The system of nonlinear equations is writ-
ten as:

MrA(E) = O )

The values W_ designate constant weights enabling the equations to
1
be uniformly satisfied, f () is expanded about the point £ 1iIn a
1 (o]
Taylor series up to the Ffirst order:

The Chebyshev approximation aims at minimizing the maximum deviat-
ion:

min max W. IF, +\ 2 6P I
%p I£i<n iL |(p ) ) u} ®
] 1
This problem can be solved as a linear optimization problem. Sup-
pose /1 to be the maximal deviation in the linear approximation.
Then we have:

OF HCDINE I s L
. 1 3¢, G
vikied) 2 4 6Pyy = 7
]

In order to avoid a violation of the range of validity of the li-
near approximation, limits are given for 6£. For details see ref.
[14]. An iteration is finished when the actual nonlinear deviation
is decreased:
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max i [Fi<90 + & ma

I<i<n laian

The 6£ are the results of linear optimization. If the condition is
not satisfied, the variation of parameters is further restricted,
and the linear optimization is repeated. In many cases, the use of
the Chebyshev approximation is unavoidable, although its computer
programme 1is used much core. After a large number of numerical ex-
periments, the conclusion was reached that the convergence of the
Chebyshev approximation is more reliable than that of all other
methods.

2.3 The Calculation of Derivatives in Complex Systems

Using modified gradient methods for nonlinear optimization
of chemical processes, the derivatives of the objective function ¢
to the optimization variables x» and u must be determined. For
complicated systems these derivatives cannot be calculated analyt-
ically. For n derivatives, however, the numerical calculation of
derivatives with the aid of differences requires (n+l) iterative
system calculations. If the increments are chosen to be small in
order to maintain the local property of the derivative, the itera-
tions for the solution of the system of nonlinear equations must
be of adequate accuracy. Due to these problems, it is interesting
to examine other methods for the calculation of gradients. Ostrov-
skij and Volin [15] reported a procedure which reduces the calcu-
lation of the derivatives of the general system 3(/3x° and 3¢/3n
to the calculation of the derivatives 3/3x of the single elements
and the solution of a system of- linear equations. A short explana-
tion will be given of this procedure. The starting point is formed
by equations (X)— (@ of the model. The objective function of the
process must be written as ¢ = ¢p(x°,£°,n) = Eliminating the depen-—

dent variables we obtain ¢x = ¢*(x°,n). Then the derivatives
3V a0and 3p*/n have to be found. The elimination of the dependent
variables from ¢ can be carried out as follows_First, an auxil-

iary function L is evaluated:
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o + -y /7 * £ (x® @
k!l |: -y
K
T I i + mﬁ © @
k=1 1=pk+!
[ Foo i -
k=N2+1 1=1

By setting to zero the derivatives of L by the dependent variables,
the following system of linear equations is obtained:

3f vjw - Ni - & =
® ® i fl\:lll-lNJ - 3 F1’k+1-..mL
! w5 § = 1.
i=1 3x L) K ()
n 3f (1O
0@ _ i ® ST _ L
L L K 1...N; j=1..p (9
i=l X -

. h(k, 1) / 1-*Ni » i:Pk+]____mk(ID
ol g(k, i) WNq+LoNsEo= 1o.m,
xo(k) 3 _ o

3y©° ® K = N +1__,N;1 = 1...g,K (%))

The derivatives 39*/ x° and 3¢p*/ u are obtained by differentiation
of L by the independent variables:

- nk 3F
3 %0 ﬁk K = 1...N ; s=1...r (¢K))
3ug9 WL i q 3y (k> K
™ M ui Lm0 K = 1...N ;s=1...pk @4
IX° (K IxX°®W * U§k ’ P o

The calculation of thede derivatives can then be carried out in
the following steps:
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1. Iterative calculation of the system for given values of the
optimization variables x° and u.

2. Calculation of the derivatives 3°/3x of the elements. In
linear and simple explicit nonlinear models, these deriva-
tives can be evaluated analytically. If the elements are
described by implicit systems of nonlinear equations,a nu-
merical differentiation is required. However, the results
of this differentiation is in general more exact than the
numerical determination of the derivatives of the whole
systems.

3. Analytical and numerical determination, respectively, of
the derivatives of the original objective function ¢ by x°
and u and of the boundary conditions (12) .

4_ Calculation of the adjoint process (1-12).In order to solve
some equations, only the relation (9 are used for the
A‘k), and the structural relations (1) are substituted
directly. The remaining variables are then obtained from
(10).

IT the system of equations for the adjoint process is of
great dimension, special algorithms can be used for the solution
of sparsely structured linear equations.

Here it should be pointed out that the algorithm presented
is also suitable for the calculation of static Ffirst order sensi-
tivity coefficients. This term denotes the normalized first deri-
vatives of any intermediate system variable ~ or system output va-
riable y° by model parameters £, system input variables x°, and
design/contfol variables u. The sensitivity coefficient of the
output varlable ygk) of the element k relative to the model pare-
meter pj of the %Iement 1 is obtained as:

+ X 9P _I(.D

313 3p§1)x 3yfl) 3

The calculation of S can be reduced to the calculation of
3p*/3n* in a simple manner. This merely requires acceptance of £
as the additional control variables and ™ as the additional func-
tion. From the mathematical point of view, this is the same prob-
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lem. The adjoint process then has to be calculated anew for each
component of

3. MODEL SYSTEMS

Due to their extension, complex chemical processes as they
exist in practice are not suitable for treatment within the scope
of an article. For this reason, the methods for calculation and
optimization of such systems will be demonstrated by two relative-
ly small problems: the Williams-Otto-plant, and the part of an ACN
plant. Although the systems treated consist of only a few units,
they include nearly all characteristic difficulties which have to
be solved in large systems. The Williams-Otto-plant (16) consist
of four elements, a reactor, a decanter, a distillation, and a
splitter (Fig- 1.). In the reactor, three reactions occur between
the components A,B,C,E,G and P:

A+B =*C
C+B-P+E (16)
P+C-0G

The equations are represented in (18) and completely given in part
4.2. Only the set of constants for the reactions are given here:

Ki Ai exp(—Bi/T)
A1 = 5.9755 E + 9 A2 2.5963 E + 12 A3 9.628 E + 15
B1 = 12000. 82 15000. 83 20000.
MA = MB = MP 100. , MC ME 200., MG 300. p.-= 50

Here M designate the molecular weights, p the density. In the de-
canter the component G is removed Gb), while a part of P is re-
moved by distillation:

Fo = Fop 0.1 F an

The part Fq of the flow is separated from the process by the
splitter, the remainder is recycled* Input variables of the system
mare FA and FB, output variables are FG, Fp and FD-As control vari-
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ables, T and V (temperature and volume of the reactor)and the val-
ue a indicating the part of Fp in the flow are chosen:

FD = « (Fr - Fq - Fp) a8)

The input and control variables should be chosen in such a way
that the objective function F (%-return) is maximized:

F = ﬁ-/p(84 FA—201.96 FD_33é F +1955.52 FP—2.2F? F -60*Vxp) Q9

The simplified part of an acryl nitrile plant is shown in
Fig. 2. In the “reactor, propylene and ammonia are catalytically
oxidized to yield acryl nitrile. The amount of heat produced Iis
removed by an evaporator on the Jlower part (WD-WD") and a heat
exchanger in the upper part (DI-D4) of the reactor. The system is
completed by the separator, the mixer, and two other heat exchang-
ers. Due to limitation of space, the model of the reactor and one
heat exchanger only are represented (the indices are the same as
those in the designation of streams in Fig. 2.).

FWD* FwD*" FD4 FD1 * Fp FL4 FNH FPR * @0
FNHCNHTNH + FPRCPRTPR + FL4CL4TL4 @D
CP(FL4 + fnh + fpr)
AHR Kk PPR v (Tp-TWD> - (Tp-TWDQ
= ApS V V ; kvAv T - TWD
In
Tp *“ TWD*
@22
(T -TD1) - CTp-TD4)
+ Kuau ——=T —
In D1
T = Tpg
(Tp-Tu> - (TP-TWD">
K Ay T - Tp FWD rw Xa + FWD Cw (TWD’*“TWD) @)
mn 4+
P -l\-/\ID -
(TP~TD1> - (TP-TP4; _
T Mp~TD17 Fo1 %1 (s Tps? @D

In
TP - TD4
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4 = Flos fpi = fp; N = 1_;?:?0 ; )
F C
_ _ Lo Lo 9§ __ oo
Pl — TT_o (TP TLo) Fp ip II KA 3'
i pEB&Bexp('— CE. M
Lo Lo P P ©5
Frooo
L4 To P e I Tep @)
Lo Lo

The other models were formed from the material and energy balances
of the elements. Details can be taken from [17].

4. CALCULATION AND OPTIMIZATION OF TWO MODEL SYSTEMS
4.1 Williams-0Otto-Plant

For the calculation of the Williams-Otto-plant, we Tfirst
started from the balance equations given in (18). (Equ. 15-23 of
Adelman and Stevens). Fft, F , T, and V were given, and the remain-
ing system of nonlinear equations was solved by using the spiral
procedure. No unique solution was found to exist (see different
solutions in Table 1.) . In the first column, the value of the ob-
jective function is listed. In the last one, the absolute accuracy
of the solution 1is presented. The fact that the solution is not
unique is due to the depedence of Adelmans equations.

Table 1. Three different solutions of equations (15)-(23)
in (18)

F fra frb frc FRG frp fg diff.

72.49 18.185 60310. 3330. 60546. 10815. 3609 . 1.E
169.83 16594. 64684 . 3579. 58685. 11752. 1572 . 7.E-8
272.55 29659. 70688. 8277. 46376. 10384. -3019. 2.E

In order to obtain a unique problem, the variable a (see Equ. 18)
was introduced. Thus, the correct set of balance equations has the
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form:
"kiFRAFRBOV/Fﬁ - aF-RA + FA = 0 (28)
"k IFRAFRB - k2FRBFRC)VP/FR " «FRB + FB ~ ° @9
K IFRAFRB “ ME/MBK2FRBFRC “ k3FRPFRCAVPAFR ~ 2Fpe = 0 (G0
KM /MFopF e VP/FE - aFp. = 0 3D
(k2FRBFRC - Mp/MCKk3FRCFRP)Vp/FR ™ “V o - = 0 &
MG/MCk3FRCFRPVp/FR - FG = ° (€S
Feb - -1 pe - Fp = O (€]
RRA+FRB+FRC+FRE+FRP+FG_FR = 0 (35)

FfF F~, T, V, and a can be chosen arbitrarily. The eight variables
FRA, FRB’ FRC, FRE’ FRP and FG, FP, FR can be calculated from the
equations given above. The first method of calculation is the
application of flowsheet simulation. For this purpose, the system
shown in Fig. 1. would serve as a basis. Since there is a recycle,
iteration is required. It is reasonable to tear the stream between
distillation and splitter or between splitter and reactor. In both
cases one would obtain 5 iteration variables. It is very important
that the calculation of the output variables of the reactor can be
carried out only by iteration. This means thet there is nested
iteration required for the calculation of the Williams-Otto-plant,
internally six dimensional, externally five dimensional.

Obviously, such a nested iteration 1is not necessary. It
would be quite sufficient to use the 1iteration variables of the
reactor as iteration variables of the whole recycle. This means,
however, that the reactor cannot be used as a usual element model.
Another possibility of calculation is to start from the structure
of the equations. In this case, several methods are possible.

The primary aim was to make use of the knowledge of reaction
kinetics. There are only three linear iIndependent reactions. If
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three key components are chosen, the remaining components can be
calculated as linear combinations. Thereby the dimension of the
system of the equations to be solved can be reduced to three. Sub-
stituting one equation directly and chosing Fra and Frr as iter-
ation variables, the system of equations:

ME/MBKZFRBFRCVRZ - FRE = 0 36)
MG/MCK3FR€FRPVR2 - FG = 0 (€1))

with ANE = F. - aF,,, and VR2 = ANE/(k.F_,F ) is obtained. Details
A KA I KA «kt

are given in [14].

The spiral procedure and the Chebyshev approximation were
used for the solution. In this case, there are some characteristic
problems which also occur in the calculation of larger systems.
The first equation is given the weight 1, the other the weight 40
in order that both may be satisfied equally within the scope of
the accuracy.

Borth the iteration procedures used require the derivatives
of the left-hand sides of the equations by the iteration variables.
The derivatives were formed numerically. A relative change of the
variables of 10-3 (i.e. 0.1 % results 1in changes in the Tfirst
position of the left-hand sides. An approximation of the deriva-
tives cannot be obtained. Therefore, the relative change was cho-
sen to be 10-® which results in changes of the left-hand sides in
the fourth position. It was found by test calculations that the
system of equations 1is not solved with sufficient accuracy when
the increments of the derivatives are too big. However, with the
chosen increment of 10-® the results were exact for more than nine
digits (the ICL 4130 computer used has 11 significant positions
with single precision).As an additional problem, it was found that
some variables, especially Frc and Fq, could become negative.
Moreover, Fr was not always calculable (nhegative radicand). This
problem was solved by penalty functions.

Basing upon the system of equations (36)-(37), the Williams-
-Otto-plant was optimized by various procedures. Because of the
special form of the objective function, only the ratio of Fft to FR
is essential, but not the absolute values of both variables.There-
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fore, i1t was set F =const. F , T, V, and a remain as variables for
the optimization. The optimization was carried out in the basis of
two different starting points, the DiBella solution [19]:

Fft= 13546.24; T = 656.1; V = 59.56; a =.247; (FR = 31522.56),
and the Williams solution [16]:

Fft = 14500.; T = 640.; V = 92.8; a =.447; (F3 = 33350.).

The calculation was carried out with Fas/1000., T, V, and
100 a in order to be able to compare all optimization procedures
(see the discussion below for the application of the Fletscher-
-Powell procedure)._First, the three direct procedures and the non-
-local '"graben"™ method were used. The restriction of temperature
580 < T < 680 was covered by a penalty function which, however,
was not reached. The starting complex for the complex method was
built up by random numbers.

Due to different magnitudes of the parameters, a transfor-
mation for the non-local 'graben™ method is needed. Instead of T,
V, and Fft

(@ - 580)/7100, (v - 20)/80 and (Fft - 13000)/000 were used.

The step length was 0.02.

An optimal value of the objective function of 121.534 was
obtained uniformly by all optimization procedures. The optimal va-
lues of the parameters are:

T = 674.43; F

A 13831.; V = 31.48; a =.1002 for FB = 3152.56

and

T = 674.43; FA = 14633.; V = 33.31; a =.1002 for FB

Table 2 shows how many iterations and objective functions
had to be evaluated. According to this Table, the best results
were obtained by Powell®s procedure. Rosenbrock®s procedure is

33350.00.

disadvantageous in the vicinity of the optimum (slow convergence)s-
Quick results can be obtained by the non-local method if it is
sufficient to obtain an approximation of the optimum. The complex
procedure of Box, however, should be applied only to truly re-
stricted problems.
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Apart from the optimization procedures already examined, the
method of Fletscher and Powell is often used seccessfully. It re-
quires the first derivatives of the objective function to be cal-
culated with great accuracy. The method of the adjoint process was
found to be applicable to the exact calculation of the derivatives
of complex systems.In the following,it is applied to the Williams-
-Otto-plant.

Table 2. Optimization of the Williams-Otto-plant by different

procedures
method start F iterations function evaluation
Rosenbrock DB 121.53419 i6 310
w 121.53422 13 300
Powell DB 121 .53423 6 132
W 121 .53423 10 205
Box DB 121.53277 340
W 121.53372 307
non-1local DB 121.40125 18 174
"'‘grabe” W 121.49569 33 274

We did not start from the system of Fig. 1, but included d
decanter, distillation and splitter 1in one element, considering
only six inputa at the reactor (F 1is the sum) in order to prevent
the system of equations from becoming too large. Moreover, this
selection of the system is advantageous in that the derivatives of
the output variables of each element can be calculated uniformly.

The derivative of the i-th output variable by the j-th input
variable of element 1 is designated by PI~ (in the same manner
P2 for element 2). Thus, the equations of the adjoint process
are:

0(L .
j() _ i:I| \(DPL ji=1,2 (€3))
1 = i . .
jg) xfl)p| 3 J = 3,4 9

i-1
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n@ - - X(i(Z)PZ.ﬂ y ¥RP2.. jj= 1.6 “40)
) (2 -
= Hi 1=1.6 @)
M = 5 i = 3,7 “@2)
2 ,0(2 3 ,0(2
€2 Py, 9° - R B89 - @)

The original objective function has to be transformed since
it must depended only on system input, output and design control
variables :

(84 F, - F,(201.96 2.22/a)-338.22 F

® = Bvp @

1953.3 Fp - 60 V p) @

For the derivative of the objective function ¢k by the vari-
ables which are iIf interest, we used equations (13)-(14). In the
reduced form (substitution of the structural relations), the coef-
ficient matrix and the right-hand side of the adjoint process have
the form:

aAZ) nXa @ PHs

Thus, the dimension of the system of equations to be solved
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equals the number of internal couplings of the system.
of P2 can be easily calculated, PIl, however,

cannot be

Vol. 4.

The values
calculated

analytically since the equations of the first element do not exist

in the form yJU = fID)DXQ@.,u@D,

but iIn the

form X *1) =

= gil™"(x@ ,u(l)) - However, since the derivatives 3x” */3y”~1" can

be calculated analytically, PI is calculated from:
6 a (O
6. .- -
13 (1) Piki
~1 3y

@

In Table 3,the derivatives calculated by the adjoint process
are compared with those calculated numerically with various incre-
ments. In order to examine the sensitivity of the Fletscher-Powell

procedure compared with an inaccurate derivative,

was carried out for three cases:

the optimization

a) . Calculation of derivatives by the adjoint process;

b) . Calculation of derivatives by differences

(increment 10-5);

c©) . Calculation of derivatives by the adjoint process with
simulation of errors in the derivatives of elements by

addition of small random numbers.

Table 3. Derivatives calculated for Williams

Zuw /3T 3p/av
1.E-7 -14733(-52433) .00002(-.49318)
1.E-6 .14734(.52379) -.00178(.47609)
1.E-5 ,14770(-.52430) -.00151(.47529)
1.E-4 .15138(.52954) -.00143(-47534)
1.E-3 .18782(.58174) -.00087(.47616)
Sg'c. .14731(.52371) -.00149(.47523)

If the Williams-0Otto solution

30/3FjX103

.3520 (.6050)
.3770(.5552)
.3782 (.5542)
.3793 (. 5556)
,3885(.5733)
.3783 (.5537)

PRRRRR

the optimization breaks off after iterations without an
improvement of the objective function value. This
fact that within the first iteration a one-dimensional minimum is
searched in the direction of the gradient:

(diBella)-solution

ah/3ax10 2

.5491 (2.78 23)
.5304 (2.7359)
.5304(2.7336)
.5304 (2.7334)
.5301 (2.7334)
.5304 (2.7333)

is chosen as a starting point,

essential

is due to the
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m*x ¢ (656.1 + .524 X, 59.56 + .457 A, 13546. + .000554 X,
247 + 273.33 X)

Thus, is changed very little, a, however, undergoes an
extremely strong change. Therefore, FfZ1000 and 100 a were used in
the calculations in order to obtain comparable magnitudes. The re-
sultst of the optimization are listed in Table 4.

Table 4. Results of optimization by Fletscher-Powell
method

uncertainties
start of element zuw F nm 12 la
derivativies

DB 1.E-5 121 .5342227 13 72 124
DB 121 .5342261 12 82
DB 1.E-4 121 .5340869 14 74
DB 1.E-5 121 .5342238 14 77
DB 1.E-6 121 5342260 12 67
w 121 5342260 18 102
w 1.E-5 121 5342202 18 100 172

- lterations, 12 - Objective function evaluations
(except derivatives), - Objective function evalua-
tions (total)

In the concrete case, the course of the optimization is re-
latively iInsensitive against inaccuracies in the derivatives of
the elements. The use of" the adjoint process hardly yields any ad-
vantage (in spite of a considerably higher additional expense).
Only the accuracy of the optimal values is slightly improved.

Thus far two methods of calculation and optimization of
complex system have been discussed. A third method is the simpli-
fication of the calculation by examination of the model equations.
In this case, we start from the complete set of equations describ-
ing the general system. These are equations (28)-(35) and:

8Fpp * Frg * Fpe + 11 Fpe) - Fy =0 “0
@Q-=a Fgy ~Fy = 0 “n

@-a F,-Fgy = 0 “®
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@-a Fge - Fge = 0 “9)
Q-3 Fpe - Fge 0 &0
1l A-9Fp- 5p 70 GD

The 14 equations contain 19 variables. Five of these can be
chosen arbitrarily. The task is to find the independent variables
and the order of solution in such a way. that the amount of calcu-
lation is minimized (as few iteration variables as possible). The
occurrence matrix, which In the concrete case has the structure
represented in Table 5, is taken as a basis. There is no universal
algorithm to solve this problem. In many cases, however, satis-
factory results are obtained by the method of Ledet and Himmelblau
13], Ramirez and Vestal 14], and Soylemez and Seider [5]. The last
algorithm also permits the automatic rearrangement of equations.

Table 5. Occurrence matrix

Fr TV F. Fy Fy F F

A B fra frb frc fre frp G R '"P D fsa fsb Fsc ' SE fsp
11 1 1 1 1
1 11 1 1 1 1
111 1 1 1 1 1
11 t 1 1 1 1 1
11 1 1 1 1 1
11 1 1 1 1 1
1 1 1 1 1 1 1
t 1 1
i 1 1 1 1
n 1
1 1 1
1 1 1
1 1 1
1 1 1

The following problems will now be examined. The _first task
is to calculate the Williams-Otto plant choising the independent
variables arbitratily. In the second task, T, V, Fft, and Fg, o
are chosen previously as independent variables (this corresponds
to the flowsheet simulation discussed above). It can be shown that
the expense of calculation is essentially dependent in the formu-
lation of the equations. /1 system of equations written in the sen-
se of optimal programming will prove to be most effectively capable
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of solution. For this purpose, three variants are examined. In the
first, equations (28)-(35) and (46)-(51) are directly used. In the
second equations (35) is deleted, and into the other equations we
introduce the sum F + ... + F explicitly for F,,. The third va-
riant corresponds R, R2, and R3 are introduced, and equations
(28)-(33) are formulated with these variables:

3 - Vp/Fr = o 2)
R1 - BKIFRA frb = © (G3)
rR2 - BK2FRB frc = ° GH
R3 - M 3Frc frp = °© (55)

The best ways of calculation were determined for each task
and for each variant. It was found that the algorithm of Ramirez
and Vestal does not always yield optimal results. Table 6 shows
how many iteration variables must be chosen in each case.According
to this Table, it is more favourable to have the independent va-
riables determined by the procedure, if possible. Moreover, the
expenses of iteration are a minimum when the equations are written
optimally from the beginning. (For nonlinear expressions occurring
in at least two equations, new variables must be iIntroduced).

Table 6. Number of iteration variab-
les for Williams-Otto-plant

task 1 task 2
variant 1 1 3
variant 2 2 5
variant 3 0 2
In task 1 (variant 3), T, R2, FRE’ FRP’ and R were obtained

as independent variables. No iterations are required, R was set at
constant in order to obtain a unique problem.

In optimization by Powell®s procedure, the computing times
are one magnitude lower compared with the calculation with itera-
tions. The results for the Williams start (3 = 5.05 E-7) and the
DiBella start (@ = 1.12 E-7) are:
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¢ = 121.534266 T = 674.43 R2 3.0219 E + 8 de = 3228.58

FRP = 428.47 (Williams start) and
¢ = 121.534266 T = 674.43 R2 5.5779 E + 9 Fgé = 13475.38

FRP = 1788.35 (DiBella start).

4_2 Part of the Acryl Nitrile Plant

By analysis of the ACN plant, four recycles (reactor-heat
exchanger 1, separator-reactor, splitter-reactor, splitter-mixer-
-heat exchanger 2-separator) can be recognized.The last two recyc-
les have section W3 in common, therefore, only three loops are in-
dependent. Since all streams have two dimension (T, F), and ite-
ration problem with five variables Tp, Fp, Fdl, Tw3, Fw3 is obtai-
ned for the calculation of the recycles (I was assumed to be
constant). Since the reaction model itself can be solved only by
iteration, a nested iteration problem is obtained, i.e. the inter-
nal iteration (calculation of the reactor) must be carried out
completely at each step of the external iteration (calculation of
the recycles) . The number of the iteration variables can be
decreased and the coupling of iterations can be removed in the
following manner:

a) . Detailed examination of the material balances of the
general system and of single partial systems. Thus,
for example it can easily be found that the variables
Fp and F can always be calculated directly from in-
put variables of the system:

Fp = flo + fnh + fpr
FO1 = Fw ()
Moreover,. we alwags obtain Fwacarc. = Fwsestim.

Thereby a reduction to two external (w3, Tp) and two
internal (TD4, Tp) iteration variables was achieved.

b) . Tearing the system after elements with implicit non-
linear model equations (in this case,after the reac-
tor) . Thereby iteration variables which would pertain
to the external as well as to the internal iteration
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problem are deleted (in this case, Tp). Now there is
only one iteration problem with three variables (Tp,

TD4 , TW3) to be solved.

The same result is obtained by the application of the algo-
rithm of Ramirez and Vestal to the original system of model equa-
tions. Here, the calculation cannot be carried out without itera-
tion. In the following, however, the nested iteration (two inter-
nal and two external iteration variables) was retained in the cal-
culation of thie example iIn order to test the effectiveness of
different combinations of iteration procedures. Table 7 ahows the
results of the convergence test by different variants of calcula-
tion. The procedure of successive substitution did not yield any
convergence for both the internal and external problem even if
well-chosen starting values were used. Broyden®"s method was stron-
gly dependent on the starting values, but with good starting va-
lues it worked with a high speed of convergence. The procedures of
nonlinear regression(spiral algorithm and Chebyshev approximation)
were reliable and stable even with bad starting values, the speed
of convergence of the spiral procedure being greater than that of
the Chabyshev approximation. On the other hand, the range of con-
vergence of the latter was greater.

Table 7. Convergence properties of several iteration algorithms

S.S. Broyden Jones Tschehyr
outs. ins. outs. ins. outs. ins. outs. ins.
S.s. outs. - - -
Jones outs _ + +
+ +
Tscheby.
outs.

An essential fact should be pointed out.From the experiments
the property of convergence were shown to be dependent not only on
the iteration procedure used and the starting values, but also on
the accuracy of the model. In this example, an arithmetic mean
temperature was at first used in the calculation of the heat-ex-
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changer,and the separator was calculated on the basis of a simpli-
fied enthalpy balance. All iteration procedures used did not yield
any convergence, or the results were physically meaningless. It
can be expected that this problem frequently occurs in more comp*-
licated systems.

The ACN plant also served as a basic for the calculation of
static sensitivity coefficients according to equation (15) . The
first order sensitivity coefficients of the intermediate and out-
put variables of the system y and were calculated by using the
adjoint process as well as by the formation of differences:

Q)

Kl @@ pdh O eD

’ij ap ci:

€3))

Ip = 6 Xp 106 < 6 < 103

The establishing of the adjoint system was carried out in a
similar manner to the basic system. According to the procedure de-
picted in chapter 2, a linear system of equations of the dimension
21x21 was obtained. The necessary derivatives of the elements were
calculated numerically (reactor) and analytically (other elements),
respectively._Table 8 represents selected derivatives of the output
variables calculated numerically with different increments and by
the method of the adjoint process. As can be seen from the Table,
the numerical derivatives in the range 10 sp < p < 10-3p of the
increments are stable and in general very well agree with the de-
rivatives determined by the method of the adjoint process.

Table 8. Selected sensitivity coefTficients of system output Tp 4

Dj Zuw 1.E-3 1.E-4 1.E-5 1,E-6 adj .process
1.0153E-3 1.0156E-3 1.0173E-3 1.0333E-3 1.0464E-3

T 1.5814E-1 1.5814E-1 1.5822E-1 1.5894E-1 1.5813E-1
kbo -2.3442E-1 -2.3448E-1 -2.3367E-1 -2.2617E-1 -2.3459E-1
T -3.7541E-2 -3.7551E-2 -3.7420E-2 -3.6219E-2 -3.7567E-2
K -1.0304E-1 -1.0309E-1 -1.0297E-1 -3.5517E-1 -1.0309E-1
v -4_4019E-1 -4.4044E-1 -4_.3990E-1 -1.5174E+0 -4.4043E-1
I-:I 5.3766E-4 5.3778E-4 5.3827E-4 5.4285E-4 5.3767E-4
a 7.8736E+2 7 .8501E+2 7 .8482E+2 7.8523E+2 7 .5738E+2
T 3.8739E-1 3 .8739E-1 3.8744E-1 3.8796E-1 3.8756E-1
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n order to recognize possible errors, the behaviour of the
sensitivity coefficients calculated by the adjoint process towards
the accuracy of the derivatives of the elements 3/3x was examined.
For this purpose, the 3*/3x were dispersed with the aid of random
numbers, and the effect on the results was examined,

1@ + 2 -0.5 ef£ z<05e 59

(e uniform distributed random number 0.1)

Selected results are represented in Table 9. Since the error
in the calculation of the derivatives of elements in practice do
not exceed the third position (e = 10_l1lcan practically be exclud-
ed) , the conclusion can be drawn that the adjoint process is re-
latively stable against normal inaccuracies of the derivatives of
elements. However, major deviations were found to exist in certain
sensitivity coefficients between numerical results and those ob-
tained by the method of adjoint process. Here, the values of the
whole system derivatives were also considerable influenced by the
dispersion of the element derivatives.

Table 9. Influence of derivations of element derivatives
on system output sensitivity coefficients

_ E 0 1.E-4 1.E-3 1.E-1
Pl
1.0464E-3 1.0470E-3 1.0480E-3 1.1960E-3
TLo 1.5813E-3 1.5812E-3 1 .583.05-3 1.7270E-3
Kl -2.3459E-1 -2.3459E-1 -2.3480E-1 -2.5701E-1
-3.3459E-1 -3.7 568E-1 -3.7604E-1 -4_.1152E-1
k1l -1 .0309E-1 -1.0308E-1 -1.0322E-1 -1.1731E-1
Fv -4 .4043E-1 -4 .4046E-1 -4_4104E-1 -5.0134E-1
hv 5.3767E-4 5.3767E-4 5.3842E-4 6.1201E-3
a 7 .5738E+2 7.1412E+2 7.0554E+2 -3.1620E+2
TW 3.87 56E-1 3.8744E-1 3.8781E-1 4 .3080E-1
In Table 10, the sensitivity coefficients 3FwQ/3a and

3FWD/3FW for the numerical calculation are compared with those
computed by the method of adjoint process. It was proved that the
error of the derivatives calculated by the method of adjoint
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process resulted form the loss of positions in the solution of the
system of linear equations and that it can be removed by calcula-
tion with double precision. The conclusion must be .drawn from the
investigations that a comparison with the numerically computed de-
rivatives should be carriered out at least in the first application
of the method of adjoint process.

Table 10. Great deviations in
sensitivity coefficients

numer ical adjoint process
a -1.0000E+5 -1.0154E+5
m -0000 -9.2653E-2

In the computation of sensivity coefficients, the comparison
of computing times between the numerical calculation of differen-
ces and the method of adjoint process is determined by the ratio
of the number of independent variables (£, x°, u) to the number of
the dependent variables considered (@, Yy, yY°)- The number of the
dependent variables equals the number of right-hand side of the
system of linear equations. The number of independent variables de-
termines the number of necessary system calculations in the numer-
ical differentiation, the number of dependent variables being in-
significant here since they are all determined simultaneously.Thus,
the effectiveness of the application of the adjoint process in-
creases with the increasing number of independent variables._Howev-
er, for the purpose of sensitivity analysis, the accuracy of the
derivatives cannot be increased essentially.

5. CONCLUSIONS

Method of calculation and optimization were examined and dis-
cussed with two model systems. The most iImportant results can be
summar:zed as follows

1™ The application of general flowsheet simulation programmes
offers the following advantages:Applicability without prior special
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knowledge, applicability of standardized models of elements,simple
generation of structure variants; whereas unnecessarily large and
nested iteration problems proved to be disadvantageous. Therefore,
the computation of numerically difficult system becomes problemat-
ical, and the optimization using the flowsheet simulation is often
impossible due to the high demand of time. Therefore, the applica-
tion of the flowsheet simulation is most reasonable In the stage
of design.

2. The equation oriented computation of the system offers ma-
jor advantages with respect to accuracy and computation speed. The
iteration time required can be essentially decreased. A disadvan-
tage is the fact that element models cannot be used in the common
form, and a new analysis of the model may become necessary when
the general structure is changed. In practice, this method will
succeed only of programmes are available which as their rearrange-
ment. A first step in this direction was achieved by Soylemez and
Seider [53.

3. In the solution of the iteration problems, the Chebyshev
approximation is distinguished by a high security of convergence,
however, in easy problems,it is slightly inferior to other proced-
ures with respect to speed.

4. The application of the method of adjoint process can im-
prove the accuracy of the first derivatives of the objective func-
tion. The disadvantages are the increased expense due to the for-
mation of derivatives of elements, the organization of the compu-
tation of the system of linear equations, and the possibility that
due to numerical effects which are difficult to control, major er-
rors occur in the derivatives. Therefore, the application of the
adjoint process for optimization by use of gradient procedures can-
not be universally recommended. In the case of sensitivity analy-
sis, its application is advantageous if the number of independent
variables is relatively big.

5. At present, the major difficulty in the calculation and
optimization of large systems is not due to the lack of effective
methods, but to the inaccuracy of tKe many models of the elements
used.
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PE3IOME

CTaTbsl KacaeTCsi MNPUGIMKEHUS U ONTUMU3ALMM KOMMIEKCHBIX XUMA -
YeCHUX cuUCTeM. ABTOpPbI MPUBOAAT Pa3/iMUHbE MeTOohbl MPUGIMKEHUS U On-
TUMM3aLUN, U NPOAENbIBAlT 3TO MPUHMMAs BO BHUMaHWE acneKTbl UUCNEeH-
HbIX pacuyeToB, MNPON3BEAEHHbIX Ha UMPPOBLIX IBM. MpubawxeHve, MOCTPO -
€HHOoe /1 4YacTu npouecca, KPUTUYECKU CpaBHMBAETCS C PEWEeHUsIMU, OC-—
HOBaHHLIMM Ha YpPaBHEHMWSIX. MHOro4YMCfeHHbEe BCMOMOFOTE/IbHbE MEeTOoAbl Npu-
MEHSIOTCA [N pacyeTa MepBoOli NepeMeHHol KOMMIEKCHOW CUCTEMbI.

PaccMOoTpeH Takke UM pacyeT CTaTUYEeCKOro KoahpuuueHTa  uyB-
CTBMTENBHOCTU NepBOi cTeneHn. MoxeT 6biTb chenaH BbiBOg, YTO NpUbIU-
XEHVe uacTu npouecca MOXeT 6biTb MPUMEHEHO, KakK 3h(eKTUBHLIA  MeTog,
noka 4To TO/MIbKO B CTaAuMu MpPOeKTUpoBaHus. [py onTumMu3aumm 3TOT Me-
To4 MPUBOAWT H LENoMy psily MHOFOMEPHbIX WHTepauuii- B To Bpewms Kak
Mpy peWweHur C MOMOUbH YPaBHEHUA MOXHO paccuUMTbiBaTb Ha  MUHUMa/IbHOE
KO/IMYECTBO WUTEPALMNOHHLIX MEPEMEHHBIX -



CONTENT S

LASZLO, A. and MARTON, Gy.: Studies on the Atmospheric, Non-
-Steady-State, Stripping Out Furfural Reactor, Part 1.

The Model of the Process . - ..o e e eeceeeaans 165

MARTON, Gy. and VASS, J.: Studies on the Atmospheric, Non-
-Steady-State, Stripping Out Furfural Reactor, Part 2.

The Optimum Timing of Stripping Out ._____._._.. ..

MESZAROS, L., SzABO, M., GREGA, J. and TASI, L.: Agitators
Built Up of New Elements and the Application Thereof,
Part 2. . ioo-.

JEWUR, S.S. and KURIACOSE, J.C.: Influence of Substrates on
the Catalytic Activity of Ferric Oxide .._.._.__._._._._._...

TIMAR, L. and CSERMELY, Z.: A Two-Stage Computation Method for
Technological Systems ... ..o

CSERMELY, Z. and TIMAR, L.: Plate Absorber Modelling by Matrix
Y= o o o X o

PLEVA, L. and NOVAK, B.: Evaporator System Studies............
PALANCZ, B.: Approaching Analysis for Distributed Systems . .

MAKRANCZY, J., Mrs. MEGYERY-BALOG, K., RUSZ, L. and PATYI, L:
Solubility of Gases in Normal-Alkanes.._...._...__..__._......

BLICKLE, T. and NAGY, E.: Classification of Non - Catalytic
Heterogeneous Gas-Liquid and Liquid-Liquid Reactions . .

HARTMANN, K., DITTMAR, R. and DAMERT, K.: Practical Experi-
ences in the Simulation and Optimization of Complex
Chemical Processes ... ... i e i e ae e

179

191



COOEPXAHNE

NACNO, A., MAPTOH, [Ab.: WccnepoBaHume BbiNapHOro QyppyposioBoro pe-
aKTopa C HecTauMOHapHbIM pexuMoMm, paboTawwero npu aTtmochep-
HoM paBneHun 1. TIPOLECCUNOHHAA MOLENb - ¢ o oo e o ieec e e e e o - 165

MAPTOH, [b., BAlll, W.: WccnegosaHne BhNAapHOro ¢ypdyponoBoro pe-
aKTopa C HecTauMOHapHbIM pexuMoMm, paboTawwero npm aTmochep-

Hom passieHun 1l. OnTuManbHaa TPaKTOBKa BbiMapKU .- - .- .- ... .- 179
MECAPOW, ., CABO, M., TPElA, I7I., TAWW, /.- Aruvtartopbl, MOCTPOEH-
Hble M3 HOBLIX 3N1EMEHTOB, W WX npuveHeHwe. 1. _ . ______._.._. 191
OXEBbIO, C., HYPbAHO3, A.l.: B-nuaAHMe cy6CTpaToOB Ha KaTa/IMTUUYECKYIH0
aHTUBHOCTb okucna xenesa (MNO. .. . _._.._.._... 201
TAMAP, 1., l-IEPMEI7|, 3.: PacuyeT TexHO/IONrMYECKUX CUCTEM [OBYXCTYMNEH-
YaTbM METOOOM .- - o o o i i em e e e e e e m 211
YEPMEM, 3., TWMAP, Jl.: MogenupoBaHue TapenbyaToro a6copbepa MaT-
PUYHbLIM METOAOM . - - - oo -. 231
MAEBA, /1., HOBAH, bB.: WccnepoBaHne cUCTEMb 3BanopaTopoOB. .. .. ..-. 245
NANAHL, B.: TMpuOAMKEHHbIN aHann3 ANCTPUOGYTUBHBIX CUCTEM. .- .. ... - 259
MAHPAHLN, |7I., BAJIOTHE, K., PYC, /., MNATbW, Jl.: PacTBOpuMMOCTbL ra-
30B B HOPM&UTbHbLIX AUTKAHAX - o ¢ o o ot e e e e e e m e e e ee e m e e e e = 269
B/MHNE, T., HAOb, 3.: CucTtemaTu3lauus reTeporeHHbX HekaTanmtTunyec-
KX peakuuili Tuna ras3-xmagKocTb, XUAHOCTb-XUAHOCTb. ... ... .. 281

XAPTMAH, H., OATTMAP,P., [OAMEPT, H.: T[lpakTnyeckue BbiBOAb O Mpu -
ONMKXEeHUM N ONTUMU3ALMN  KOMMJIEKCHLIX XUMUYECKUX CUCTEM. .- - . 297



HUNGARIAN

Journal of

INDUSTRIAL
CHEMISTRY

Edited by

YKe 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 (WE).
Veszprém (Hungary)

Volume 4. 1976 Supplement 1- 2.

HU ISSN: 0133—027«
CODEN: HjICAI



Editorial Board:

R. CSIKOS and Gy. MOZES

Hungarian Oils Gas Research Institute
(MAFK1 Veszprém)

A. SZANTO and M. NADASY

Research Institute for Heavy Chemical Industries
(NEVIK1 Veszprém)

T. BLICKLE and O. BORLAI

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

A. LASZLO and L. PECHY

Veszprém University of Chemical Engineering
(VVE Veszprém)

The "Hungarian Journal of Industrial Chemistry" is a joint publica-
tion of the Veszprém scientific institutions of the chemical 1in-
dustry that deals with the results of applied and fundamental re-
search in the field of chemical processes, unit operations and che-
mical engineering. The papers are published in four numbers at ir-
regular intervals iIn 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.0. Box: 28.

Hungary

Felel6s szerkeszt6: Dr. Bodor Endre
Kiadasért felel6s: Dr. Nemecz Ern6, a WE rektora
Késziult a Vaci AFESZ nyomddban. Felelds vezetd: Kiss Janos



Preface

The rapid extension of automation was made necessary by the
growing demands of mankind and was made possible by the quick de-
velopment of science and technology. Among the various assignments
of automation increased attention has to be paid to the modelling
of human thinking, to the automation of mental work or, as it is
said, to the research carried out to evaluate artificial intelli-
gence .

The structure theory seems to be applicable for the descrip-
tion of matters and phenomena of the concrete world. Assuming that
the matters and phenomena can be characterized by their natures,
using the structure theory, primarily the natures are described by
an abstract quality set. It is also assumed that certain relations
exist between the natures, i.e. there are natures which can exist
only at given values of the other natures, in the algebraic de-
scription of this assumption the permitted subset of the property
power set is valid. These allowed nature value combinations define
matters and phenomena of the real world and the algebraic model is
equivalent with them.

The structure theory which can advantageously be used for
the description of phenomena is a suitable tool in the research of
artificial intelligence.

The Special Committee for Computation Technique and System
Theory,connected to the Veszprém Division of the Hungarian Academy
of Sciences,set up the Committee of System Structure in 1974. This
latter Committee, collaborating with the Research Institute for
Technical Chemistry of the Hungarian Academy of Sciences carries
out joint research work on the field of system theory and uses the
results in technical chemistry.

The system theory was first interpreted at the 1975 Techni-
cal Chemistry Days at Keszthely (Hungary). This volume presents

the delivered lectures.
Dr. T. Blickle
Director of the Research Institute for
Technical Chemistry of the HAS.
Chairman of the Special Committee for
Computation Technique and System Theory
of the VDHAS.
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ALGEBRAIC STUDY OF STRUCTURES
T. BLICKLE*, K. SEITZ**, C. JUHASZ* and Mrs. A. FONOD-LAKOS*

(“Research Institute for Technical Chemistry of the
Hungarian Academy of Sciences, Veszprém

“ Budapest Technical University)

The algebraic properties of structures defined
by (T,H) matrixes are shown and a method for the gene-
ration of the structures is given. It is proved that
an equivalent method, i.e. with the aid of the (H,H)
matrix, exists for the determination of the structures.

Properties of special semi-lattice applicable
for the investigation of systems structures are shown
by different examples. A method is given for the de-
termination of the minimum defining relation system of
the above mentioned special semi-lattice and the pri-
mary equivalency classes according to K. Some examples
of suitable transformations of the semi-lattice are
also shown.

1. Structure

Let H be an arbitrary finite set. Let T be a set of proper-
ties of the elements in H. Let [T,H] be a 0,1 matrix containing 1
in the t 6 T [line of the h 6 H column if the h element is of t
property, otherwise O.

Let F be a function corresponding set of those elements in H
which have t property to every t 6 T property
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The [T,H] matrix is called a structure if:

(MH 1) In any line of the [T,H] matrix both 0 and 1 occur.

(TH 2) Any two columns of the [T,H] matrix differ from each other.

(MTH 3) The T set has a1 = {T* equivalency classification for
which :
(H3H/7 @ ¥ T e 1 then F(t) = H
1
(H3)y/@) ifTy6 1, tett, "6 11 and t ? t* then

F@n F@E") = o

conditions are fulfilled. The number n is termed the order of the
structure.

It can be proved that every column of the [T,H] matrix con-
tains 1 of exactly n. number.

Let (T,0) be the following algebraic structure above the T
set:

1 If teTand t" e T then

a n/< ft if t=1¢t
tot” VQ if F@) F(t™) = o
Itt if F(Y) F@E") = ¢

T1yYyE & =0; F@tl) =F@®N FT")
@2 If teTand t e T then tot™ =t ot
@3 If te T, t e Tand 'S T then to (@€~ o t")
This algebraic structure is termed structure algebra.
The (T o) structure algebra has the following properties

that can be proved:

@ (T,0) is a semi-lattice of zero element in that the k = Q) equa-
tion for any a has a solution differing from @ .

® In the (T,0) the primary element has a ¢ ~ P set for which:
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O} the decomposition by the primary element is unambiguous

(ii) the P set has a P= { equivalency classification
for which;

@ if £7? then PN has at least two elements.

@ IfPreP ,p£ PN p"6 P and p N p* then
pop®"™ =0 .

@A If denotes all none © products consisting of
primary coefficients then / ® and {© } @ NiNi=i
set system gives an equivalency classification of
(T,0).

One to one accordance can be set up between the Sn and H
sets.

It is provable that for any (A,0) algebraic structure of a
and [ property, a structure having (T,0) structure algebra that is
isomorphous with (A,0) can be found.

It is provable that for any (A,0) a, R structure, an (Al,0)
a, B structure can be given in which the following conditions are
fulfilled:

(R 1) The (A" o) structure unequivocally can be given by defin-
ing relations of two parameters described between the
P* = {p~"}P PrimarY equivalency classes.

(OR 2 (A" o) is the epimorphous successor of the (A,0) structure.

(DR 3) One to one accordance can be set up between Sh and Sp-

It is provable that if in the set there is an
J < n class that one to one can be mapped to the (A,0) a, B
structure has an ¢ endomorphism mapping to . In this case

the ¢ (A,0) structure is termed the core of (A,0) a, B structure.

It = K1 o K2 where K, ™~ ¢ ™ K2 and the Kk, and K2 complexes
have not common primary coefficients, the structure in first order
is not coherent.
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If Sn = K, 1J K2 where Ki ~ ¢ ™~ K2 and the K, and K2 complexes
have not common primary coefficients, the structure in second or-
der 1is not coherent.

Let (A,0) be an a, B structure given In accordance with DR 1
and all unnecessary defining relations are omitted. Let G be a
graph, the points of which can be one to one according to the pri-
mary equivalency classes of P and the p” point is connected by an
edge with the p» point, only if the defining relation between the
corresponding p~ and p" equivalency classes is given. This graph
is termed structure graph belonging to the defining relation sys-
tem.

It is provable that the G graph is coherent if the structure
is coherent in the first and the second orders.

Let us assume that? =? M {P.} and ? = 4 U ) pri-
mary equivalency classes determine by the defining relations two,
(Aa,00 and (AJN0) substructures of (A,0) a, B structure and for
the above substructures: (A3 ,0) 9 @, ,00 = (A,0). This ((A3 ,0),
(A™,0)) structure pair is termed the secondary structure being sup-
ported by the pi point.

The secondary structure being supported by the articular
point of a higher order or more articular points, can be similarly
interpreted.

2. Structure generation

Let the [T,H] 0,1 matrix be given.
Problem: Does this [T,H] 0,1 matrix describe a structure?
The answer is given by the transformation of the matrix:
O) lines containing only O or only 1 are omitted.

(ii) only one of similar columns is regarded, the others are
omitted.
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(iii) the column containing 1 in the least number is placed to
[T-Hi] matrix, the others to the [T,H2] matrix.

(iv) elements of the T set are grouped into equivalency clas-
ses: properties from which a [T™,H-,] matrix containing
exactly one 1 can be constructed belong to an equivalency
class.

If the |[T,Hi] matrix cannot be given as a union of such
[Th,H~] matrices, the [T,H] matrix is not a structure.

The equivalency classification gained above is also trans-
mitted to the [T,H2] and [T,H] matrices.

~ Only one of similar equivalency classes of [T,H] is re-
garded and adequate lines of [T,Hi] and [T,H2] are also
omitted.

(vi) If the [T,H2] matrix has a column which does not contain
1 in any equivalency class only 0, the [T,H] matrix is
not a structure.

(vii) The [T ,He] and [T,H2] matrices are interwoven: let us sup-
pose that the h column of [T,H2] matrix in the Tj equiva-
lency class contains 1 times 1, namely the jti, ~t2,.
---,Jti properties. Let us add a new ~t* element to the
T§ class.

Let the [T,H2] matrix be completed with the _t*
line containing only O. Let us write O to the jtif jt2,.
.-, Jt places and 1 to the ~t* place in the h column of
the [T,H2] matrix. If this combination occurs even in
other columns of the [T,H2] matrix, in the T equivalency
class, this modification must also be carried out there.
To the remaining places of the ~t* line let us write O.

By the continuation of this procedure it can be at-
tained that in every column of the [T,H2] matrix, exactly
one 1 occurs in every equivalency class. The union of
[T,H-]1 and [T,H2] gives the new [T,H] matrix.
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viii

™)

&)

i)

xii)

)

Lines consisting of only O or 1 are omitted. Only one
of similar columns is regarded. Only one of similar
equivalency classes 1is regarded.

If the [T,H] matrix does not Tfulfil the ITH 3]
condition a structure cannot be constructed.

The structure algebra is constructed. The core of the
structure is selected.

The structure 1is cut into a maximum number of pieces,
being coherent in the first and second order.

The structure is transformed according to the (DR 1)-
-(DR 3) properties: if the order of the CT,H] structure
is n, unequivocal definition of Sn by S then that
of S, _; by S, etc., will be discussed.

n-I-

Let us suppose that s~+2 1Is still unequivocally
defined by Sljrl however S|.+,r is not defined by SI.. It
means that:

,t, o ... o 1t~ 1 6 £ and

@ t
t2 = it(o ... o ,t__1 2tie St
it o 2ti ™~ @however

® ((l: 0 ... o ,ti_1lo0 o 2ti = (O
IT it b tff (@ < j < i) let the

classes be reduced to a new

o \ / i-1 !
= :IT-3 \(/(©} /(\J 1 h) class.

—
- -

Let this procedure be repeated up to 1=2. It
is provable that a structure algebra fulfilling
(@R 1)-(PR 3) can be gained in this manner

If an easier survey Iis necessary, let the structure be
decomposed to a secondary structure.
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3. Giving the Structure by [H,H] matrices

Let H be an arbitrary set. Let us construct the [H,H] sym-
metrical 0,1 matrix containing 1 in the h® € H [line of the h 6 H
column if h is similar to h® (i.e. they have at least one common
property) otherwise O.

Let R be a relationship of two variables on the H set for
which hRh® is valid exactly if the h element is similar to h" .
This relationship is reflexive, and symmetrical, but not transiti-
ve.

Let ﬂ be the family of subsets of H for which any two ele-
ments are in R relation.

Let H be family of those subsets of H that give the
equivalency classification of H.

If a T property system exists for which [T,H] is a structure,
then the power set of H provably has a subset above which the a, R
structure, being isomorphous with the algebra of [T,H] structure,
can be interpreted by the P) operation.

The method has the advantage of not forcing a property system
defined by us upon the H set, but its drawback is the complicated
algorithm. For this reason, 1its application is verified only by
the impossibility of the structure generation by more T property
systems.

4. System Construction

(X) Let H be an arbitrary set. Let T& and T" be two property sys-

tems belonging to H sct. Let [Ta,Ha] and ~Tb ,Ho™ arequate
structures.

Let TC = TaJLJTb - [Tc’Hc] can also be proved to be a struc-
ture even more detailed than [Ta,Ha] and respectively.
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If the [TC ,HC] structure is transformed according to (DR 1)-
* - (DR 3) properties, the defining relations of [‘I’3 ,HQ 1 and |_'|',D ,HB 1
do not change, but new relations are also connected to them.

If the algebrae of [T3 Q 1 and [I'b ’Hb] structures are iIsomor-
phous, the defining relation system of [T ,H ] may be simplified
to a large extent.

® Let H be an arbitrary set. Let [T,,H,] be a structure con-
structed by elements of H. Let £ T4 be a property class.

Evidently by increased the Tfineness of the 1\ class, the
structure also becomes increasingly finer.

® Let _[T1,H1], [T2,H2], -.-» [T ,H ] be structures for which
H+ 6 Ti+i" In this case a series of structures constructed on each
other 1is gained that can be applied for the- study of the "evolu-
tive" properties.

5. Structure of Technical Chemical Systems

A technical chemical system consists of input and output ma-
terials, apparatuses realizing physical and chemical changes on
the materials and series constructable from them, respectively.
(Apparatuses of similar function connected parallel for simplicity
are regarded as single ones.)

The technical chemical systems can thus be given by the fol-
lowing scheme:

where fingers symbolize material flows and the rectangles symbo-
lize the apparatuses.
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The technical chemical systems are thus described by the fol-
lowing properties:

O) classes of input materials.

(i) Classes of output materials.

(iii) Classes of changes occurring in the apparatuses.
(iv) Classes describing phases in the apparatuses.

™~ Classes of existing properties of apparatuses.

The structure of input and output materials can be construc-
ted putting together the structure of the materials. It becomes
quite simple to utilize the 1isomorphism structures put together.
However, 1input and output®™ materials of different apparatuses,
changes, phases and existing properties belonging to the apparatu-
ses are also isomorphous. So the system can be relatively simpli-
fied.

The condition for the connection of the apparatuses is the
appearance of at least one output material of the preceding appa-
ratus among the input materials of the following one. Chemical
mappings of the apparatuses are described by defining the rela-
tions connecting the input and output materials.

The substructure - consisting of classes of input and out-
put materials and changes - is provably an abstract automaton
having the input material as input and the output material as out-
put signs.
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PE3IOME

ABTOpamM Mnoma3aHbl anrebpavyeckne CBOWCTBa CTPYKTYpbl 3aAaHHOM
maTtpuHcom (T-H), ”n npuBodAT TaHwe MeToh Ana o0606weHns CTPYKTYpbI
Mmn pgoHasaHo, uTO maTpuHc (H.H) agekBaTeH C npegbaywmm MeTOo40M
OnucaHnsa CTPYKTYP-

CBoiicTBa creunanbHeli nonyceTn, MPUroAHON Ans WCCnefoBaHus CT
PYHTYpbl CUCTEM MOKasaHbl Ha pasnuyHbiX npumepax- [laeTca meton  ans
onpegeneHnsa - MUHMMaNbLHOW oOnpejenswwer CUcTeMbl pensauuii  YNoMAHYTOM
crneunanbHO MOAyceTW W KIacCoB MPUM3KBUBaNEHTHOCTM no K. Ha npume-
pax wuccnepyeTcsi HECKOJ/IbHO Lenecoobpas3Hbix npeobpa3oBaHuii NosyceTwu.
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RECENT RESULTS IN THE THEORY OF SEMIGROUPS OF TYPE a

K. SEITZ and B. GREGA

(Technical University, Budapest)

Following interpretation of the semi-group of
Ot-type the ideal of these semi-groups were determined.

As the next stage structure of automorphism
group of semi-group of Ol-type is discussed.

Finally practical application of the gained re-
sults is shown.

INTRODUCT ION

In the abstract algebraic study of the structure of systems
in chemical engineering, semigroups of type a play a fundamental
role [1, Z2].

This paper primarily deals with the generating of semigroups
of type a. The results obtained are very useful iIn the investiga-

tion of the structure of semigroups of type a which are of funda-
mental importance in the structure theory of chemical engineering.

1. The Concept and Basic Properties of Semigroups of Type a

A semigroup F is said to be of type a if and only if the
following conditions hold:
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1°. For arbitrary elements a, b in F
ab ba
2°. For every element a in F
a

3°. There exists a zero element O in F.
4°_. For every element a in F there is at least one non-zero
element x In F such that

ax 0

It is well-known that - following KLEIN—- BARMEN [3] - a
commutative idempotent semigroup is also called a semilattice.
Thus every semigroup of type a 1is a semilattice.

An iInteresting property of the semigroups of type a is that
they have no identity element.

For, if e were an identity element of F, then there would
be a non-zero element x In F such as ax = 0, that is:

ex

which 1s a contradiction because X 0.

Denote Z(a) the set of all elements x of F for which the
product xa = 0.

The following lemmas can be proved:
Lemma 1.1. Z(a) is a subsemigroup of F.
Lemma 1.2. If p,q 6 F, then Z(P)Z{Q) < Z (pQ9)-

Lemma 1.3. In the case a 6 F the subsemigroup Z(a) 1is an
ideal of the semigroup F of type a

A subset K of the semigroup F of type a 1is called
quasi-idempotent if and only if KeK = KUO.

Denote F the set of all quasi-idempotent subsets of the
semigroup F.
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Leirama 1.4. The set F 1is a commutative semigroup with re-
spect to the set product in F.

2. Special semigroups of type a

The following two theorems are true:

Theorem 2.1. If a6 F, then the set a U Z(@ 1is a sub-
semigroup of type a of F.

Theorem 2.2. Suppose that FI1f F2 are subsemigroups of type
a of F, and for every element c™£ F (1 = 1, 2) the inclusion
holds: r(c®) < F~, moreover Fi ) F2 = 0. Then the product FH < F2
is again a semigroup of type a.

Let us denote by F (@ the set of all elements x of the semi-
group F of type a for which ax = a. The set F @ is not empty
because of a6 F (@)-

Theorem 2.3. In the case a 6 F the set F@ U zZ(@) 1is a
subsemigroup of type a of the semigroup F.3

3. Generating of Finite Semigroups of Type a

Let gi, g2, ..., g~ be a minimal generating system of the
semigroup F of type a.

Denote T the set of all relations of the form

g-9g. -..-g. =0 has>2,

1 12 1s
where the left hand side does not contain unnecessary factors,
that is, the cancellation of any factor makes the relation false.

It is easy to see that to every element of the minimal gene-
rating system gi, g2, ..., g" there is at least one relation con-
taining it as a factor.
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Let us denote by T the set of all elements in F which
are obtained from the left hand side of the relations In T omit-
ting at least one factor.

Thus the set of all non-zero elements of F coincides with

it because if g3 g3 .- g:]r =0, (n>r > 2, then the relation
1 2

in question either belongs to T, or there is a factor of g. g

31932777

SRR PN which is the left hand side of a relation in it

r

If 31 12 95 t 0, then there exists an element

r
for which we have:
3r+l 3r+2 I+l
31 32 = 0,

r+l Jr+l

and the cancellation of any factor of the product in the left hand
side make this relation false.

Thus if gi, g2, ..., gn 1is a minimal generating system of
a semigroup F of type a, then the set T determines the repre-
sentation of any element in F.
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PE3.3ME

NMocne WCTONHOBAHWUH MNOMYFPynn Tuna a MNpoBOAMTCH OMNpejefieHne unx
naeasnos.

[lanee pas36bupaeTcs CTpykTypa aBTomopdu3ama nosyrpynn Tuna

N HakoHeL, aBTOpbl YKa3blBawT Ha MpPaKTUYECKOe MpUMEHEHUE nony-
UEHHbIX pPe3y/bTaToB.
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APPLICATION OF OUTER DIRECT PRODUCTS OF SEMIGROUPS
IN THE STUDY OF STRUCTURES

K. SEITZ* and T. BLICKLE**

(“Technical University, Budapest and
‘ Research Institute for Technical Chemistry of the

Hungarian Academy of Sciences, Veszprém)

Activity of authors aimed at development of
method applicable for determination of function rela-
tions of structure elements, and so change between the
structure elements on the basis of their costs becomes
possible.

The outer direct product of semi-groups of a and
B type with special semi-lattices is applied for sqglu-
tion of the problem.

Let S be a given a, B structure. Let F be a given set
of relations defined on the set-theoretical union of two given
sets: A, B.

Let

s =K, U K23 ... UKn

be a decomposition of type x of S. Then there is an ideal 2 of
type x which is uniquely determined by this decomposition. Let:

S= Ky Ky o s K} SS CED

, ---s Ko are chosen so
1a ir-

that the ideal of type x of S is equal to £ .

where the equivalence classes K.Ii , K
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Then we correspond to every element of the equivalence clas-
ses K. , K12, K. an element of F* (where F* is the power set
n

ir
of F) so that

a, b ® K G<j<p
j

amfy 6 F*

b af 6 F

imply
a-b - f* J o

Denote F the set of all elements f*, when i1t runs over the

elements of S.

It Is evident that F* 5 F and F is a semilattice with res-
pect to set-theoretical union.

Let us now consider the following outer direct product.:
S XF

Let C be a given set of parameters.

Let ¢ be a set of real valued functions of the form Pp(,c)
where b is a column vector of some elements of B, and ¢ is a column
vector of some elements of C.

Denote ¢ the set of all possible functions of the form:
ey, P 0L, (Gp7T ig» if PT g)=
Next we define an operation on the set ¢* as follows:

if u, v 6. ¢*, then:
boeov s,
where w is the sum of all elements from ¢, which are the addable
sums In at least one of u and Vv. Thus evidently w 6 o*.

It is easy to see that for any triplet a, b, c in the case
of ¢* we have:
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@dbdc=ad@do),
ada=a,
adb=bdga
This means that the set ¢* is a semilattice with respect to the
operation © e
Let us denote S the a, B structure generated by the fol-

lowing equivalence classes of type x:

K. , K K . SS
11 la Is

Suppose that the ideal of type x of S coincides with
that of S.

Then it corresponds to every element of the equivalence

classes:
KIlr K12/ ur KJI
an element from so that:
g, h 6 k A<p<y9
JP
g o € o%
h o¢* € ¢*
imply
g ®h 4 v qgm*
Let us now consider the following outer direct product:
S X F x ¢*
each of whose factors is of the form (S, f, :+), where S B S,
~ 6 F, 4+ & 0O*
Denote y (f*) the number of elements of the set f*. Consider
now the elements of the set f* - which are relations between sub-
sets of A and B - from the standpoint of how many elements are

contained by them from A, B respectively.
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The number of the elements from B in elements of the set
will be denoted by uB(f*).

Then we choose p%(f*) - y(* elements from the set B and
give values for them so that the value of < should be minimal.

If S has such parameters from B, we say that it is an op-
timized structure-element and the value of the corresponding q* is
said to be the minimal cost.

Let us consider now an arbitrary element s of the structure
S. Let us take that subset of the ideal b whose elements are non-
-zero and of the form s*s", where s*™ s S. We optimize these ele-
ments in the above mentioned fashion, and we select those, whose
minimal cost is the smallest. This is called a practical ideal-
-element corresponding to the element s.

PES3IOME

Lenbio aBTOpPOB SBMSETCA Bbpab0THA TaHOrO METOAAd,0 MOMOWbH KO-
TOPOro MOXHO OMpefesuTb CUCTEeMY (YHKLMOHA/IbHLIX 3aBUCMMOCTEN CTpyK-
TYPHbIX 3/1EMEHTOB, BE/MYMHY 3aTpaT, CBSA3aHHbIX CO CTPYKTYPHLIMU  3e-
MEHTaMU, ONTUMa/lbHbie MNapameTpbl, a Takke BblbupaTb cpeau 3aTpaTr OT-
[JeNbHbIX CTPYKTYPHLIX 3/IEMEHTOB.

[ns pelweHus 3ajaun MPUMEHSIETCS BHEWHee MNpsiMoe  Npou3BefeHue
nosyrpynn Tuna a v g co chneuvasbHbMA MOYCeTsIMA -



Hungarian Journal
of Industrial Chemistry
Veszprém
Vol. 4. Suppl, pp. 21-26 (1976)

INVESTIGATION OF THE STRUCTURE OF THE SEMIGROUP (Fx F+,0)
AND OF THE PARTIAL SEMIGROUP (X F+,®) OF THE PARTIAL
ALGEBRAIC STRUCTURE S(F+XF+,0,®)

K. SEITZ* and J. BALAZS**

(*Technical University, Budapest and

**L. EOtvdés University, Budapest)

n+ Structure of the (E X E ,W ) semi-group and the
F X F ,@) partial semi-group is studied.

Following verification of the above structure
thesis different possibilities of generalization and
practical application of results are shown.

INTRODUCT ION

In the abstract algebraic study of the structure of chemical
engineering systems the partial algebraic structures S(F+xF+,0,®)
play a fundamental role.

+ )

In this paper, the structure of the semigroup S@ X é ,0)
and the structure of the partial semigroup S+ x F+,®) will be
generally examined.

The results obtained provide significant assistance in ela-
borating principles of the optimal connection of subsystems in
chemical engineering.

For the definitions of most of the notions used in the semi-

group-theoretical part reference is made to published works [2, 33.



2 K. Seitz and J. Balazs Vol. 4. Suppl.

1. The Study of ldeals in the Commutative Semigroup (SOF x F ,0)

First the following result is proved

Theorem 1.1. The group G (F+ x F+) is the universally minimal ideal
of S(F+ x F+,0).

Proof. Let (X,y) £ S+ x F+,0) and (a,b) ¢ G+ x F+).
Since (x,y) © (a,b) = (ax, by) and T (ax, by) G (F+ x F+), the
group G(F+ x F+) is an ideal of S+ x F+,0).

If 3 is an ideal of S( x F+,0), then (Xy) £ S(~+ x F+,0)
and (u,v) £ 3 imply

(e,e) = (v,u)© (u,v) £ 3

and thus fNxjyJde s 1is gained because of (xX,¥) © (e,e»s 3 hence
the inclusion:

GE xF)S 3

follows.
Therefore G (+ x F+) is a minimal ideal of S(— x F+,0).

Let K be an arbitrary subset of S(H x F+,0). It is shown
that G(H x F+) QK 1is an ideal of S(+ x F+,0).

For, 1f (X,y) S(F+x F+,0) and (@,b) £ G (~ x F+), more-
over (p,q) 6 K» then:

LY © (@,b) = T @xT by)
and

&*y) © (., = MeEs ay)

Thus (,y) © (@,b) and y) o (p,q) belong to G(F x F+).

2. The Study of Subsemigroups and Decomposition of the Semigroup
(S(F+ X F+,0)

To every element p of F we define a unary operation on the
+ +
set F'x " as follows:
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for
(@,b) 6 F+x F+ let J¥(a,b) = (pa, pb)

It can be seen immediately that

t™ @b)=f @b

By making use the operations ~ the semigroup S(~ x F+,0)
can be represented in the following form:

S(F+ X F+,0) = + G(F+ x F+)],
p6F+

where PG is the set of all elements of the form Jp (a,b) with
@b) £ G(F x F ).

Let G* be a subgroup of the group G(I‘-J+ X E+). It is easy to

show that 13 (JPG) is a subsemigroup of S(F+ x F+,0).
p6F+ V

Denote Si1 (FH+ x €,0) and S2( x F+,0) the set of all ele-
ments of the form (a,e) and (e,a), (a,e 6 F+).

It can be to proved that Si F x e,0) and S2(e x F ,0) are
are subsemigroups with an identity element of SF x F ,0) and

S(F+ Xx F+,0 ) = S, (H+ x e,0) X (e x F+,0)

If R is a subsemigroup with an identity element of the semi-
group S(F xF ,©) then for any (a,b) £ R we have
(@,b) © (e,e)Q »~ R £ R. -Hence if R= T R, then any element of
R\ ¥R can be written in the form:

PV = (U pv)

where e/ p £ F+ and (U,v)fi fiR*
If L 1is an arbitrary subset of R, it is easy to see that

("R) L 1is an ideal of R.

IT (,e) ~ R, then generally R U R, but in the case of
f R any element of R not belonging to *ftR can be written in
the form (Qu, pv), where e f p6 F+ and (u,v)E 'iR.
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A semigroup P, following THIERRIN [2], is said to be a homo-
group if it has an idempotent element 1 which is commutable with
every element of P and to any element a in P there is an a" 6 P

such that aa" = 1.

It can be shown that S(é"- X ]l}_f,O) is a homogroup.

3. The Study of the Partial Semigroup S+ x F+,0)

Denote L(a,b) and R(a,b) the set of all elements
(x,y)6 é X /&*' for which the product (x,y) 0 (a,b) does exist.

Denote H(a) the set of all elements of E"‘ for which a Az N e.

It can be seen at once that the structure of L(a,b) and
R(a,b) 1is essentially determined by the structure of H(a) and H(b)
in view of the relations:

L (a.b) N U x,y)

X 6F y6H@®@
and

R(a,b) x.y)

u-~+
Y6 F xE H @y
In the case of a £ fE'+, X,¥,Z e H@) one has aA (y) /7 e and

xXy)z = x (yz), hence it follows that H(a) is a subsemigroup of F+,
moreover e £ H(a) because aie = e.

It can be shown that H(a) = F \H(a) is a submonoid of F .

The following two theorems are true:
Theorem 3.1. If a,b 6 F+, then
H@ N HM) = H @b
Theorem 3.2. If a,b 6 F+, then
H@ U Hb) = H @)

Denote T and T the set of all sets H(z) and H(z) where
z6 F.
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The above results imply that (T,0) and (T, are semilatti-

Denote EP the set of all elements (pa, pb) In F x [/c\"l
where e ~ p6 F .

The following theorem is true:

Theorem 3.3. S is a subsemigroup of the partial semigroup
s« Foy. P
If, for elements p,q in F we have q = pz, z6 F , then it is

easy to see that Sq e Sp -

Also, 1t can be shown that S4 is an ideal of SP.
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PES3IOME

ABTOpamm 6bina mM3ydeHa cTpyHTypa nonyrpynnel (F+ x F+,Q)h nap
ymanbHoin nonyrpynnsl (I x F+,(Q))-

Mocne pfoka3aTeNbCTBa BbilleyKa3aHHbIX CTPYKTYPHbLIX TeopeM Mokas3bl
BalNTCA OTAeflbHble BO3MOXHOCTM AN 0606WeHWA 1 NpakTUYeCcKOro npuveHe
KNS [OCTUIHYTBHIX pPe3y/bTaToB.
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Activity of authors aimed at study of structure
of partial semi-groups having basic importance in con-
struction of complex automaton structures.

More structure theses are proved and their
practical applications are shown too.

Let us consider the commutative semigroups F and F defined

n n+ N\
in the vreference [1]. Suppose that F =F UF and e is the
identity element. Consider the Cartesian product F x F on which

we define the operation '"o" as follows:

For the arbitrary elements (a,b), (c,d)6.|g x P (a,b,c,de II]-':F)
let:

@b ® (c,d) = [ac <p(a,b,c,d), bd <p(a,b,c,d)]

where the function cp(a,b,c,d) has the following properties:
1. ©vp(,b,c,d) 6 F
2. ¢p(aa", ba", cd) = a@") = 9®(a,b,c,d)
d@,b,cc",dc™ = 0(") = ?(u,b,c,d)
a",c" 6 F+; a@L)E£ F; O0(@)E F ;
3. o¢(a,b,c,d) ¢ (c,d,a,b)
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The algebraic system defined above will be denoted by:
S ¢ XF , o0

In the first place we want to know under what conditions this
system will be a semigroup with respect to the operation ©O.

It is evident that it is sufficient to make the associativity

certain.
First, the property 2) of the function @ implies
4. a@la™) = a(a") a@")
furthermore, 3) implies that
a=»=n_

that is, a is a homomorphic mapping of F+ into F.

Using the notation a(@ = x it can be shown that
ax) = x-1

i.e., the function a is uniquely determined. If, especially, Xx
runs over all the elements of F+, then the mapping a(x): F+ «*F
is an isomorphism.

Theorenm 1. The system S(F" x F , 0) is a semigroup
if the function ¢ has the properties, 1., 2., 3., the Tfunction
a(a) 1is an isomorphism between F+ and F , finally the equality:

¢(ac, bd, e, ) = <p(a,b,ce,df)

holds for every six elements a,b,c,d,e,f of F+.

We shall now define a second operation denoted by © as fol-
lows :

@b) © (c,d = [(ac p(b,c)), (bd h(b,c))]

where (@,b), (c,d) € F+ x F+ and the function Y satisfies the
following conditions:
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O]
@an) ¢ (,c) = ¢ (c,b);

@Gdii) o @b" .cb™) = y(b") ¢ (b,0)
av) ¢(a,e) = e, ab E*’

¢o®,0) e F;

29

An easy calculation shows that the structure F X F , @)
is a semigroup, if, for arbitrary elements (a,b), (c,d), (e,P)

have :

¢ (b,0 IDI 9(b,c), e] = ij;[d.e) o[b,c,e.d(d,e) ]

we

It can be proved that for the function y (@ we have either:

1 y@
or:

2. Y(a)

ea @£ F+)

a-1

With the operation ® we can define a partial semigroup
the operation is defined if and only if:

¢ (b,c) e

In the case of this partial semigroup the function:

Y(@) = a-i

is determined uniquely. .,
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PESIOME

rpynn,
HTYp.-

HTn4yec

J. Szép and K. Seitz Vol. 4. Suppl.

Lenblo aBTOpPOB SIBASETCA M3Y4YeHUE CTPYHTYpbl M-apuuanbHbX 1oy
Urpawnlux OCHOBHY PO/filb B CTPOEHUU C/IOKHbIX aBTOMATHLIX  CTpYy

Joka3biBaeTCA HECKO/IbKO CTPYHTYPHbLIX TEOpeM M MnokasaHo ux npa
Kne npuMeHeHns .
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CONTINUOUS STRUCTURES
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Topological interpretation of structures is dis-

cussed. Widening of 1dea of structure by continuous
functions interpreted above the continuous object
classes is shown. Equivalency between the former and

newer interpretations is studied too.

Notations

Let H be an arbitrary set. Denote P(H) the power set of H,
that is, PH) = {A - Ac H .

Let T = {Ti}.lcw_ be an arbitrary series of sets. Denote Xt

the Cartesian product X T.. Let T°c t. Let x & Xt be an ar-
i&l 1

bitrary point. Denote by x + Xt* the projected image of the point

X iInto the space Xtl.

Let T be an arbitrary set. Let O be a topology over the
set T. Let Hc T be an arbitrary subset. Denote (H, OYH) the sub-
space of the topological space (T, B), where B/H is the corre-
sponding subspace uopology.

Let {(T7, Ylifix ke a series °Ff topological spaces. Denote
(Xt , xeo the Tychonoff product of these spaces.

Let H be an arbitrary set. Denote |n ]| the cardinality of H.
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STRUCTURE

Let H be an arbitrary set having at least two elements. Let
T be a set of properties of elements in H. Denote F(t) the set of
all elements h & H which have the property t£ T. It can be
said that the couple (H,T) is a structure with respect to the map-
ping F, if the following conditions hold:

(HTD) If te T, then 0 0 F(@® ftH.

(HT2) If h6H, h?£ Hand h fth”, then there exists an ele
ment t € T so that either h £ F(t) and h®* ¢ F(t) or h™ F(t) and
h*" 6 F (t).

(HT3) There exists an equivalence classification: T = {TV)ife j
for which:

(HT3/(1) IfFT. & «, then U F() = H.
1 tET.

(HT3/ @) IF T+ 6 T, teT+, t* 6 T+ and t ft t", then
F@) N F(t") = 0.

It can be proved that the set H can be mapped to the set
E(H) = H" ¢ Xt by a one-to-one function.

Free structure

Let t = {T+}i6 ™ bea series of arbitrary, non-empty, pair-
wise disjointsets. Let T =, YT T.. Let F1 be a function
on the set T, whose rangeis contained by the set P(Xt). Let
H* =t~ T F1(). It can be said that the pair (F1, T) is a free
structure over the set H", if the following conditions hold:

(FT1) If T~ & t, then kJ i 2.

(FT2) If T+b t, then AT F® = I

(FI3) If tbTr& T, then F (@) F ~

defin
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It can be shown that if (H, T) is a structure with respect
to the mapping F, then (E o F, T) is a free structure over the set
E(H) = H" and if (F1, T) is a free structure over the set H", then
(H1, T) is a structure with respect to the mapping F".

Continuous Structure

Suppose that the 6 x classes of properties have the to-
pologies 0 g €. Denote (r:t, X the product space of Tychonoff.

It can be said that the free structure (F°, T) is continuous
in the point h G H", if, fop every i G I, to the neighbourhood
h GG Gxer/H" of the object h there exists a neighbourhood
haTVG Ibe &1 of the propertty h ~ I\ so that IF< G4 T+.

It can be shown that a free structure is continuous in every
interior point of the set H", but the continuity of a free struc-
ture In a point h G H" does not imply that h 1is an interior
point of H~".

Sub-structure

Let (F1, T) be an arbitrary free structure over the set H".
Let 0O ? « "z« be an arbitrary subset. Let:

and F' be a function defined as follows:
ift6 T", then F'(t) = F"() T Xt .

Let H" = H* ™ Xt.

It can be shown that (F', T) 1is a free structure over the
set H" . This free structure will be called the substructure of the
free structure (F1, T) over the set t".
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It can be shown that if the free structure (Fl1, T) is con-
tinuous in the point h 6 H®, then its sub-structure over the set
T1 is continuous iIn the point h ¥} Xt1.

Secondary structure

It can be said that the free structure (F°, T) is symmetric
with respect to a property class Tj 6 x If the set x has a disjoint
decomposition :

t = t, 0°(Tj} Ux2; t57 S/ t2

so that the sub-structures G:u , Tu) and (Fb , Tb) corresponding to
the sets x_ = x\x2, and X = xX\xi  satisfy the Tfollowing condi-
tion:

MSs2) If xt Xx, X 1 Xx 6 H and xfl’Xx,DEH,D

» cl cl

then x £ H" .

Suppose that the free structure (F", T) over the set H" 1is
symmetric with respect to the property class T . Let (FI( T,) and
(F2, T2) sub-structures over the sets H, £ xi and H2 £ x2. Let:

xn = {Hi, Tj, H2} and Tm = H, U Tj U H2

A function F,, can be defined as follows:
if s @ =1, 2), then:

FM (i) = IX e Xxn :x | Xxt = h., X Ff Xxa6 Ha, xj Xxb 6 fy
if to6 TJ., then:

Fm@® = X 6 Xxn - x "TjJ = t, x \ XTa £ Ha, x| Xxb £ Hb}

It can be shown that (,, T.,) 1is a free structure over the
set H". This free structure is said to be the secondary structure
corresponding to the property class Tj .
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It can be proved that the topology XO/H® is equivalent to
the corresponding topology Xel'm/H4 x O™ K X&2/H2)/H".

It can be shown that the continuity of (F1, T) in a point
h £ H® does not imply the continuity of ™, TW tie P-eint
h £ H*, but if (M, TM) is continuous in the point h6 H", and the
corresponding (FIf T,) and (F2, T2) is continuous in the points
h™"Xx-tand h~X 2, then (F1, T) is continuous in the point h £ H* .

The concept of a secondary structure consisting of more
classes can be similarly defined.

Composition

Let (Fa’ Ta) and (Fb’ Tb) be two free structures over the
sets Ha and H*. Suppose that the condition:

KD
holds. In this case the structures are called composable.

Let Ti = Ta\rb® T2= TbyTa® Let *I1° TI1* and (F2° T2/
be sub-structures over the sets Hi 6 X, and H2 £ x2.

Let xv = {H,, T3, H2}, TH =H, U T. U H2 and FM be the
function defined above.

It can be shown that (M, tm) is a free structure over the
set

This free structure is said to be the composition kernel of the
free structures (Fa’ Ta) and (Fb’ Tb)'

Let T = Ta U Tb and F1 be defined as follows:
if t6 T+ € xk k=1, 2), then F’(® = {F*t) : h £ Hk T+ = 1]
and

if t ET., then F1() = FM (t).
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It can be shown that (", T) 1is a free structure which is
symmetric with respect to the property T~ over the set H" . The
composition kernel (P, TM) is the secondary structure correspond-
ing to T~. This free structure is said to be the composition of
the free structures (Fu, Td) and GE, Tb).

Concerning the continuity of the composition, the statements
of the preceding part of the paper remain true.

The composition of more structures can similarly be defined.

PESIOME

ABTOp uU3naraeT TOMOJIOrMYECKOE TOJIKOBaHUE CTPYKTYp- OH. Mokasbi-
BaeT KakuM 06pa3oM YAasioCb pPacWMpUTb MOHATUE CTPYKTYphl C MomMoLbHo
HenpepbiBHbIX (QYHKUWIA Haj KiaccaMmy HerpepbiBHbX OGBLEHTOB. 3aTparuBaeT-
CA 1 BOMPOC 3KBMBA/IEHTHOCTM MPEXHErO U HOBOrO WCTONKOBAaHUI -
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(Research Institute for Technical Chemistry of the
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The structure of materials is build up by the
aid of discrete and continuous classes of properties.
The properties are selected so that a change in any of
them characterizes a technical chemical process, for a
technical chemical process has at least one changing
property. Numericality, the mean surface and diameter
of dispersed particles as well the inhomogeneity mo-
ments of continuous properties are regarded as conti-

nuous properties constructing the structure of mate-
rials .

A description of the structure of material systems based on
the material properties and relations between them, was published
earlier. The following properties were taken iInto consideration
during the qualitative description:

X, ¢, b, k, B, @ T, F] »

The above properties can be divided into two groups depending
on whether they can have discontinuous values or can change con-
tinuously. So discontinuous:

[c, b, k, B, <l ®

and continuous:

Ex, T, PF] S

classes of objects can be distinguished.
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In order to form a uniform method for quantitative treatment
of technical chemical changes, a study of upper and lower limits
of properties became necessary.

Properties having the following characteristics have to be
taken into consideration:

1. any of these properties changes in, at least one, techni-
cal chemical process,

2. in any technical chemical transformation, there
least one property among the properties taken up which changes.

Properties in the (1-3) line vectors correspond to the 1.
condition, however, they do not satisfy the second one, because
e.g- during processes of changes 1in size or homogenization the
above properties do not necessarily change..

In the case of material consisting of dispergated particles,

if F- (N 1is the whole surface of the particles of r characteristic
size and f is the surface of a single particle, then the:

o F f('_) @

function gives the number of particles of studied size. The whole
surface of the set consisting of dispergated particles is as fol-
lows :

F O g ®
f

If particles are spheres and r is their radius, then:
®
F=7 ¢ 8Trdr =8 myr ®
r

[0}

The mean surface of particles is

f L /F(@ df %)

=\ 8

o]

which for spherical particles has the following form:

is at
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@™ 4r2ir8rirdr
= 4 i =
— b1 ¢:D)

The numericality of the investigated set can be expressed as
follows :

_F_
N f 2o ©

The volume of set is:

vV = ; dv a0

In the case of spherical particles it has the following form:

<
1l

/ o (@ 4r2ndr = 4 1B ayn
r

The diameter:

)
1l

2 /o) dr = 2 ¢0 12)
r

The mean diameter of the particles:

S=N- a3

Let us define the specific numericality, relating to the unit of
volume, as fTollows:

o?

a4
2Tt

The specific numericality (n) the mean diameter (d) and the
mean surface () will be regarded as continuous characteristics of
material systems:

[x, T, P, n, d, f] a5
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so the systems theoretical method can be applied for the quantita-
tive description of processes accompanied by a change in size.

However, the" properties given above still do not make an in-
vestigation of homogenization processes possible. An optional 0
continuous”property can usually be given not by a constant value,
but by 0¢¢) function according to Yy space or time co-ordinates,
and the value of this function can change during technical chemi-
cal processes. For this reason, the moments of inhomogeneity were
interpreted so that the k-th moment was the following:

B 1 ¥ - K
gtk = 7 ® - 6) dy (16)

9=y / 9dy an

A k value can always be given so that the O0() function
can be approximated optionally by inhomogeneity moments of kK num-
ber. The inhomogeneity moments - in the case of all continuous
properties - will be regarded as those belonging to properties
describing material systems:

Ix. T, P, n, d, f, xI12...xlk, TI2 TXk™ PI2" pV

ni2s nxk® A1l dxk* FI2° fik] as

Properties given in (@ and (@8) line vectors make a uniform
qualitative and quantitative description of any technical chemical
change possible.

Structure constructed on () and (18) properties are regarded
as the main point of material systems. This does not change even
if the line is completed by further derived properties, e.g. heat
conductivity, specific heat, and dielectric constant, etc. These
latter characteristics are unambiguous consequences of (2) and (18)
properties and only one value from these can belong to an element
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of structure. This means that the derived properties do not give
further information on the separation of the elements of structure,
however, they make it possible to apply the method to those cases
when relations between the basic properties are still not known
and these properties can also be favourably used for the connec-
tion of structures. Generally it cannot be stated in advance which
derived properties should be taken into consideration, it always
depends on the given task.

SYMBOLS USED

b biological structure

c chemical structure

d diameter

L surface of particle

F total surface of dispergated particles
| inhomogeneity moments

K crystal structure

N numericality

P pressure

T temperature

r characteristic measure or radius
\ volume

X concentration

Y time or space co-ordinate

3 state

o form

0 any continuous property
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PESIOME

CTpyHTypa maTepuasibHbiX CUCTEM OCHOBLIBAETCH Ha Haccax 06BbEK-

TOB pa3/iM4HOro Tuna.
B cnydae HenpepbiBHLIX HMNAccoB 06BLEKTOB penVILI,I/IVI 3ajanTcAaA B BU-

[e  HenpepbiBHON (QyHKLUNM -
Mpy onucaHun MaTepuasibHbIX CUCTEM 3HauMTeNbHa«] ponb OTBOAUTCS

NMPOM3BOAHbLIM CBOWCTBaM, HE HECYWMM HOBOW WHpopMaumn K pasgeneHuio
3/1EMEHTOB CTPYKTYpbl. HO OHM [JawT BO3MOXHOCTb A8 MpUMEHeHuii anre6-
panyecknx MeTOOB B C/y4yasiX, KOrja 3aBWCUMOCTU Mexay OCHOBHbIMU

CBOICTBaMNU HEU3BECTHbl, OHU NnpMMEeHnMbl TakKxe npun coegnHeHUn CTPYKTYP.-
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(“Technical University, Budapest
“ Research Institute for Technical Chemistry of the
Hungarian Academy of Sciences, Veszprém
“* Research Institute for Automation and Computer Technology,

Hungarian Academy of Sciences, Budapest)

In order to apply broadly in the practice results
obtained in the field of systems theoretical research
of technical chemical systems construction of computer
algorithms for carrying out algebraic operations used
often in the systems researches 1is necessary.

The computer programs for calculation of

1. reducing to prime factors
2. common multiple and divisor
3. complex operation

are shown which were developed 1in the first stage of
the authors” activity.

In order to practically apply the theoretical results ob-
tained in the field of the structure of systems in the chemical
engineering It is necessary to prepare certain computer algorithms
for making the algebraic operations.

Such fundamental algebraic operations are, for example:

a) decomposition for prime factors
b) determination of a multiple
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c) determination of a divisor
d) complex operations:
1. circle-dividing.
2. circle-multiplication.
As the first step, a programme-system was elaborated for car-

rying out the above algebraic operations in the SIMULA language of
the CDC-3300 computer.

If the unary algebraic operation on a system G satisfies
certain axioms then we term it a structure algebraic system.

Let us consider the following system E, which is a structure
algebraic system:

ei 62 e3 04 e5 ee e7 eB 69 el0 ell1 el2 el3 eu 0

el eV 0 67 0 el13 o 67 O el; o ei1 O el3 o 0
62 02 0 es O els o Se o ei2 o el2 O el4 O
es ev7 0 e\ O ee 0 a7 0 ee 0 el1 O ell O 0
e4 0 es O ek O el0 O ee o el10 o e12 O e12 O
65 e13 O es O e\ o ell O eB O el1 O el13 O 0
ee 0 el4 o el10 O s 6\ O el12 o el1l0 o el2 O eld O
67 £7 0 67 0 ell o 07 0 el; O eil1 O ell O 0
es8 0 60 o Ss O el2 o eB o0 el2 o el2 O el2 O
69 e11 O 69 0 69 0 ell O ee 0 ell1 O ell O 0
el0 0 el2 o el10 O el0 O 612 O 620 O el12 O el12 O
e 1l ell O ell O ell1 O ell O el; O el1 O ell O 0
el2 0 612 O 612 O el2 o el2 o el2 o el2 o el2 O
el3 els O ell O el3 o ell O ei, O el1 O e13 O 0
eu 0 eld 0 612 O eld 0 el2 o e12 O el12 O eld O
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In the following the above operations concerning the algeb-
raic system E are demonstrated.

The construction of the algorithm

1. Decomposition for prime factors

With regard to the system E the prime elements (ei,...,e6)
are known. In the row of the first non-prime element, in the co-
lumn of a prime element there is an e” whose index is equal to the
row index.

These will be the prime factors of the element ei- For exam-
ple: the 7th row contains: e7, 0, e7, 0, ellf O and er is in the
first and third column of the prime element, thus the decomposi-
tion of er is (@, 0, 1, 0, 0, 0). Carrying out this procedure for
each non-prime row of E, we obtain the complete prime decomposi-
tion.

€1 62 63 e,, 65 €6
er 1 0 1 0 0 0
es 0 1 0 1 0 0
€9 O 0 1 0 1 0
e10 o 0 0 1 0 1
611 1 0 1 0 1 0
Si12 o 1 0 1 0 1
el3 1 0 0 0 1 0

eil o 1 0 0 0 1
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2. Determination of a multiple

Definition: ea 1is a multiple of e~ if every prime factor of
e™ 1is a prime factor of e&.
If the above matrix P is given, then we can determine by lo-

operations, every multiple of any element er-

67 ee € el0 eil 612 el3 614
o7 1 0 0 0 1 0 0 0
ee 0 1 0 0 0 1 0 0
€0 0 0 1 0 1 0 0 1
JL = ei0 O 0 0 1 0 1 0 0
eil O 0 0 0 1 0 0 0
612 O 0 0 0 0 1 0 0
el3 O 0 0 0 1 0 1 0
ely O 0 0 0 0 1 0 1

The matrix “shows that e7 has the multiples e7 and en,
ee has the multiples ee and e,2,

e12 has the multiples el2, etc.

3. Determination of a divisor

Definition:le_a is a divisor of €p » if everv prime factor of ey
is also a prime factor of e/

Thus, if we exchange the role of rows and columns in the
matrix T, then we obtain the matrix of a divisor O.
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4. Circle dividing; a complex operation

Definition:
4 it eD is a divisor of er? €y is the element
without common prime factors
if - S0
e. 8e. ei et =

is not a divisor of e

e if ei =0 or ej = 0.

The operation can be made by logical comparison. It follows
from the definition that ,it is necessary to have the matrices”
and jOj for the circle dividing.

5. Circle multiplication; a complex operation

Definition: ey © ej e where e~ contains all the prime

factors of both e and e with multiplicity one.
The operation can be settled by logical comparison, for which

the matrix IS necessary.
With the aid of the above complex operations we have solved

the following set-determination problem.

Given: Ka’ K K,

To find: K,

We know that Ka S. Ka’ Kb ~ Kb
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a?

'10 0 0 0 1 0 1 0 0 0 1 0 1 0 0
o 11 1 0 1 o 1 0 0 0 0 0 1 0 0 0
12 0 1 0 1 0 1 0 0 0 0 0 1 0 0
13 1 0 0 0 1 0 0 0 0 0 0 0 1 0

14 0 1 0 0 0 1 0 0 0 0 0 1 0 1

1 Ka has 2 elements and

has 6 elements
then Ka o Kb = KC has 12 elements,

has 12 elements and

has 2 elements
then KC 8§ Ka = KU 0 has 24 elements.

This -problem was solved on a CDC-3300 computer by algorithms
written for the complex®™ operations. The running time was only 43
seconds.
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Each algorithm is also very appropriate for solving large

scale problems. All the algorithms except the prime decomposition,
require only a [little memory in the computer because we have 0-1
variables, and the information can be stored in bits.
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PE3IOME

[ns Toro, uTOGbL MOMy4YeHHble B 06/1ACTV WCCMEAOBaHUS CTPYKTYpbI
CUCTEM TEXHUYECKOW XUMUU TeopeTuyecKue pes3y/nbTaTthl Hawm WMpoKoe
NPaKTUYEeCKOe MpUMEHEHME, OKa3a/loCb HEOGXOAUMbIM COCTaB/iEHUE Bbl—
UACNIUTESNBHBIX a/ITOPUTMOB, KOTOpPbIE HYXHbl ANs1  BbINOSHEHWS anre6pan-
YecKux ornepauuii, 4YacTo BCTPEYawWMXCs B WUCCNEefoBaHWN CTPYKTYp.

ABTOpaMn wmn3narawTCA CUCTEMb MporpamM A1 pacyeTa Ha  BblUUC-
NUTENbHOW MalWnHe .

1) obwero KpaTHOro u genutens,

2) KOMMAEKCHOW onepaumun
KOTOpble 6bIM paspaboTaHsl aBTopamuM B MNepBOM nepuoge ux paboTbl, Kak
Hanbonee 4yacTo BCTpeyawwmecs anrebpandyeckue onepauun.
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ALGEBRAIC AUTOMATON OF CONSTRUCTIONS
T. BLICKLE* and A. BEZEGH**

(“Research Institute for Technical Chemistry of the
Hungarian Academy of Sciences, Veszprém and
**EGYT Pharmacochemical Works, Budapest)

The algebraic investigation of different opera-
tions realizable in similar operation units and system
of operational units 1is discussed. An A(S , S®, S™, ..

..) algebraic automaton is interpreted, where the S*
inlet, Sk outlet, and Sv state sets have properties
being characteristic for structure and X: S,b X SV a

mS," SS, and U are métrics interpreted on the structure
S, * k
\Y
The p X S S,, function describing the change
in the state of t%e algebraic automaton becomes well
defined by U.

The aR structure of the defined automatons serve
for analysis and synthesis of the systems.

The free semigroup of maps were recently studied [1], with
the aim of elaborating an algebraic structure from a rather con-
strained set-system, which would fulfil the aims of chemical en-
gineering, and being simple could easily be used in practice.

Some conceptions of algebraic automaton will be applied,
hence these will be discussed first.

An automaton or sequential machine is the A = (X,Y,Z,f,0)
quintuple, where X is a finite set - the generating set of the in-
put free semigroup, Y is a finite set the generating set of the
output free semigroup, and Z is the set of states of the automaton



52 T. Blickle and A. Bezegh Vol . 4. Suppl.

IT Z is a finite set, A iIs termed a finite-state machine or finite
automaton. The ¥ and the g are functions having the following
maps :

f: XX Zw2Z

H: X X Z @Y, or
g2: z= &Y, where Z1 Z XY

The output in the case of gi appears with a transition from
one state to the other, while in the case of g2 with one of the Z°
states. Hence, different g"s define different automaton.The latter
is the so-called state-output machine. An arbitrary transition-
-output machine can be replaced by an equivalent state-output
machine [2]. In the following the state-output machines are re-
viewed .

In the discussed case, the generating set of the input and
the output free semigroup, respectively, are constructions with al
properties which are the following:

al - iati
: associative, Gi-Sj).sk = siq

»2 © commutative, SI.Sf = SD'S.1
08 : idenpotent, Sl'i. = sy

a,, - zero element exists, sr«o =0
as : vst/ asj 1T 0 : sl'SD =0

B1 : definiable byproduct of prime elements only,

2 - an equivalence classification exists, where
the product of each of the different elements
in one and the same class iIs zero.

The transformation described by the automaton is a unary
operation on an irreducible equivalence class of construction.
This operation is a permutation of the given class. The result of
the operation 1is that the index of an element of the equivalence
class is incremented by 1. If the argumentum 1is the element with
the maximal index, then the result is the element with index 1.
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J
(Ka"va)
n = number of the elements of
VaQ¥a?  i+lka aGa<n
Vg Q'PJuQ 1¥a

If the repeated application of this function is denoted by
an exponent, then the highest exponent is equal to the number of
elements of the irreducible equivalence class. This is a finite
cyclic group generated by v , which is a subgroup of the permuta-
tion group, and is isomorphic to the group of integers under ad-
dition modulo n.

Wi ka>> = v GKa) T oyxepKge (@ < n-1

N\ —_ — = -
va(ika) = K ,s0 vh=e the identity,

Considering the set of functions with different exponents
and its compositions it is obviously a structure with an associa-
tive, commutative binary operation, with identity and inverse,
thus it is an abelian group.

Va = wa"va....va

The set of states of automaton consist of the Va set of func-
tions, and iIn this case V& maps the input into the output.

X =Si; Y=S82; Z=V&

If the iInput and the output are given iIn a construction-form,
then together (A) the input construction and the output one achieve



54 T. Blicklp and A. Bezegh Vol. 4. Suppl.

a structure with afl properties by connections through a set of
maps .

Sis2 = s*

S*V_ = A

It is possible to connect two or more automaton In series.

S1S2S3S4ViVa

It is appropriate to define cyclic groups on all the irre-
ducible equivalence classes of the input construction and the out-
put one, thus the elements of the free semigroup generated by
these cyclic groups as functions are defined on the full construc-
tion of the original one.

Analogously, it is possible to generate an all structure by
giving the relations on the set of functions. All elements of this
construction are maps. The domain is the full construction belong-
ing to the automaton, but the images will not become real elements
of the construction.

To avoid this, let us define a metric space on the set of
maps iIn order that the automaton should be able to pass from any
state into that one which is the nearest and at the same time the
image becomes a real element of the construction. Then the automa-
ton will continue its work in this new state.

Voo, V2 ALY
<VV ,
'X'ga - ng|_. if 1x.ga - Xgl?l < Mg/Z,

M_D ixga - XgB]. otherwise.
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M3 is the number of elements of K.9

The state transition function can be replaced by this metric
space. This is far more preferable in the case of a large number
of elements.
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PESIOME

ABTOpbl 3aHUMa/INCh anrebpanyeckum MeTOAOM U3YUYEHUSs  pas3/INYHbIX
onepauuii 1M MpoLeccoB, MPOBOAMMLIX B OAWHAKOBOM 060pygoBaHuM, B O4M-
HaKOBOW cucTeme o6opyaoBaHuii. WcTonkoBancsa anrebpanyeckuii aBTomar

*.J, rge MHoxecTBa &, - BxogHoe, St- BbIXOAHOE M Sv- MHOXec-

TBO COCTOSIHUSI, KOTOpble p6/afabT XapaKTepHbMU AN CUCTEMb CBOW-
cTBamn, a panee X:Sb« Yy MeTpuKa WCTOJ/IKOBaHHasi uepe3 CTPYKTypy
SV -

OyHKUuua »Sv-*Ss f onuceiBawwass N3MEHEHUS COCTOsIHUS anrebparun -
YeCcKOro asBTOMaTa CTaHOBUTCH ONpefenseMoil 4yepes Y .

o] 3 CTpyKTypa onpefeneHHbX aBToOMaTOB CAYXUT /1 aHam3a
C/YHTEe3a CUCTEeM.
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THE BUILDING UP OF THE STRUCTURE OF THE QUANTITATIVE
ALGEBRAICAL AUTOMATONS IN THE TECHNICAL CHEMISTRY

T. BLICKLE and J. GYENIS

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

The authors show the possibility of the building
up the structure of the quantitative automatons in
technical chemistry. Four sets are defined, and by
making their elements correspond to the structure of
the material systems, the structure of the quantitati-
ve automatons can be constructed. There is also a pos-
sibility to construct the structure of chemical opera-
tional systems from the structure of automatons.

Earlier papers on this subject [1-2] established that the
structure construed on the set of material properties is the
structure of the one component material. The elements of this
structure St can be written as follows:

st Stk HhER P @)
where s™ G. Si.

From the above mentioned structure the periodical structures
of the combined material systems can be established by means of
linking relations, defining the type of connections between the
components. The elements of these periodical structures, e.g. Iin
the case of two components, can be described by the following ex-
pression:
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St C%bﬁgfgmcnboprkrdsftTuPV 2
where £ S2.

From the structure of the one component material a structure
of algebrical automatons can be constructed with the aid of a cyc-
lic unary operation defined for the structura of the chemical tech
nological transformations [3]. The uoture of automatons has the
following feature: from a set of given iInput elements s it can
produce such output elements s., which are also the elements of

the structure of the material systems. The expression

sisvsj é Al (©)

represents an element of the structure of automatons Ai, where
s+, S§J £ Si, and sv is an element of the structure of chemical
technological transformations.

The most of the transformations in technical chemistry cannot
be explained on the structure of the simple one component material,
e.g- the exchange of the homogeneous connection (see absorption or
extraction) takes place between two phases, and at least one of
these phases consists of two or more components.

For establishing a structure of automatons in that any chem-
ical technological operation is defined, it Is necessary to form
the union of the structures of the material systems of one, two or
more components:

S$=8StUS2U ...US, ®

and the structure of automatons can be constructed from the ele-
ments of the power set S* of the resulted set S:

isv.si ®
sisv,sj £ A

where si‘. j G S* and Sy € S\/
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The link"age between si and s? is given by sv, if there is a
real structure element of the automaton, which is able to produce
st from s*.

i 1

If the Input and output is given, an element of this struc-

ture of automaton can be constructed, e.g. Tfrom the Tfollowing
parts :
* = {c1R2T20Ps,  (C2Bs C36r) T200Ps} G)
J = {1 R-CI>C3 2)TaoPsF 00Ps} O
V = VezVsive V8% ®

where v82, v51, v94 and Ve* represent the mixing of the phases,
the heat exchange between the phases, the exchange of the homo-
geneous connection between the components and the separation of
the phases, respectively.

The resulted element can be written in the usual form of al-
gebrical mapping:

Cu oPs o (c2B3 C3R2)T200Ps \
I ®

432 CaRalTnoPs o C2RaTiooPs 1

THE STRUCTURE OF THE QUANTITATIVE AUTOMATONS

Let us consider a set Gi, the elements of which are rational
functions of time:

gi(® € Gi (10)

Let the usual addition (denoted by +) be an operation defined
on the set Gi , with an unambiguous (but not mutual) correspondence
between the elements of the sets S and Gi. Let the operation of
the outer direct multiplication be defined as follows:
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If g~(t) and (® correspond to and s”™, respectively,
and their outer direct product is written by:

g£ (Dsi o0 gM (OS] @

then this corresponds to the following operation:
gE) + g (@®» and s o N (€7)

where o is the designation of the outer direct multiplication
and at the same time that of the contact operation of the phases
s and s, In the structure of the material systems.

Thus an element of the structure of automatons can be written
in the following form:

gi i o0 g2(t)(c2 =¢p-c3)
® ¢, c3) 0 g(Bec2

which is the qualitative cription of the material streams in
the continuous type unit operation.

Evidently there are limitations regarding the correspondence
between the elements of the sets S and Gi, because of the conser-
vation of component and chemical element masses, i.e.:

EgMD) +2Z g"(t) =o a»

where gk? ® and g}\( (@® are the inflow and outflow material streams,
respectively. If there is a local change of the masses in the ope-

rational unit, the equation must also be completed with a third
term.

For the batchwise operation type unit the elements of the
structure of the quantitative automatons can be obtained by de-
fining a set G2, the elements of which are rational numbers. In
this case the elements of the set S must be completed with the
time t, resulting in a set S", and the correspondence between the
elements of these two sets S* and G2 must be considered.An element
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of the resulting structure of automatons is e.g.:

o t0) o g2(c2 c3) (to)
(cTtp=>C3) (tv) o g2 (tv)

e a2 as)

where tQ and t are the ents of the beginning and the finishing
of the operation, respecti Y-

Analogously a set G3 can be defined, the elements of which
having a form:

t
§C =/ g, (® dt 9. 6 G3 @6)
Y4

Using the elements of the sets S and G3, the summary mass balance
of the continuous type operation can be obtained. And by defining
a set Gn, the elements of which having a form:

gt = 3¢t g' £ G, an

where g~ is the time function of the mass change of the phases
found in the operational unit, the structure of automatons de-
scribes the differential mass balance of the batchwise type opera-
tion.

In the above mentioned cases the conservation of mass can be
expressed by equations analogous to the Equation (14).

In the semicontinuous operation, where one of the materials
is introduced continuously into the unit, while the other one in a
batchwise manner, the structure of automatons can be established
as follows:

The elements of the GiI * G* or G2 * G3 product are made to
correspond to the elements of the S * S* product.Thus the elements
of the structure of automatons take the following forms:

gi (HCt o gi ()c2

as)
ga(t)c3 o gi (Hcu
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/ g-iCi 0 g2c2 (to)
(€))
\ g3C3 o g,c»(tv)

where in the first case g™t) gives the amount of the material
streams entering or discharging by convection or conduction, or
the intensity of the material sources or sinks, and g] () gives
the rate of the reduction or accumulation ot the components,
flowing in or out In a batchwise manner.

In the expression (19) the elements involve information about
the summarized mass balance of a chemical technological operation.

THE CONSTRUCTION OF THE STRUCTURE OF CHEMICAL OPERATIONAL SYSTEMS

Let s*sv si be an element of the structure of automatons con-
strued on the power set £*, and let ¢ be a mapping, by which the
union of si and si is mapped onto a set of periodical structure
elements consisting of the given combinations of the sections of
Si U SE).

For example if si 1is natural gas (c,) containing petrol
vapour (c2) and fuel oil (c3) contacting with the gas, while si is
liquid petrol dissolved in fuel oil and pure natural gas, i.e.:

si = C,g3 =£»c232 0 c3R2 0)
si = c,e3 o c2R2-">. c3R2 @

then t/@G V si) = {c-IR3 =p-c232 =p-c362 (i.e. petrol and fuel oil
vapor in natural gas), CiR3=>c2B2-mc3R2 (i.e. fuel oil spray in
the gas mixture), c2B2=$~c3R2”>-cilR3 (i.e. dissolved natural gas
in the fuel oil containing liquid petrol) c2R24=>c3R2=>m Cif33 —*
-*-CilR3 =~-c2R2 (i.e. gas bubbles in the liquid), etc.}

The elements sfsv sj completed by the mapping ¢ (si \J si) also
results structure elements:

S
S

-
NN

Nsiush e 2 @



1976 Automatons in the Technical Chemistry 63

which gives information about the inlet and outlet materials, as
well as the material system existing inside of the operational
unit.

If the structure of the operational units (denoted by M) is
known, the product T * Z = R gives all the information mentioned
above, as well as the properties of the operational unit. Thus the
product set R is the structure of the chemical operational systems.

SYMBOLS USED

structure of automatons

biological structure

chemical structure

size of the particles

form of the particles
1(G2,Gs ,G4 sets, defined by this paper

the elements of the sets G

crystalic structure

structure of the operational units

pressure

structure of the chemical technological systems
i,Sa,...S structure of the materials consisting of one, two, or

more components, respectively

S the elements of the structures S

n VW T EZXQ O=HQ 0O O >

sv the elements of "the structures of the chemical technolo-
gical transformations

T temperature

time

[l

\Y; chemical technological transformations, e.g.
Vj heat exchange
vg the. mixing of the phases
S the separation of the’phases
Vg the exchange of the homogeneous connection
between the components
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e state of matter, e.g.
RB: solid
62 liquid
63 gas
® the type of connection between the components and the ap-

pearence of the phases. The elements of this:
B> homogeneous connection
__> heterogeneous connection
(the arrows are directed from the component determining
the appearence of the phase)

Subscripts

T, ..., V the rth, jth, I Vth properties or element
b inlet

K outlet

o] beginning

\ finishing
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»PE3IOME

ABTOpamMu uM3MaraeTcsi BO3MOXHOCTU CO3[aHus aBTOMATUYECKUX CTpy
HTYpP, MOCTPOEHHbLIX Ha MHOIMOKOMMOHEHTHBIX MaTepuasibHbIX CUCTEMaxX W Aaio
WMX KOSIMYECTBEHHOE OnucaHue .

ABTOpbl AT COOTBETCTBEH MexXAy MOJlyYeHHbIMY aBTOMAaTUUYECKUMU
CTPYKTypamMy 1 obWwMMM ypaBHeEHUsIMM 6HanaHca.

CTPYKTYpbl CUCTEM, COOTBETCTBYWOUWMX TEXHUUYECKMM XUMUHO - TeX
HO/IOrMYECHUM CUCTEMaM MOXHO CO34aTb ChneuvasibHbiM U306paXeHueM, UCTO
NIKOBaHHLIM Ha OCHOBE MHOXECTBa CTENeHeil MaTepuasibHblX CUCTEM, U HOM
nosvumein aBTOMATUYECKMX CTPYKTYP M CTPYKTYP MPOLECCUOHHbIX eavHUL -
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APPLICABILITY OF SYSTEM STRUCTURES IN THE
TECHNICAL CHEMISTRY

T. BLICKLE

(Research Institute for Technical Chemistry of the

Hungarian Academy of Sciences, Veszprém)

Application of structures theory in technical
chemistry 1is shown by a simple example.

Starting from four chemical components the sepa-
ration methods of two-component systems can be deter-
mined with the aid of the structures theory.

The application of a structure system in technical chemistry
will be shown by a simple example. A two-component system will be
separated in two steps by an auxiliary material:

1. the auxiliary material and the Tfirst component form a
two-component system, while the other component leaves
the system;

2. separation of the two-component system.

The second step by itself can be applied for the separation
of a two-component system. Thus the two possibilities for separa-
tion are as follows:

1. by auxiliary material In two steps;

2. without auxiliary material in one step.
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The scheme of the process is shown on Figure 1. [Indices on
the left side represent the place in the process. The meanings are
summarized in Table 1.

Table 1
c Chemical structure v change
c1 water Vi  separation
c2 sulphuric acid v2 exchange
c3 air v3 separation and heat exchange
c« silica gel v« exchange and heat conduction
) state h procedure
Rl solid h. liquid tank
R2 liquid hz  film
33 gas ba rotary Tfilm
) he  foam
d stze h5 Ffixed layer
di no characteristic size b6 Vibrated layer

h7 fluidized layer

a2 mean size 0.1 mm

d3 mean size 0.2 mm
heat transfer surface

T temperature

i1 no
_10"°C < T S 110°C 12 pipe coil in the apparatus
i3 wall of the apparatus
P pressure .
] separating plate
0.1 atm < P < 1 atm R
1 none

12 perforated
J3 slotted
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igiT-tPidlc 132g2c2R «g3T3P 3di(Ci(Bsg5C5R
iv ,m
3g2T2P2d3c3R egi . Ti-P"deCeR
ih -y 11 >a/
/ "gsTsPsdTCyRegeCeld v 12m log7T7P7dlo<710R
2h 2j 2i 9neT6P6<1IBCIOR

Figure 1

Thus e.g. gc2 the output flow of the second unit is H230<*. The
number of object classes in the structure are as follows:

g 10
7

p 7
d 7
c 10
R 10
v 2
m 2
h 2
i 2
j 2
61

The structures form four structures: three are formed by the
10 g object classes (Figure 2) one by the other ones (Figure 3).
ox Is the relation matrices,

"y ag 34 is equality, the other ¢, are
oo o shown by Table 2. The "a" auxi-
g° 5 9 - liary object class is defined
by the ¢,, the "b" by the 0,
o the "m" by the ¢5, and the 'n"
eg 7g by the ¢®6. The relationships
determine the complete structu-
0 re.
96 1096 The Tfollowing tasks can

for example by determined: one
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element of the (ig 4T -P -id sh 43 2g 2C 2v) object class is given
and structures being its multiplies are the two-step separations.

One element of the (g sT 5P 5d 7c 78 83 ec sR) object class
is given and elements of (7g ST 5P 5d 7c 78 8g 8c 88 2v 2m 2h 21i..
2J 99 67 6P ed oc4a0g 7T 7P 7d uoC uo3) object class being multip-
les determine the single-step separations.

The determination is carried out according to [1]-

REFERENCES
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ABTOpOM MNokKasaHa MNPYMEHUMOCTb TeOpUM CTPYKTYp B TeXHuUec -
KO XUMMU Ha KOHKPETHOM npumepe. WcxoAsi M3 4YeTbipeX XUMUYECKUX KO-
MMNOHEHTOB C MOMOWBLKY TEOopUU CTPYKTYP UM OnpedesieHbl BO3MOXHbE OCY-

ecTtBuMmbie MeTOodbl

pasgeneHna ABYXHOMMOHEHTHbLIX CUCTEM.



Hungarian Journal
of Industrial Chemistry
Veszprém
Vol. 4. Suppl, pp. 73-78 (1976)

COMPUTER ALGORITHM FOR THE DETERMINATION OF THE
STRUCTURE OF CHEMICAL COMPOUNDS

T. BLICKLE* and B. NOVAK**

(“Research Institute for Technical Chemistry of the
Hungarian Academy of Sciences, Veszprém
“ Veszprém University of Chemical Engineering, Veszprém)

The number of possible structural Tformulae of
compounds containing a given number of atoms usually
increases to a large extent with the increased number
of atoms and thus their determination by manual
methods becomes increasingly difficult.

An algorithm developed for the construction of
structural formulae by computer is shown. The main
procedures of a computer algorithm are then discussed
and following an analysis of the results, the possibi-
lities of application and further development are also
outlined.

One main Tfield of structure theoretical investigations is
the study of the material transformations (technological mappings)
realized in chemical technological systems.

Within this field one problem to be solved is the descrip-
tion of mapping realized by a given technological system (analysis
of the system).

The other task is to determine the technological mappings
resulting from the desired final products when the raw materials
are given (synthesis of the system). |In order to built up the
technological system, first of all the determination of the com-
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pounds that can be formed from the given elements and compounds
must be determined. The starting elements and compounds are given
by their formula. In addition, possible valencies of the occurring
elements are given and the task is to determine the possible struc-
tural formulae from these.

The number of structural formulae of compounds constructable
from given atoms rapidly increases with the increased number of
atoms and thus the application of a computer to solve this problem
seems to be useful.

The earlier structures of theoretical results and methods
were used as a starting base.

A graph (compound graph) is co-ordinated to the structural
formula of the compound. From the viewpoint of a calculation tech-
nique, this graph can suitable be treated by its point matrix.
This matrix will in future be referred to as the structural matrix.

Valencies of atoms in the compound are summarized in the va-
lency vector.

The above mentioned technique is illustrated by an example.

The structural formula of sulphuric acid is as follows:

H" e\ o °

H - 4 0

The corresponding compound graph:

The identification symbols of the atoms are to be found at
tha graph points.

The elements of the structural matrix determine the number
of bonds between the single atoms. For this reason the matrix is
symmetrical and the main diagonal contains only O.
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-
The structural matrix the valency vector

[s]. [O.. [0]2 [0]3%c-& [H]1 [M]

[s1i o 1 1 2 2 o0 o0
[0]2 1 0 o 0 o0 1 o0
[0]2 1 0o o 0 o0 o0 1
o 2 0 0 0 O ©0 o0
co]4 2 0o 0 0O 0 0 0
H. o 1 0o o0 0 0 o©
=t o o 1 0 0 o0 o0

Sum of a Dline in the matrix determines the valency of the
given atom.

To reach our goal the above method has to be passed inver-
sely. Let our task be the following. One sulphur, four oxygen and
two hydrogen atoms are given. Which are the constructable structu-
ral formulae if the valencies permitted are as follows:

I T 0000w
P P NDNDNMNDNO
©Opoooo o,

The O valencies here mean that even compounds that do not
contain given atoms must be listed.

The structural formulae have to be determined iIn matrix form:
for all combinations of given valencies all possible fills of
structural matrix must be determined so that:
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1. the matrix is symmetrical;
2. the main diagonal contains only O;

3. the sum of any line is equal to the adequate element of
the valency vector;

4. the given chemical restrictions are fTulfilled (e.g. the
sulphur and the hydrogen cannot be bonded).

An algorithm constructed to solve this problem starts with
the construction of the first valency vector. The valency vector
is also changed by using the repeated new combinations of valen-
cies belonging to the atoms of given chemical elements.

The existence of at least one compound graph having this va-
lency system is investigated for every valency vector.

The fills of-matrix that belong to a realizable valency vec-
tor are given by the following recursive method:

1. to the TFirst line of the nxn matrix to be filled an n-1
decomposition (combination) of the first element of the valency
vector that is permitted by the restrictions.

2. Transforming the line and substracting the adequate values
from the elements of the valency vector, the procedure is conti-
nued by the construction of all possible fills belonging to the
remained valency vector of the still unfilled (nh-Dx(n-1) matrix.
The lowest 2x2 matrix can be Ffilled only in one manner. The comp-
lete structural matrix is gained following this fill.

3. If all possible fills of a matrix of lower level are
gained, the valency vector regains the used values and the proce-
dure is continued by fill a matrix of a higher level.

One part of the solution to the given example:
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The corresponding structural formulae:

0 \4

The algorithm investigates the coherence of the gained com-
pound graph and if the incoherent ones are not needed they are
left out.

The matrices constructed thus represent different, (non iso-
morphous) labelled (nhumbered) graphsm The labels have not impor-
tance regarding the chemical structure and so only the compound
graphs differing from the earlier listed unlabelled graphs must be
taken into consideration.

The isomorphism of the compound graphs was investigated by
the variation of canonic labelling modified for compound graphs
that is known from the literature of computation technique.

The computer programme was written in Algol language. The
programme was run on the ODRA 1204 computer of the Veszprém Uni-
versity of Chemical Engineering. Structural formulae of different
compounds were determined as examples. These compounds were the
following: inorganic compounds (with S04H2 formula), organic com-
pounds (with CO2H2 formula), carbonhydrates (with CH , C H,, ,
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CnH2n+2 formula) and usual graphs (as special compound graphs, the
points of which are atoms of the some chemical element). The re-

sults gained by the algorithm agree well with the literature data.

The algorithm generates structural formulae constructable
combinator®ically from given atoms of given valencies iIn accordance
with our goal. The model does not take into consideration the ar-
rangement of atoms in space and thus structural formulae that can-
not be vrealized because of limitations in bond distances and
angles are to be found among the listed ones.

For this reason the further development and complement of the
algorithm seems to be necessary in order to make it possible to
study constructed structural formulae in space, i.e. finally the
listing of stereoisomers by computer.

PESIOME

UMCNo BO3MOXHbBIX CTPYKTYPHbIX (POPMY/ST COEAVHEHWI, CcoAepxawmx
[aHHOEe uuCno aToMOB, C YBE/IMYEHWEeM 4uuUciia aTtoMOB O6GbIUHO OLICTPO
yBenMuuBaeTcsi- TakyM 06pa3oM MNepeynucsieHMe UX Py4YHbiMU  MeToAamu

C/MMWKOM TpPYyAHO.

ABTOpaMn W3/IOKEH aIropugM A/ BbIYMCNUTENIbHOFO COCTac/eHus
CTPYKTYpPHbIX (opMy/n. W3narawTcsi rnaBHble CNoco6bl BbUWCIUTENBHOIO-
anropugva, aHamM3 pe3yNbTaTOB, W BO3MOXHOCTW MPUMEHEHUST U pas3

BUTUNA .
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DETERMINATION OF STOICHIOMETRIC EQUATIONS CONSTRUCTABLE
FROM GIVEN COMPOUNDS

T. BLICKLE and J. SZEPVOLGYI

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

The construction and optimization of reaction se-
ries describing given technology are of considerable
importance both from a theoretical point of view and
for the production engineer. With a knowledge of the
compounds involved in the process, 6tepwise construc-
tion of reaction series becomes possible on the basis
of the theoretical consideration of systems.

The first step of this construction is reviewed
here, namely the method for the determination ,"of
stoichiometrically, then chemically independent equa-
tions in the knowledge of the compounds involved in
the processes. The developed method can be applied for
the determination of the equilibrium constants and ap-
parent rate constants of reactions occurring in the
given system.

The method of theoretical treatment systems developed at the
Research Institute for Technical Chemistry of the Hungarian Academy
of Sciences can also mainly be applied for chemical processes. One
of the possible fields of application is the determination of the
structure of chemical compounds using a computer, while the other
field is the determination of stoichiometric equations and pos-
sible reaction paths, then starting from these the description of
complicated reaction series.
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The latter case is reviewed here and the method for the de-
termination of the possible stoichiometric equations will be shown
through a simple example.

Let us consider the system described by the following matrix:

0z H2 Co o H20
0 2 0 1 2 1
H 0 2 0 0 2 O
0 0 1 1 0

As it can be seen the above matrix determines compounds con-
sisting of oxygen and/or hydrogen and/or carbon.

The first task is to give stoichiometrically independent
equations in the case of these compounds.

Determination of the base of stoichiometrical equations ac-
tually means the following. Let us consider in the system given by
matrix (@) two independent equations, e.g.:

[Ha + h Oa = H20] = Si (&)
and
[C + 02 = C02] = S2 (©)

Let us define the addition of Si and S2 as follows:
S= (i +S2) = (H2+C + 32 02) = (H20 + C02) ()

If the set of real numbers as the operator range is added to
the S set gained above and the elements of the S set are multip-
lied with a given element of this number set this can be inter-
preted as follows:

g(a+b)=ga+gb ®
then a linear space is gained and by determining its minimum base

that of stoichiometric equations is gained.

Determination takes place in the following manner: let us
select from matrix (1) a quadratic matrix corresponding to the
number of chemical elements, i.e. lines of original matrix, so



1976

Determination of Stoichiometric Equations

81

that it will not be singular, i.e. it will not have O [line. Such
a matrix iIs e.g. the following:
02 H2 CcoO
0 2 0 1
H 0 2 0
0 0] 1
Let us add the remaining columns of matrix (@) one after the
other to matrix () and multiply the matrix so gained with a

column matrix and set the

product equal to O.

Then let us carry

out the operations according to the rules of matrix multiplication

For example

matrix @):
2 0 1
0 2 0
0 0 1

Carrying out the

2 X1 +z4=2
2y1 =0
Z, =1
that is
X, = k
vi =0
21 =1

This means that the first basic equation

h 02 + CO = CO02

Completely similarly,

column of matrix (@) 1is added to matrix (6)
equation 1is gained:
k 02 + H2 = H20

let us add to matrix () the fourth column of

multiplication:

is the following:

®

carrying ouf operations when the fifth

and the second basic

©))
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The determination of the existing reaction equations from
these basic equations represents the following task, however,
these equations cannot be the multiples of each other. Construc-

tion is carried out with the aid of operation interpreted as
follows :
A 02 CO \ /h 02
gi t | ® g2
\' co2 / ' h2

*h (@i + g2)02 og, CO o0 g2 H;
ao
g: CO2 o g2 H20

In Equation (I0) ¢ and g2 are the elements of the earlier
mentioned set of real numbers, while mappings in the brackets rep-
resent basic equations and resultant mapping determinable from
those, respectively. In the resultant mapping of Equation (10) the
coefficients are g¢gi, g2 and @ + g2). If the sign of these coef-
ficients is positive then the compounds in the mapping remain on
their original place, i.e. compounds in the anticedent are further
in the anticedent, and compounds in the successor remain in the
successor; if the coefficients are equal to 0 then the given
compound does not appear in the mapping, while at negative coef-
ficients the given compound moves over from the anticedent to the
successor and vica versa.

Now let us define a structure of elements constructed from
the following elements of A, B and C sets, respectively.

A B C
aj gi >0 bi g2>0 cl @i +g2)>0
a: gi =0 b2 g2 =0 c2 (i g2) =0 (@h))
a3 gi <0 b3 g2 <0 c3 @i +92) <0

Elements of the structure are the following:
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al bn Cl
a. b2 Ci
a b3 CI
al b3 c3
al bz c3
.. bi CI
a2 br Co2
az b3 c3
az bn C:
as bn C:
as bn <G
as b2 Cs
as b3 Cs

Neglecting the trivial case (@2b2c2) 12 elements will remain.

From these 2-2 are inverse of each other (e.g. alibici and a3b3c3
or a2biCi and a2b3c3) so suitably only one of them must be taken
into account. So 6 independent elements of structure exist, 1i.e.
in the given system 6 independent stoichiometric equations can be
given. These equations are the following:

02 + CO + H2 = C02 + H20

Wr + CO=C02

hOa+ 2 CO + H20 = 2 CO2 + H2 (¢)

CO + H20 = CO02 + H2

CO + 2 H20 = C02 + 2 H2 + 02

h 02 + H2 = h2o

Whether the reaction leads to equilibrium or not at a given
reaction was so far not taken into consideration. Let us consider

two equilibrium reactions. For these the following equation is
valid :
<s. K.) o (Si K.) = skKk as»
where and are two independent, equilibrium stoichiometric
equations

Ki and KjJj are equilibrium constants of these equations.
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If
sk = Si 0 Sj 5)

then Kk 1i.e. the equilibrium constant of the new stoichiometric
equation is equal to the following expression:

Kk = K. = K. (16)

Let us consider the following case as an example: a mixture
of CO and 02 1is burned in a reactor. Let g2 be mass stream of
oxygen and g3 that of carbon monoxide What will be the composition
of the gas stream leaving the reactor iIn the case of equilibrium?

The system can be described by the following expression:

92 02 0 p3 CO\ /L'lgl.02o

92020A3003© \ co
92@0 a3 0

(ga - N g-)o2 o (g3 - g-i)co o gi co:

an

The real task 1is the determination of the value of gi. It
can be determined knowing the equilibrium constant of the process.
The equilibrium constant is as follows:

o1

3+ ma - bgi
r - Ngi ( 03 - gi n
Vga + ga - 591J Vga + a2 - h gil

After suitable transformations, supposing that X = %% antj
selecting value of g2 so that g2 =~ then following expression is
gained :

=X @ - X*

(1-X)3

Expressing the value of X from Equation (9) gi, i.e. the mass
stream of CO02 leaving the system can be determined. It is easy to

(€))
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realize that an expression similar to Equation (19) can be gained
calculating for opposite direction reaction.

Another problem is how to take into account the kinetics of
the reactions. As a primary approximation let us suppose that the
6 reactions described earlier can take place kinetically. Applying
a simple formal treatment, e.g. in the case of the Tfollowing re-
action:

ki
h 02 + CO Cco2 )

the kinetical equation has the form:

g2 = kl’co2*{cco)k - k2 e cCO02 @)
where q2 is the ™"reaction stream* of given reaction;
k4, k2 the rate constants;

QUZ, qﬁf, (EUQ the actual concentrations.

A similar formal equation can be described for all reactions.

Then two elements are selected: at least one of them is present in
all equations. In this case such elements are e.g. H2 and 02. The
reaction co-ordinates of these elements are taken in all equations,
and having expressed them two equations are gained with as many
various unknown quantities as the number of reactions taken into
consideration. In the given case 6 unknown quantities appear in
the equations. This means that in order to determine the kinetical
expressions describing the system we have to know 4 reaction
streams.

The determination of the reaction rate constants is needed
to give the reaction streams. The rate constants can be determined
from the data of the measurements carried out in a batch system.
Let us consider that 12 data were measured. At first data of the
first 6 measurements are taken and 6 k values are calculated from
these. Then data of 2-7, 3-8, etc., measurements are taken, and
6-6 Kk values are also determined from these. At Ilength the
agreement of these k values is checked.

The method has a major advantage, namely all the reactions
occurring in the system are certainly taken into consideration. If
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any of the studied reaction cannot be realized because of kineti-
cal causes, 1its rate constant will be O.

Complicated reaction series can bé constructed by 4 mappings
which are the following:

- mappings relating to the mixing of the reaction components;
in a homogeneous system mixing takes place spontaneously

- mapping relating to chemical reactions and discussed earlier

- mappings relating to the heat transfer

- mappings relating to the separation of the produced compo-
nents .

Optimization of the reaction series constructed by the above
mappings must be carried out for every reaction concerning tempera-
ture and measure of separation.

The described method can easily be utilized with the use of
computers and this is especially advantageous for the determination

of possible equations and rate constants iIn the case of complicated
systems.

PESIOME

MocTpoeHve ¥ ONTUMM3AUWS Psfa XUMUYECHUX peayuuii, OnuchiBain
WnX [aHHYl TExXHOMOoruw, KMEeT BaxHOe 3Ha4yeHWe U C TeopeTuyeBHol, wu
C TEexXHO/IOrM4YecHoli TOYHU 3peHusi. lcxoAss U3 OCHOB Teopuu CUCTEM, MO-
XHO MOCTPOUTbL Psif, peakuuii MocTeneHHO, 3Hasi COeAMHEHWs, Yy4yacTBywlWue
B Mpouecce. ABTOpaMM WU3flaranTcs [Ba MepBbiX Wara 3TOro MOCTPOEHUs :
MeTOoA onpeAeneHusi CTUXOMETPUUYECHU, a Aa/lee XUMUYECHU He3aBUCUMbIX -
YpPaBHEHUs1, B C/lydyae €C/M W3BECTHbl WC304Hble COoeauHeHusi.  [ofyyeHHbIl

MeTod MOXeT ObITb npuMeHeH ”n nNpm paBHOBECHbLIX peaHUuAaXx.
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SYSTEM OF BALANCE EQUATIONS
T. BLICKLE

(Research Institute for Technical Chemistry of the

Hungarian Academy of Sciences, Veszprém)

A complete balance equation system of technical
chemical processes can be given by a description of
the balance equations for continuous object classes
occurring in the structure of materials.

The complete balance equation system gained in
this manner 1is shown.

Conservation of mass and energy for technical chemical sys-
tems can be summarized in the following equations:

E E v( y+E 3p’lti
V(p.- - V. - K Vop: )+ = @)
i -i 3.1 3.i = - t .
and
EEv (K,v -kx vp )+EE =o @
ik ik

where

i is the index of the summarization according to phases
jJ that for components

k that for energies.

If W =0 and Kj ™ and are constant iIn the geometrical

space, the conservation equations are valid even in the following
form:
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(©)]
and

@

If Equation (@) or (2 are decomposed to equations described
for the phases (according to index i) the mass transfer numbers
having a sum equal to zero appear.

If Equation () or () and the equations given for the phases
are decomposed to equations described for the fomponent (according
to index j) the source members having a sum equal to zero appear.
The sum of the source members that is related to the chemical ele-
ments is naturally also equal to zero.

If Equations (@ or (4 are decomposed according to the
phases the energy transfer members having a sum equal to zero
appear.

If Equations -2 or (4 and equations according to the phases
are decomposed to equations described for the energies (according
to index K) the energy transformation members having a sum equal
to zero appear. If the equations of all energies are not given in
the equations of the energies, transformation members of not re-
garded energies appear as energy sources or absorbers.

Correlations originated from decomposition of conservation
equations will also be termed balance equations.

In a description of the technical chemical systems, the
energy will be suitable decomposed to the following species:

- compression energy; its intensive parameter is the pressure (p);
- heat energy; its intensive parameter is the temperature (T);

- motion energy; Iits intensive parameter is the velocity (V);

- chemical energy;

- surface energy.
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The intensive parameter of the chemical energy is the chemi-
cal potential. The balance equation 1is usually not given for the
chemical energy and thus its transformation members are interpre-
ted as sources and absorbers iIn balance equations of thermal and
compression energies.

Separated balance equations is not given even for the surface
energy primarily used for the characterization of dispersions. For
solid/gas and solid/liquid dispersions three parts of the surface
energy vis. that being proportional to the surface, the length of
edges and number of corners are distinguished, i.e.

N = aifN + a2dN + a3N ®

Spherical particles are usually assumed for gas/liquid,
liquid/gas and liquid/liquid dispersions. However, the changes in
the phase size distribution of one, two or three parameters even
in this case can be described by balance equations of numericality,
characteristic linear size and surface. In balance equations of
extensive quantities characterozong the dispersion, the specific
numericality (n*), the specific size (d*) and the specific surface
(f*) may appear as intensive quantities of density character.

The EN extensive quantity of different energies, if the dis-
tribution in space and time of the corresponding nk in parameter
is uniform (homogeneous), can be given as follows:

6>

In the case of the inhomogeneous distribution of intensive
characteristics, the determination of the energy content and an
assessment of the exact distribution of is often troublesome.
For this reason, let us decompose into two parts the E™ energy
content being characteristic for inhomogeneous distribution of
as follows:

where
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Ek = W -V Vv >

is the inhomogeneity energy part belonging to the Kth energy type.
E* decreases monotonously with decreased inhomogeneity of dis-
tribution, while for homogeneous distribution E® = 0.

If the B energy contens as function of is approximated
by power series:

Ef = ba(H] - nE&> + b3(”™ - ng) + ... + bm (M - (©)

Consequently, the n(S) distribution may be characterized by
the following iInhomogeneity moments:

ie
™ -0V (h-n) db >

7%Ha T Qo

|
1]

2, 3, ..., m J

n

The n(d) can be approximated with desired accuracy if inho-
mogeneity moments of adequate number are given as it was proved by
us. There is an accordance of one to one between the - ex-
pressions and the iInhomogeneity moments.

Generally it can be proved that any balance equation of ex-
tensive technical chemical characteristics - that originated from
the decomposition of (@) and (2 conservation equations - can be
decomposed with given accuracy to m balance equations being
valid for rm (=1, 2, ..., m) type variable constructed from I
intensive characteristics belonging to the ¢ extensive quantity.

Finally let us iInvestigated the number of quantities describ-
ing the technical chemical system of F phase and C component.
In a general sense, let us regard two components to be different
if they differ in chemical structure, crystal structure or form.

A phase of C component may be characterized by the following
parameters: intensive quantities (p,T,v) corresponding to the
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energies taken into account, concentration of C-1 component, total
mass of phase, and if the phase is a dispersed one, even the para-
meters characterizing the dispersion (n*, d*, ) must be given.
So if variables 'm (n =1, 2, ..., m) type are applied the number
of describing quantities:

FC - Dm+F «6 «=m + F

i.e. a system of F phase and C component may be described from
the technical chemical viewpoint by F ((C + 5m + 1) balance equa-
tions .

SYMBOLS USED

a constant

b constant

C number of components

a* specific linear size (MW/m3)

d energy (kg m2/s2)
E energy of homogeneous phase (kg m2/s2)
E energy of inhomogeneous phase (kg m2/s2)
E1l inhomogeneity energy part (kg m2/s2)
F number of phases
Lol specific surface (M2/m3)
T mean surface (m2)
K conductivity (m2/s)
n* specific numericality (£/m3)
N numericality
pressure (kg/m s2)

t time ©)



92 T . Blickle Vol. 4. Suppl

temperature )
\ linear velocity (Ws)
r characteristic iIntensive quantity belonging to ¢ extensive
quantity
intensive characteristics belonging to E energy
space - time variable
space - time range
mass density (kg/m3)
energy density (kg/m s2)

8 ©wW ©W © © 1O

extensive technical chemical quantity

The i1,j,k,m,n indexes are positive real numbers.

The sign usually represents mean value.

PESIOME

3anncaB ypaBHeHuWst 6aniaHca 411 K/aCCOB  HEenpepbiBHbIX 06bLEKTOB
UMEWMXCSH B CTPYKTYpe MaTepuasioB Mosiydaem Ueslyw CUCTEMY YpPaBHEHUIA
G6annaHca TEeXHUYECKUX XUMMUYECHUX MPOLECCOB .-

ABTOpPOM MpPUBOAMTCS MOJlyYeHHAs WM Lesas cucTema ypaBHEHUA 6a
nnaHca.
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INVESTIGATIONS OF NUMERICALITY OF CHANGES IN FLUIDIZED
BED ATOMIZATION-GRANULATION PROCESSES

B. CSUKAS, T. BLICKLE and Z. ORMOS

(Research Institute for Technical Chemistry of the

Hungarian Academy of Sciences, Veszprém)

The building up granulation 1is an operation in-
creasing sizes and decreasing numericality i.e. nume-
rically of particle set decreases during transforma-

tion of particle size distribution. Description of
process is not possible by the wusual transport equa-
tions, because the numericality, the transported cha-

racteristic is an extensive amount.

The authors report on investigation of change in
numericality during batch granulation by fluidization
and atomization and their activity aimed at determina-
tion of differential equation describing source member
of numericality balance equation is described as well.

Size-altering processes (e.g- grinding, and granulation etc.)
are characterized by changes of the phase-size distribution. Tak-
ing the dispersion as a discontinuous phase, the number of the
"required but sufficient"” parameters, defining the quality and the
degree of the dispersity, can be taken as the additional degree of
freedom of the dispersion. The additional degree of freedom of the
dispersion is v 1if the number of parameters characterizing the
z() density function of the phase-size distribution is v or if
the z(xX) density function is characterized by v moments as fol-
lows:

00

W= Fz® x1 dx )
0
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and 1 =1, 2, 3, ... V. The additional degree of freedom of dis-
persions of practical significance is generaly 2 or 3.

The appropriately selected physical quantities corresponding
to the 3 additional degrees of freedom are:

- the numericality (N),
- the linear size (D), and
- the surface area (F).-

The numericality, linear size and surface area are all exten-
sive quantities, but allow for the derivation of intensive, densi-
ty-like quantities based on unit volumes:

- the specific numericality (h = N):

- the specific size (d = , and

- the specific surface area (F = 5)0

The total volume of the disperse phase or the total volume
of the continuous phase including the dispersion can be taken for
V  reference volume. The specific quantities (h, d and f) can be
equally well determined from the parameters and the moments of the
z (X) distribution function.

A Damkodhler type balance equation can be derived, based on
the equation of continuity, to characterize the changes of nume-
ricality, size and surface (the procedure obviously also requires
the introduction of a source term). The convective numericality,
size and surface flows can always be related to certain mass (or
volume) flows.

The treatment outlined above is demonstrated on the example
of the fluidized bed atomization-granulation process.

The fluidized bed atomization-granulation process is best
characterized by saying that a granulating liquid (generaly con-
taining the binder as well) is atomized into the Tfluidized bed
composed of the solid raw materials and of the fluidizing gas.
Agglomerates are formed in the bed from the wetted particles and
the solvent is evaporated yielding in granules held together by
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solid binding bridges. The granulate produced in the fluidized bed
displays a characteristic particle size distribution that can be
well characterized by the two parameter lognormal distribution
function, therefore v = 2.

Consequently, the granulation process can be described by
two balance equations which, considering the physical model, best
relate to the numericality and surface area.

Assuming that the fluidized bed is totally mixed, the integ-
ral form of the balance equations reads as follows:

d (Vr n)
Voon Vim - + Vr gn 2
o o dt
and :
d (vr H
Vv fn=V, f, + ———a—-—- + Vr g (©)
o o t

In batch operation the Vr volume of the bed increases due to
the decreasing bulk density of the bed, therefore either the aver-
age density values or, more advantageously, the specific numeri-
cality and specific surface area values by mass have to be applied

In both cases the source terms:

d
n ®@
dt
and
df
®
dt 3f

are applied to describe the system.

As far as the studies on the source terms are concerned, re-
sults of the batch granulation experiments were evaluated by two
independent methods. A Leitz-Classimate type particle size analy-
zer was applied to determine the particle size distribution of the
granules of smaller size (composed of lactose-starch mixture) .

Two equations were used to determine the specific numeri-
cality and specific surface area values from the ( moments of the
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oM F(r) ®)

4 r2 i

distribution function as follows:

)
2 mHp2 93
and
2 01
f=— ®
or

The numericality and surface area values of the granules of
greater size (made of quicksand) were evaluated from the parame-
ters of the lognormal distribution function approximating the size
distribution as follows:

n = ————— g— (9)

and

ao

The wetting and drying properties of the two materials used
differ significantly: quicksand dries instantaneously while the
lactose-starch material accumulates 3-6 weight % solvent during
the formation of the granulate. Fig. 1 presents the plot of nume-
ricality - time function for the quicksand granulate. The numeri-
cality decreases with increasing time according to an S curve,
passing an inflection point and the first derivate at the t =0
point is probably zero. The same tendency is observed with the
surface area - time Tfunction as well (cf. Fig. 2). Decrease of the
numericality and the surface area well approximated by a declining
exponential function from the inflection point on. To interpret
the phenomenon, it has to be noted that for fluidized bed atomiza-
tion-granulation process the t = 0 time instant is the time when
the atomization of the granulating liquid is started. Conditions
necessary for the appropriate agglomeration are built up only with
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Figure 2

Figure 4
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a certain time delay, due to the good drying properties of quick-
sand, while part of the vetted particles undergoes spontaneous de-

activation.

Fig. 3 presents the specific numericality plotted against
time while Fig. 4 shows the specific surface area vs time plot for
the lactose-starch mixture. An exponential behaviour is noted in
both cases and the derivate assumes the highest value for t 0.
The drying rate is lower for the Jlactose-starch mixture, as it is
for most of the materials to be granulated, therefore the duration
of the induction period is negligible. Based on Fig. 5 and 6, the
source terms (@ and () are defined by the following apparent ki-
netic expressions,

dn ki (- nM)

dt til)
(t=0 mn = nQ)

Figure 5 Figure 6
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and
af - w2 F-£) A2)
dt
(t =0+ Ff V
respectively.

The following differential equation system takes into consid-
eration the activation (in the example given for numericality):

dre* = k3 - ku n*
dt
4 €3
n
= X
dt

where:

n* is the numericality of the activated particles,
ki is the negative source characterizing the atomization,

k2 is the negative source characterizing the spontaneous
deactivation,

gn is the negative source characterizing the agglomeration.

If the gn and g™ source terms, as well as the residence time
distribution are known, the continuous granulation can easily be
calculated. For example, assuming that Equation (1) and (12) are

valid and the fluidized bed is totally mixed, the numericality and
the surface area read as:

n (€7

f - F
-I e-k*t le dt = + F (15)
1+ k2x
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SYMBOLS USED

a parameter of the lognormal distribution function,
b parameter of the lognormal distribution function,
d specific size (M/m3),

D characteristic linear size (m),

f specific area (m2/m2),

F area (Mm2),

K constant,

n specific numericality (£/m3),

N numericality,

q source term,

r radius of the particle (M),

t time (),

\" volume (M3)

V. volume of the fluidized bed (m3),

\Y; volumetric flow (Mm3/s)

z () phase-size distribution of the dispersion,
i-th moment of the z(xX) function,

\V additional degree of freedom of the dispersion,

T average residence time (S),

N (D) particle-size distribution according to Equation (®)
i-th moment of the ¢ () function.

PESIOME

paHynsuMs HaacTpaMBaHUEM SIBISIETCS  Onepauveil, yBesvunBawlei
pasMep W yMeHblawweid UYUCNEeHHOCTb, T-e. Npu TpaHchopMauun pacnpege-
NEeHVs1 pasmepa 3epeH UNC/IEHHOCTb MHOXeCTBAa 3€epeH YMEHbLWWTCS -
OnucaHve npouecca O6bIUHBIMA YPaBHEHUSIMM TpPaHCMNoOpTa HEeBO3MOXHO, T-H.
TpaHCnopTUpyeMbli NMapamMeTp - UWC/EHHOCTb - SBMSIETCA 3HTEHCUBHLIM.

ABTOpamMy W3/0XEHbl WCC/EeOBaHNWs MO M3MEHEHWID YUCIEHHOCTU  Mpy
rpaHynsyun C MoMoWbi MepuoguMuecHoi diwoavaaumm - pacnbiieHus, U coo6-
wawT O paboTe, CBsI3aHHOW C onpegeneHVeM AudhepeHUManbHOro  ypaBHe-

HUA, onuckiBawero MCTOYHMH YypaBHEHUA 6annaHca, OTHOCAWEerocd H 4uc-
JIEHHOCTN .
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CHANGE OF NUMEROSITY DURING MILLING

L. MISKIEWICZ and L. FONAI

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

Kinetic model of grinding process which was con-
structed on the basis of uniform view necessary for
theoretical treatment of systems was studied.

Balance equation of numerosity flow makes possi-
ble a new treatment of grinding process. The members
(source, inlet and exit numerosity flow) of balance
equation are functions of some characteristic sizes.
The mean or characteristic size can be given from the
kinetical equation.

The indication of the type of distribution, the equivalent
average particle diameter and the dispersion is generally accepted
to characterize milling products. However, even with the knowledge
of these characteristic features the kinetic investigation of the
milling process is very difficult.

One of the aims of the system theory research work carried
out at the Research Institute for Technical Chemistry is to elabo-
rate a unified treatment of the transport and dimensional change
processes. The results of the theoretical investigations justified
the view that the balance equations can also be stated for the
change of numerosity superficial area and inhomogeneity [1]-

In this study, using the results mentioned above, the change
in the number of particles was considered theoretically, then the
model was compared with the results of the milling tests.
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Balance Equations

On the basis of the drawing shown in Fig. 1 the differential
balance equations can be stated - also assuming the mixing - for
the whole milling process occurring in the mill as well as for the
volume, mass, superficial area and numerical Tflux.

no <V o1 w, qw N"(Y) N* (y+dy) wmnv
F f; qf m F
“o n; gn N(Y) N (y+dy) N
X0 X X (y) X (y+dy)_ X
i=0 dy .. =Y
t = tO =T
Fig- 1

32n _ y dn + w 3n
dy2 dy Y at

o @)

Now let us define the notion of the specific numerosity and the
specific numerosity proportion. The milling was studied in a
steady state set in volume or mass flux:

av - o0 (&)

dt
Assuming that during the comminution the specific volume -
or the real density of the material is constant, the process can
be considered to be sourceless for the volume flux, i.e. the
change in the number of particles being in the partial volumes de-
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pends upon some characteristic size of the particle mass being in
the same place:

n= (€))

The specific numerosity is the number of particles being in

unit volume:

@

The theoretical and experimental results justified the view
that the milling process .tends towards the equilibrium state (.,,)
[2], i.e. the specific numerosity proportion tends towards a maxi-
mum value (h“). So the specific numerosity proportion expresses
the rate between the changing specific numerosity and the equilib-

rium specific numerosity:

Stating and assessing the Equation (@) by using the specific
numerosity proportion the next equation is given:

KF d2a + + Fp _F _q gj
vV 3y2 y V at Vne a

The differential Equation (6) is a model of an open system,
continuous run, unsteady state milling process which also takes
the longitudinal mixing into account. From the general equation
the particular cases of the milling process can be deduced:

- iIn the case of complete mixedness
K ®
- 1f there iIs no mixing

K=0
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- In the case of a continuous run, open system, unsteady
state milling process:

da
dt

0

- in the case of an intermittent run,closed system, unsteady
state milling process:

dy2 dy

The experiments were carried out In an intermittent run,
closed system vibro-mill, therefore the mathematical model could
be justified below:

da
dt

6.1

The condition of the solution of the differential Equation
(6-1) is to know, the dimensional change Kkinetics of the milling.
The kinetic model 1is deduced theoretically by using the fundamen-
tal principles of crystallography leaving the power decreasing ef-
fect of the lattice defects and micro-cracks out of consideration.
The kinetic model is the next:

X@t + X H
(0]
X ® - Q)
+

The constant H involves material, crystal geometric and ope-
rating features.

In the case of fulfillment of the conditions in Equations (2
and (), transforming Equation (7) is given:

74
I9|(a/3 - o«% (8)

where H is given by the next formula:
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N
a9

@ -a 1»»

§=3
H

Replacing the value of ga into Equation (6.1) and considering
the next boundary conditions:

t=0-—a- a

as a solution is gained:

t +H 13
a® ©

The experimental, and calculation results are summed up in
Table 1. These data are shown in Fig. 2 and Fig. 3.

Table 1

H = 36 s X0 = 240 ym x =4 .5 pm

t X aat ) it (pm) a

(calculated (calculated.

O] om by Eq.7.) by Eg.9.)

300 43 1.146x10-3 29.70 3.48x10-3

600 17 1.854X10*2 17.83 1.61x10-2

900 11.8 5. 546X10“2 13.56 3.65X10-2
1200 11.0 6.846X10“2 11.36 6.21X10-2
1500 11.0 6.846X10“2 10.02 9.06X10-2
18 00 7.9 1.84 X10“1 9.12 1.20X10*“1
2100 7.8 1.92 X10*1 8147 1.50X10“1
2400 7.9 1.84 X10*1 7.98 1.79X10“1
3000 7.3 2.34 X10*1 7.29 2.35X10“1

3600 7.4 2.25 X10*1 6.83 2.86X10*1



106 L. Miskiewicz and L. F&nai Vol. 4. Suppl.

Fig.2. Characteristic dimension Fig.-3. Specific numerosity pro-
as a function of grinding portion as a function of
time on the basis of grinding time on the ba-
weight distribution data sis of weight distribution

data
* experimental data * values calculated

from measurements
+ values calculated

theoretically + values calculated
theoretically

SYMBOLS USED

F premix surface (m2)
H combined constant (5)

combined constant (1/s)
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K mixing factor (Mm2/s)

Y length of the milling apparatus (M)
n numerosity

nQ starting numerosity

ne equilibrium numerosity

n specific numerosity (1/m3)

ne equilibrium specific numerosity (1/m3)
t time (O

X characteristic size (@)

gn numerosity source (1/s)

gqa numerosity proportion source (1/s)

co-ordinate along the length of the milling apparatus (M)

w real volume of the ground material (m3)
a numerosity proportion

\ volume flow rate (m3/s)
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PESIOME

ABTOpbLlI 3aHMMaTCA W3Yy4YeHUEeM KMHEeTMYeCKom moges/n i, noCTpPOEeH-

HO/i MO eAuHOMY 3aMbic/ly HEeo6XOoAMMOMY [Af11 JIEFKOFO C TOUKM 3peHust -
CUCTEMO - TEXHUKU MPOBEAEHUsT MpoLecca rnomMosna.

YpaBHeHWe 6GanaHca, HanWcaHHOe /i MOTOHAa MHOFOYUC/IEHHOCTU,
[aeT BO3MOXHOCTb HOBOFO aHanmM3a npouecca nomona. OAvH ufeH ypas-
HeHusi GanaHca {MCTOYHMK, BXOAAWWA U BbLIXOAAWWA MOTOK MHOFOUUC/IEH-
HOCTW) 3aBUCAT OT HEKOTOPOro XapaKTepHOro pasmepa. 3Has KUHEeTU-
Yeckoe ypaBHEHVE MOXHO OnpefenvTb CPefHuii UM XapaKTepHbii  pas3-
Mep -
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ANALYSIS OF GRINDING KINETICS AND THE CHANGE OF
PARTICLE SIZE DISTRIBUTION AND NUMERICALITY IN A JET-MILL

T. BLICKLE, Mrs. J. MENYHART and T. VIRAG

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

Change of particle structure and relative number
of particles was investigated ,in jet mill at different
pressures of grinding gas in the case of different mo-
del materials by the aid of R-R-B function and the
Kolmogorov-Fay-Zselev monogram technique. On the basis
of multigrade grinding change of relative particle
number as function of time was determined. This func-
tion can be applied for elaboration of equation de-
scribing batch and continuous grinding.

The particle size distribution curve results of some granu-
lometric analysis are primarily used to characterize granulous ma-
terials produced by comminution. Grinding Kkinetic investigations
have also mainly been restricted to the study of the size reduc-
tion of a particle or a fraction of particles of a given size in a
period of time.

Starting from the particle size distribution curves and
making further calculations, the number of the produced particles
can be evaluated and by this means further conclusions can be
drawn on the efficiency of the milling and the evolution of the
rate of comminution.
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Investigations were carried out with regard to the jet-milling,
using an 80 mm diameter Fryma laboratory size jet-mill with inter-
mittent running, in such a way that the same charge was fed into
the mill seven times. In this way, a milling process was consid-
ered in which the comminution was continuous within each milling
stage and the successive seven stages took place in a total resi-
dence time of it - X7.

The test materials were:

aplite of Fehérvar ()
sand of Fehérvarcsurgé @)
sand of Pécsvarad O
cement clinker @

each of them very hard raw material of the silicate industry. Frac-
tions of 100-200 ym of the test materials were chosen for the jet-
-milling experiments. The particle size analysis of the milling
product was completed by a Leitz-Classimat microscope.

To characterize the milling process, the R-R-B function was
used, which is highly favourable to qualitatively evaluate the
milling process and its outgrowths [1]-

As the integral concerning the number of particles originat-
ing in a united period of time which can be deduced from the equa-
tions, R-R-B gives real values only in a certain range of the uni-
formity factor, therefore the Kolmogorov-Rényi equation was chosen
as a basis for the calculations.

According to Kolmogorov the number of particles related to
each particle size shows a log-normal distribution [2].

In the form of the Gauss distribution function, at milling,
the quantities proportional to the particle size get into the ex-
ponent.

(In X - In a)2

N 0 2b2 @y

Where a is the average particle size, b is the deviation of the
normal distribution (by particle number).
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Utilizing the Kolmogorov-Rényi results [3] Fay and Zselev
elaborated, by graph-technical solutions, an evaluation method [4],
which is easy treatable in practice, to represent the weight dis-
tribution, the superficial area distribution, and the number dis-
tribution function in one graph, then by means of the nomogram,
the specific superficial area and the specific particle number
could be evaluated by a relatively simple calculation method.
Fig. 1 was made by using these results.

Fig. 1. aplite of Fehérvar Fig. 2. Aplite of Fehérvar
sand of Fehérvar- CD p6 = 16 att
csurgb Gy p6 — 14 att
sand of Pécsvarad qgS p6 = 12 att
cement clinker 07 p6 = 9 att
p6= 16 att © p0 = 6 att

In Figure 1 the specific particle number (obtained in units
of particle number per kilogram) - milling period function is
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shown, calculated from the experiments carried out with 16 kg/cm2
milling gas pressure.

It can be seen that the
optimum milling gas pressure is
that at which the change of the
particle number as a function
of time gives a straight line. d
Decreasing the milling gas Lpm]
pressure the kinetic energy of
the particles provided by the
gas is insufficient to ensure
the constant milling rate so
the milling equilibrium will
set In a very short time.

The findings concerning
the change of the numericality
as a function of time are well
supported by those curves show-
ing the relation between the
degree of milling and the par-
ticle size. These curves are
shown in Figure 3 in case of
aplite of Fehérvar.

In order to be able to
characterize the jet-mill as a
grinding apparatus from the
point of technical chemistry
system theory, the function of

N =" has to be defined. Fig. 3. Aplite of Fehérvar

As a starting point, the d,

degree of milling as a function ¥ 16 att 207.7 um
14 att 207.7 um

12 att 207 ~1 pm
9 att 207.7 pu
6 att 207.7 ym

16 att 44_.6 un

of time was analyzed.The degree
of milling is defined as"fol-
lows :

¢ O X

=]
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n. (tAt) = 94O (@)
d( + At)

To approach the relationship between the degree of milling
and the milling period, a differential quantity v () is introduced:

d + At) -d@®
V() = lim
At <O d(t + AtAt

—ft
d@® dt

In d(©) (©)

If At is fairly minor the next relationship exists between
v(@® and ni (t + At):

1- n.(t,AD
v(t) = —-—-—- R @

(at milling v < 0, at agglomerating v > 0) .

So v(t) seemingly depends upon At, but in case of little At
very slightly.

Tne function v(t) can be determined by utilizing the experi-
mental results from Kolmogorov®s particle size distribution curves.
However, it is more reasonable to work instead of this with the
function v(d) which 1is"obtained by choosing d measured at a mo-
ment of t as an independent variable instead of At, On the basis
of Figure 4 knowing the milling period of At the function v(d) Iis
directly and simply evaluated from Equation (4).

IT the points of the curves of Figure 3 are taken at the
same moment of the milling period then by transforming linearly
the curves of n” the curves of Vv are obtained. It can be seen
that in this case (with high milling pressure) n” is approximately
independent of d so Vv can be taken as a constant.
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Fig. 4. © - aplite of Fehérvar; - sand of Pécsvarad
(7)- sand of Fehérvarcsurgb ; 8 - cement clinker

0.2440"2

Fig. 5. ©- V
-0.14 <102

© - V

-0.223<10-2; Q -V
-0.15 <10“2; £P - V
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Let us change over the particle diameter as an independent
variable to the particle number:

d-3 Q)

d n
“ft In N ®

Showing the relationship between the milling period of time
and the quantity - In N + c(-3 In d) the straight lines shown in
Figure 5 are obtained from which the values of v are evaluated
for each material. The values of v taken from Figure 4 and cal-
culated by using the relationship between Equations (&) and (6),
respectively, show good agreement so the value of v can indeed
be considered as a constant.

In the case of intermittent running the function N = ~(t)
can be calculated by integrating Equation (6):

N =N@O =e N: @

In Figure 1 the calculated values are drawn in (with a sign
0) and there is good conformity to the numerical curve determined
by the measurements.

Consequently the particle number increases exponentially. At
the same time, it means that the particle number 1is a source in
the system:

a(\) = -3 wWN ®

On the basis of the foregoing the balance equation of a to-
tally mixed system is:

io = e + 1?2 N O

changing over to a volumentric flow rate:

VWO = WLq(\)]U) = Vuk + W
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in intermittent system:

de

gt ©

w
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PESIOME

ABTOpbl M3y4ann U3MEHEHUEe CTPYKTYpbl 3epeH W yAesibHOro uyucna
3epeH B CTpPYeBOW MeNbHWLE MNpu pasHbiX AaBfieHUsX MefoWero rasa c/Mo-
MolWbl0 CcooTHoweHnsa P-P-Bb, u TexHuHn Homorpamma KOJIMOIOPOBA - ®AU

XENEBA.

3Has 3TO W3MEHEHWEe, OHWU ONpeaenuan (yHKLUMI0, OMNUCHIBAKWYHD K3
MEHEHME BO BpPEMEHW YAesbHOro uucra 3epeH. C rnomowbi 3ToW  yHKUUK
MOXHO BbIpaboTaTb ypaBHEHME, WCMNO/Ib3YEMOE [Jis ONMcaHusi nepuoaumyec-

KOro wun HenpepbsBHOro nomosa.
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THE GENERAL TREATMENT OF PROCESSES WITH INHOMOGENEITY
VARIATION

T. BLICKLE and T. VAJDA

(Research Institute for Technical Chemistry of the

Hungarian Academy of Sciences, Veszprém)

In the paper it is investigated whether the

az = I ; (U - u=2 d3r

amount (where u is the average in space of potential,
V is the volume of the system) measuring inhomogeneity
of u(x,y,z,t) potential in the general transport sys-
tem satisfies some kind of universal equation from
which it can be determined independently the relating
potential.

In previous publications a study was made in one-dimension,
symmetric [1] and in three-dimension, fully general [2] cases of
the behaviour of the mean square deviation from the space mean va-
lue of the potential during the diffusive homogenization of a sup-
posed initial potential distribution p&) in a closed system (in
the case [1])- This quantity used for measuring the potential in-
homogeneity of the system is termed in the following, the disper-
sion a2. It has been shown that the dispersion versus time can be
given in the form of the exponential series:

At
02 (® P 7k @
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where
22

2

X, @b

@ L is the length of the system, a2 is related to the conductiv-
ity coefficient), and so the course of the dispersion is - as
shown in Figure 1 - predominantly exponential. All this follows
from the fact that the X~ values form a monotonously increasing
sequence. It was also established that the dispersion exactly sa-
tisfies only the infinite first order differential equation system
involving the partial sums according to (O and the linear descrip-
tion of the logarithmic dispersion according to Figure 1 leads to
accurate results only in the case of higher t values.

IntJ2

InAl

Figure 1

The aim of this work is to give a phenomenological approxima-
tive differential equation of the dispersion which is satisfacto-
rily perspicuous (no system, linear) and describes the exact dis-
persion over the complete interval of the independent variable
with a satisfactory accuracy. Let us therefore consider the fol-
lowing trivial equality:
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do2
acET = X 1 o2 K (H)c2 ®
dt 02

where k denotes the differential quotient of the dispersion in
time divided by the dispersion. By substituting () into ) the
behaviour of the function coefficient kK can be established on
the basis of (2a) - (2b); by starting from a certain value X it
tends asymptotically to the value Xm@a= Al.

On the basis of the above, the coefficient, K is modelled
by the following function form:

= <o " e IJt + *® @

By substituting (4 into (3 the differential equation describing
the dispersion is as follows:

AF = - HX0 - AJ e It + X,Jo2 ®

The initial condition of Equation (&) is a2 (t=0) = "0j, whose
value may be obtained only by measurement. The value XQ of the
differential quotient of the dispersion normalized to unity at the
point t = 0 can be obtained exclusively by measurement. Xe and Ai
respectively can be determined both by measurement and in the
knowledge of the conductivity coefficient of the diffusion problem
respectively in the knowledge of the initial potential distribu-
tion by calculation (2a) - (2b). The value A, 1is required for
the interpretation of y that has not been studied so far.

Let us now solve the differential Equation (56). After the
reparation of the variables and after integration we have:

In -21 - - A° @a-evt) - Xt ®)
ai y

where the initial condition was utilized; or from (6):

- X
oS exp @ . e"wt) - @
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The value of the still undetermined parameter p can be de-
rived by the following consideration: let us require from the so-
lution of the approximative differential Equation (7) that its
logarithm shows the same asymptotic behaviour as (])- This means
that - on the basis of Figure 1 - the asymptote must intersect
the ordinate axis at point 1In Al (the slope of m = - is al-
ready as necessary) and so by utilizing () and on the basis of
geometrical considerations it is true that:

In 0o - In Ai = flo -

giving :

®

Finally by substituting (@) into (7), and after the rearran-
gement, the final form of the solution is obtained as:

-At / 2\e
£

a2(t)=Aie ©

Summing up the above results it can be stated that the
approximate solution (9) meets the following requirements:

1) It starts from the same point, with an identical tangent in t=0
and its logarithm tends to the asymptote of the same slope in
the limes t @+ < as the exact dispersion function;

2) The intersection points of the asymptotes with the ordinate
axis also coincide.

The course of the approximative solution can be studied on
Figure 2 by the given parameter values. The phenomenological de-
scription also gives a completely reassuring result according to
this figure.
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Figure 2
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PE3IOME

ABTOpPOM M3y4yaeTCs : Y[AOBNETBOPSIET-/IN KaKOMy-HUOYAb YHUBEpP -
Ca/lbHOMY YpaBHEHUK MapameTp

n3mepsawwuii HeogHopogHoCcTb U C Xjyjzit) Mo noTeHuMany COBEpPWEHHO -
obweri TpaHcnopTHoli cucTtembl (rge U : cpegHee 3HayeHue noTeHuwana
no obvemy, V - 06bBM CUCTEMb), U3 KOTOporo ( ypaBHEHWSA) €ro MOXHO
onpefenuTb He3aBMCMMO OT MoTeHuuana.



Hungarian Journal
of Industrial Chemistry
Veszprém
Vol. 4. Suppl, pp. 123-132 (1976)

STUDIES ON INHOMOGENEITY IN A QUASI-STEADY-STATE SYSTEM
T. BLICKLE, B. LAKATOS, Gy. FLORIAN and Gy. BUCSKY

(Research Institute for Technical Chemistry of the

Hungarian Academy of Sciences, Veszprém)

The technical chemical systems theory defines
the inhomogeneity in addition to the usual parameters
in order to describe the chemical operations unam-
biguously These <characteristics of deviation can be
interpreted according to space and time. Inhomogeneity
in time and its close connection with mixing were also
investigated.

The empty tube reactor was chosen as a model and

at the input and output of the reactor, the inhomoge-
neity was determined by the method of periodic distur-
bance .

The algebraic description of technical chemical syr:tems gives
structures of these systems and connections among the properties,
i.e. it shows how the system can be elaborated to realize a given
technical chemical assignment CI, 2].

However, the fulfilment of a technical chemical assignment
not only means the realization of certain changes, but also the
manner in which they occur to certain extent. Therefore, certain
quantitative functions must be interpreted on those qualitative
properties that determine the connections among the parameters

corresponded to the structural elements of the algebraic descrip-
tion [1].
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Depending on the concrete assignment, usually the mass, the
concentrations of different components, the temperature and the
momentum are chosen as parameters. However, the interpretation of
numericality [13 and the introduction of the inhomogeneity squares
in space and time to characterize the distribution of the above
parameters in space and time, are often necessary to the complete
description.

Let ¢ = c(x,t) designate the concentration of a given compo-
nent in a practically unidimensional operational unit of L length.
In order to characterize the special distribution, the following
inhomogeneity square is introduced:

12® = f 7 cc(x,t) - c(t)]2dx o
where
1
c() =y 7 c(x,t)dx ()

is the mean value.

At a fixed x point the iInhomogeneity square in time is de-
fined as follows:

iNx) = lim F 7 Cc(x,t) - c(x)]2dr ®
where
- 1 *
c(x) = lim — / c(x,T)dx ()]
t-*co Z 0
If the concentration changes periodically, 1i.e. c(X,t) =

= c(X,t+T) where T designates the cycle time:
I*(x) = T S Cc(x,xX) - ¢ (x)32dx ®)

and

c® c(x>x)dx 6)
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For a concentration changing according to regular sinusoidal
wave:

c(x,t) = A(X) sin[tot + a(xX)] + c(>) (@)

Replacing Eq- (?) to Eq. (&) after simple calculation, the
following expression is gained:

D)

If a completely mixed system is disturbed by a concentration
change that may be described by Eq. N, the C) outlet concentra-
tion - ignoring the need to designate the dependence on x space
co-ordinate - will be determined by the following ordinary diffe-
rential equation of first order:

[ +ci(® =A sin (t+a +c ®

The solution of Eq. (@ after the decay of transient member

- quasi-steady - state operation - has the following form:
Cl ® A sin (ot + a + ¢) + C ao
77 + K@t2
where :
¢ = — arc tg tot an

in the phase lag caused by the system.

Calculating the inhomogeneity square of the output sign from
Eq. (10):

12
I* a2)
d 1+ 12t2

where 12 = A2/2.

If more such identical systems are connected in series, the
inhomogeneity square of the input sign from the ith element of the
cascade is as follows:
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% @
@ + oet2)
Let us now assume that the mean residence time for an incom-
pletely mixed system of x length that may be described by a unidi-
mensional model is the following:

Vv
Q

where n is exactly the mixing unit number characterizing the

= nt (14)

mixing conditions in the system [3], i.e.:
n = nx (¢15))

Assuming S = the constant cross section in the studied sys-
tem when Egs. (4) and (@5) are compared, the following equation
is gained:

Sx
i.e. the volume of one mixing unit, 1is equal exactly to the nth
part of the total volume of the studied system.
Substituting Eqs. (@5) and (16) into Eq. (@3):
/ UB2x2S2\
1£n xo = 1£(0) an

where 12 = 12(©) 1is the inhomogeneity square of the input sign.
After simple transformations the following correlation is

gained from Eq. (17) :

1?7200
In kx a8

12 (0)

where
/ F2x2S2 \

K ()]
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The differential form of Eq. (8) is expressed by the fol-
lowing ordinary differential equation:

= - kK I 0)
dx

with the IE(x=0) = 1] initial condition.

As it can be seen for the system fulfilling the above condi-
tions, the inhomogeneity square in time decreases exponentially
along the axis of the system and the characteristic parameter for
the change is K quantity determined by Eq. (19) "that depends on
the frequency of the input sign, the length of mixing, the dia-
meter of the system and volumetric flow transporting the concen-
tration sign.

In the experiments aimed at controlling Eq. (@8) the flow of
the binary mixture in smooth tubes was investigated.

The scheme of the experimental apparatus is shown on Fig. 1.

During the experiments, water was mixed with a sodium chlo-
ride solution of sinusoidal mass flow in a hydrocyclone. The expe-
riments were evaluated on the basis of the input and output con-
centration signs in accordance with Eq. (18), i.e. the inhomoge-
neity squares in time of the input and output signs were calcula-
ted and the natural logarithm of their ratio was plotted against
the length of the measuring section.

In the experiments.,*the length of tube, its diameter and the
frequency of the periodical concentration sign were the varying
parameters.

Results of experiments are shown in Figures 2-4.

A summarized result of the experiments is shown in Fig. 2.
As i1t can be seen, the approximation (8) fits well and for all
diameters the inhomogeneity square in time decreases exponentially
along the length of the tube.

However, the change of the inhomogeneity square in time 1is
not only determined by the length of the tubes, but the diameter
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Fig.

T.Blickle,

1.

B.Lakatos Gy.Fl6rian Gy.Bucsky Vol. 4. Suppl.

1(4 - feed tanks, 2,6 - rotameters, 3 - reservoir, 5 - pump,
7 - peristaltic pump, 8 - mixing unit, 9,10 - detectors,
11,12 - conductivity meters, 13,14 - recorders.

0 - tap water, A - sodium chloride solution, A - diluted

sodium chloride solution.
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Figure 2 X - 5mm; « -06 mm; o-07 mm; 4 - 0 9 mm;
o)

0
- 010 mm

and frequency are also of major importance. At constant tube
length, the inhomogénéity square in time decreases with the in-
creased diameter.

Effect of the frequency on the inhomogeneity square in time
can be seen in Figure 4 showing the increase of the measure of
change - i,e. the Kk constant - with increased frequency.
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Figure 3
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Finally it should be mentioned that the linear tendency of
the dependence on diameter and frequency originated from the small
studied frequency and diameter ranges and thus only small changes
in the k values could be investigated and as a Ffirst approxima-
tion it can be regarded as linear.

SYMBOLS USED

c concentration (mole‘m~3)

X local co-ordinate (M)

t time ()

L length of apparatus (M)

13 special inhomogeneity square

13 inhomogeneity square in time

T cycle time ()

A amplitude (mole*m-3)

a phase (rad)

ch output concentration of the ith cascade element (mole»m~3)
o phase lag (rad)

w radian frequency (s~1)

n nixing unit number; number of cascade elements

\ volume (M3)

Q volumetric flow (M3»s_1)
XxQ mixing unit length (@)
S cross-section (M2)

K Eq- (19)

F mean residence time ()
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PES3IOME

B Teopum cuUCTEM TEXHUYECKOW XUMUM - ANS OAHO3HAUHOrO onuca -
HUS XVMMUYECKOrO MpoLecca - WMCTOJ/IKOBLIBAETCH TMOHSATUE HEOAHOPOAHOCTU
JTOT napameTp, XapakKTepuaywlwuii OTK/OHEHME, WCCNeAyeTcsl Mo BpPEMeHU
M No oGbemy. ABTOpb WU3y4asM HEOAHOPOAHOCTb MO BPEMEHW U TECHY ee

CBA3b CO CMelleHnem.

MoZenblo cnyxun nycToii Tpy6uaThlii peakTop, a MeToAOoM nepuoam
YecKkoli Momexu onpejesvin HeoAHOPOAHOCTb Y BXOAA W y BbiXoja peak

Topa.
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VARIANCE ANALYSIS IN A GAS-SOLID
FLUIDIZED BED

E. MONOSTORI and T. BLICKLE

(Research Institute for Technical Chemistry of the

Hungarian Academy of Sciences, Veszprém)

Standard deviation in temperature of a gas pas-
sing through the fluidized layer in the case of perio-
dic change in temperature is interpreted as follows:

2
az2 fqa T )< dt
PER mean

Change of the standard deviation along the
length of layer is discussed in the case of periodic
inlet temperature sign.

According to the experiments carried out so far, the variance
of the investigated feature - iIn this case the temperature of the
fluidizing gas - seems to be suitable for describing by a certain
means the dynamic behaviour of technical chemistry systems.

As a definition the variance of the gas temperature signal
is represented by the following equation:

T
f (00 - T)2dt

A2 = — e (@)

It was assumed that the gas temperature performs a sustained
oscillation of the T period and that there is no reduction of
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heat from the system. Relying upon these findings it can be writ-
ten:

T T

{ T().,)dt 5 T(L,t)dt
T ST T )

That is to say the integral mean values of the inlet and out-
let gas temperatures over the period are equals.

In accordance with this supposition, the change of variance
in the fluidized bed was described by the next differential equa-

tion:
o2 _ ka2 )
The solution of which - at a point z=0 and with a boundary
condition of a2 - al - 1is:
a2 = af e« e~kz (©)

The k variance change factor depends upon the characteristics
of the system. In accordance with the experiments carried out so
far k depends upon the height of the bed L, the gas velocity v and
the frequency of the gas temperature signal w, namely k = k(w,L,Vv)

Knowing the gas temperature signal at the gas inlet point
(z=0) the variance can be evaluated. The chosen incoming signal is
a sinus function:

T@,t) =T + A = sin ait ®

where T 1is the mean value of the oscillating gas temperature.
With this the value of the variance at the point of z=0 is:

T

/7 @+ A sin Uit - T) dt
al
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Assuming that the heat loss of the bed is zero as well as no
feeding and carrying out of granulous material, the outlet gas
temperature signal at the point of 2z=0 is given by the next equa-
tion:

T(L,t) =T + AN msin (ot + ¢) ®

The variance of the outlet signal can be evaluated in a sim-
ilar manner as above:

+ A, e sin (Mot + - T)2dt ANIr
a2 = {ngl———J} ——————— Q____f@{___j{__ = JL- @
T2 Tao

Substituting Equations () and (7) into Equation (3), after
the rearrangement it can be written:

On the basis of Equation (9), the experimental data were
processed in the form of tables in which, in addition to the mate-
rial and operational features, the angular frequency uj, the values
of - In + and the values of k evaluated at different points

are given. In the last two columns of the tables, the values of
the axial section and the rise of the straight lines are given
which can be drawn through the points belonging together.

On the basis of Equation (9) such curves can be drawn which
show the changing og k as a function of ®© and the parameter of
which is the height of the bed L, and L2, respectively. With dif-
ferent values of <© the rates of amplitudes were determined ex-
perimentally in case of a given bed height L and from these the
values of Kk can be evaluated.
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Table 1.

material: activated carbon
particle size: d = 0.8-0.63 (m)
air flow rate: 0.37 kg/m2s

L= ™ zo (mm) 12 =60 (mm) b
kIx102 k2x102
O  _ » N Ggrr
a/s) (E/mm) @mm) m
0.0135 1.2037 0.04 1.7016 0.02 -0.26
0.0203 1.5316 0.05 2.2702 0.03 -0.2
0.0287 1.8554 0.06 2.7349 0.04 0.0
0.0354 2.1170 0.07 3.0901 0.05 +0.2
0.0502 2.6325 0.08 3.6497 0.06 0.58
0.0563 2.7489 0.09 3.9529 0.06 0.56
0.0634 2.9998 0.10 "4 .2687 0.07 0.70
Table 2.

material: activated carbon
particle size: d = 0.8-0.63 (mm)
air flow rate: 0.29 kg/m2s

Li = 30 (mm) L2 = 60 (mm) b
® i (iv kxro2 . T k2102

a’/s) & /mm) (i/mm) a)
0.0064 1.4280 0.04 1.4220 0.02 1.44
0.0142 1.9500 0.06 2.2440 0.03 1.66
0.0201 2.3250 0.07 2.8920 0.04 1.76
0.0269 2.7210 0.09 3.4920 0.05 1.96
0.0354 3.1170 0 .10 3.9420 0.06 2.28
0.0422 3.3000 0.11 4.3020 0.07 2.30
0.0496 3.6210 0.12 4.6860 0.07 2.56

0.0564 3.7500 0,12 5.0460 0.08 2.46

mX102

A/mm)

0.01
0.02
0.02
0.03
0.03
0.04
0.04

mx10 2

(£/mm)

0.00
0.00
0.01
0.02
0.02
0.03
0.03
0.04
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Table 3
material:

Variance Analysis

sea-sand

par ticle size: d

= 0.59-0.21 (mm)

air flow rate: 0.71 kg/m2s

in a Gas-Solid Fluidized Bed

Li = 30 (mm) L2 = 60 (mm) b

o f k1x102 IAK\2 K2X102

uss) - Tty D) -1 10) E/mmy ®
0.0066 0.9063 0.03 1.3303 0.02 0.52
0.0139 1.5087 0.05 2.208 2 0.03 0.80
0.0207 2.0357 0.06 2.8560 0.04 1.20
0.0280 2.5575 0.08 3.3933 0.05 1.72
0.0352 2.9432 0.09 3.9529 0.06 1.94
0.0414 3.2915 0.10 4.3901 0.07 2.21
Table 4
material: sea-sand
particle size: d = 0.59-0.21 (mm)
air flow rate : 0,58 kg/m2s

Li = 30 (m) L2 = 60 (mm) b
0 k 1>(102 ft k2X102
_ . - 2

u/s) ft: E/mm) ) (A/mm) ®
0.0064 1.1243 0.03 1.7356 0.02 0.52
0.0142 1.6587 0.05 2.9356 0.04 0.40
0.0205 2.1153 0.07 3.7050 0.06 0.52
0.0280 2.6550 0.08 4.3584 0.07 0.96
0.0353 3.0770 O.lo 4.8929 0.08 1.22
0.0421 3.5133 0.11 5.3186 0.08 1.70

137

mX10 2

(A/mm)

0.01
0.02
0.02
0.02
0.03
0.03

mX102

(-A/mm)

0.02
0.04
0.05,
0.05
0.06
0.06
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Experiments

The experimental apparatus is shown in Figure 1. The air flow
through the pressure reducing valve () and the regulating valve
(@ and the orifice (3 goes into the electric heater (12). The
periodically changing voltage of the electric heater is supplied
by the electromechanic sinus-sign generator- (16). The generator
and the paper-delivery roll of the compensograph are driven by the
variable-speed drive (15). The 1inlet and outlet.temperature sig-
nals are joined to the compensograph, enabling the visual obser-
vation of the signals.

The temperature of the air coming from the electric heater
periodically changes according to the frequency. The inlet and
outlet air temperatures of the fluidized bed are measured by the
thermocouple (7) and (6), respectively. In order to minimize the
heat losses the apparatus is double-insulated. The outer insula-
tion (1) is slag-wool and between the walls (10) and (9 there is
air insulation. To minimize the heat capacity of the apparatus its
inner wall was made from bronze plate of 0.2 mm thickness.

The voltages of the thermocouples are measured by the digital
voltmeter (17) and these values are recorded by the tape-recorder
(18) so the data are suitable for processing by a computer.

Test materials were activated carbon and sea-sand with a
well-defined fraction of particle diameter. The experiments were
carried out with two kinds of bed height, 30 and 60 mm, and with a
bed diameter of 100 mm. The air flow-rate was chosen to gain a ho-
mogeneous well-fluidized bed. The experiments were reproduced with
different, altogether six kinds of angular frequency.

Results

From the tape-recorded experimental data the zero-harmonic,
in conformity with Equation (2 was evaluated by Fourier-analysis.



Fig. 2. Activated carbon, d = 0.8 - 0.63 ran
air flow rate: x - 0.37 kg/m2s
o - 0.29 kg/m2s

Fig. 3. Sea sand. d

0.59 - 0.21 mm
air flow rate: o -
X

0.71 kg/m2s
- 0.58 kg/m2s
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Fulfilling the same with the inlet and outlet temperature signals,
the comparison of the two mean temperatures gives information con-
cerning about the amounts of heat losses. During the experiments
this amount did not exceed 6 per cent.

The fundamental harmonics of the inlet and outlet signals,
from which the rates of amplitudes in comformity with Equation (9
were calculated, were also evaluated by Fourier-analysis. The re-
sults evaluated from the experimental data are shown in Tables 1,
2, 3, 4. In these tables the angular frequency is the parameter.
In the case of this representation, a value of «k 1is evaluable to
each point. Representing these values of k as a function of w
Figures 2 and 3 were gained, where the parameter is the height of
the bed L.

From the results attained so far it can be concluded that the
variance change factor Kk must not be regarded as a constant, but
it involves a relationship. It Is intended to carry out further
theoretical and experimental work to investigate this.

SYMBOLS USED

a2 variance

T(z,t) gas temperature (°C)

T integral mean temperature (°C)
T period (5

t time ()

z height co-ordinate (M)

L height of the bed @m)

K variance change factor

gas velocity (n/s)

V) angular frequency (i/s)
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Ap amplitude
AK amplitude
PE3IOME

KBagpaTuyHoe OTK/IOHEHMEe TeMmnepaTypbsl ras3a, npoxXoAsWero uvepes
NCEBAOOXWXEHHbI C/oli, Npu NepuoguyeckoM WU3MEHEeHUU TemnepaTypbl, -
OMNUCLIBAETCS CEeAylUUM BblpaXeHUeM:

ABTOpPOM WM3y4yaeTcsl UPMEHeHWe HBaAPaTUYHOIO OTK/IOHEHMS Mo AN1un-
He cfosi B c/lyyae NepuoavYecKOoro BXOAHOrO TeMnepaTypHOro CcurHana.
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STUDIES ON THE APPLICABILITY OF THE MOMENTUM METHOD FOR
TRANSFER CONDITIONS DURING THE SEPARATION OF HOMOLOGOUS
HYDROCARBON SERIES

T. BLICKLE and T. VIRAG

(Research Institute for Technical Chemistry of the

Hungarian Academy of Sciences, Veszprém)

In order to characterize the mass transfer be-

tween multicomponent systenms, numerous transfer coef-
ficients and equilibrium constants - which can be
measured in practice with difficulty - have to be

given. An attempt is made to simplify the system of
equations describing the mass transfer relating to
components and to decrease the number of material con-
stants to be measured.

Moments of component distribution were defined.
Conservation of mSments follows from the law of the
conservation of material and transport equations, and
similar to component transfer equations are also valid
for the change of moments. The number of independent
parameters is reduced to two by these assumptions and
thus the problem can be treated much more simply.

The differential equation systems describing the separation

similar to the homologous hydrocarbons

by selective separation wall, contain too many empirical factors

that have to be determined experimentally, e.g. the transfer

ficients and equilibrium constants. The picture in the case

review becomes more complicated, because the change of these

meters

as the function of concentration must also be taken

account.

coef-
under
para-

into
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In this paper the possibility of decreasing the parameters
that must be determined by experiments has to be discussed if it
is not intended to calculate the change in time for all the compo-
nents, but only determine those certain parameters that will cha-
racterize the concentration distribution.

Let us assume the mixture consisted of n components. The
concentration of the iIf* component is c*. The k"1 moment of this
concentration distribution is defined as follows:

n _k
M. = E iC. &k=0,1, 2, ..)D (D)

As it can be proved, the ¢~ concentration values can be
calculated from the first n moments, however, in practice the
usual concentration distribution is appropriately determined by a
few moments, much less than n.

On this basis the description of the concentration distribu-
tion seemed to be practical by the moments and the necessary as-
sumptions were investigated that are needed to derive relatively
simple equations describing the changes of moments in time from
equations giving the transfer of the different components.

The fact that the moments are homogeneous [linear functions
of the concentrations has a basic role in the simplification, i.e.
the conservation of moments follows from the conservation of dif-
ferent components.

VEIMjIH (© + Val@ @) = ViM,<™> k=0, 1, 2, ..) @

IT the transfer coefficients and equilibrium constants of
different components depend on the concentrations in the system to
a much greater extent that the quality of the component, then equa-
tions relating to the change of moments in time and being similar
to the above mentioned ones are originated from the equations de-
scribing the transfer.

d M<2>®
V2 —megeemm = - B 2 © - KME®] K=ol 12 ) o
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where

]
1

RB[M<1> (t); M<1>(b); ; W2) () 2> (); ...] (C))

=
1l

KIMAL (D); ML (D; -..; ML ©; Mg2>(D); ...] ©)

The initial conditions of Eq. (@) can be given from those of
the original equation.

M,k'1> © = Ma<1); M,KQ> © =0 =0, 1,2, ..) ®)
Introducing
Mﬁ2>(0
= mk (€ 7
<D mk (© @)

Egs. (@ and () can be described in simpler form as follows:

--------- :—B[(\%-'+ D m, © —%—2] (k = 0,1,2,...1 @)

Egs. (@ are valid for ail «k =0,1,2... values. The kK =0
equation iIs substracted from k = 1,2 ... equations.

d@ ® - ®)

= g 2 = - B+ DI, ® -m ®3 k=1,2..0) O

The k = 2,3... equations are then divided by the k = 1 equa-
tion. The following simple differential equations are gained:

din, ® ;s m ®1 n . ®;n ®

= 2,3,...) 10)
dimi ® -mQ(®] *m, ® - mQ®
Their solution:
M@ =My ® = c i ® -my (O &= 2,3,..) Gd
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The Cy coefficients can be determined from the initial con-
ditions. The above equation means that by fixed initial conditions,
the original problem has only two free parameters, the mO and nuy
moments. All moments may be expressed by these two moments. The
two moments can be determined from Eq. (@) 1i1f the K and ma, m3
variables are replaced by values determined from Eq. (11). Thus
the following differential equation system is gained:

d mO(® i K(mO ,mi) K(mO ,mi)
—gpm = - 80, M- + DMO® - ——5——1 1@
d mi(t) K(mO ,mi) K(mO ,mi)
g = - 8@ M) [(—m—— + Dm ® - 55— ]

In a general case, Eq. (12) can be solved by the method ap-
plied earlier. The second equation in (12) is divided by the Ffirst:

K (mO ,mi ) K (m0,mi)
d mi S 1 T
13
d mo K (mO @n, ) K (mo,nH ) @
+ 1m Va

This is an ordinary differential equation and mi can be de-
termined as a function of mO. Replacing this by the first equation
in (12), an ordinary differential equation is gained from that de-
pendence of mO calculated on the time:

d mO(® K(m0) K (m0)
—————- = - 8(mO)C(-Nn—— + D) MO® - I=——- 14
o (m0)C( 4r ) ® o 1 a»
It should be observed that the 8 does not appear in Eq. (@3)
determining the mi(m0) function. So it does not affect the concen-
trations in the system, only the change of concentrations in time.

The solution of the problem becomes much simpler if K and 8
depend only on mO or mi or their difference. In the first case,
Eg. (@12 is not connected so they can be solved separately, while
in the second case the solution is given by Eq. (@ for k = 1.
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Applying this method, the number of K and R variables in
the two functions describing the material properties characteriz-
ing the process can be reduced from 2n+l to two by the single as-
sumption which represents an enormous simplification regarding the
measurements. The validity of this assumption will be controlled
by the experiments which are still being carried out.
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PE3IOME

[ns xapakTepucTuK/ Macconepegauvy Mexay MHOTMOKOMMOHEHTHbIMU
cucTtemamu TpebyeTCsl MHOFO TakuxX AaHHbiX (Hanp- Ko3ahouuueHTh nepe-
Jaun, KOHCTaHThl PaBHOBECUS ) KOTOpble CJ/IMWKOM TPYAHO WU3MEpPUTb.AB-
TOpbl MOMLITAINCL YNPOCTUTbL CUCTEMY YpaBHEHUWI MacconepeaauuCanst Ho
MMNOHEHTOB) C MOMOUWbLK HEKOTOPbLIX OnyleHuii. TaHuM o6pa3oM unc/io U3-
MepsieMbIX MaTepuasibHbIX KOHCTAHT YMEHbLWAsOCh -

Onpefensanicb MOMEHTH pacnpefefieHUsi KOMMOHEHTOB. W3 npuHum-
na CcOXpaHeHUs1 BelWecTBa c/lefyeT COXpaHeHMe MOMEHTOB, U Ha U3MeHe-
H/Ee MOMEHTOB AeNCTBUTESNIbHbI YPABHEHWSI, aHa/IorMUHble YpPaBHEHUSIM,Ha-
NMUCaHHLIX A1 KOMMOHEHTOB. 3TU NPEeArnofioKEeHUs YMEHbWaKWT UWC/IO0 He-
3aBUCKMbIX MapamMeTpoB A0 [ABYX, W TaHUM o6pa3oM Mpobremy MOXHO pas3-
pewnTb ropasfo ferdve.
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Four different types of operational units are in-
terpreted according to their method of operation,
namely: batch, continuous, differentiating and inte-
grating . The connection of these operational units is
limited. The rules of connection of the different ope-
rational units is described by an exact mathematical
model, the idea of '"category™ known in the algebra.

On the basis of the algebraic discussion of the
connection rules between the operational units, the
simple investigation of the connection of a large
number of possibilities becomes possible by computer.

The construction of possible alternatives of complex systems
consisting of different subsystems iIs an iImportant question both
from designing and controlling points of view, if it is taken into
account; that the different subsystems usually can be connected in
accordance with given rules.

An arbitrary connection of the operational units cannot be
realized for complex chemical industrial systems constructed from
batch and continuous operational units, i.e. the number of pos-
sible connections is limited’

In the following, the possible connections of differently
operating operational units will be described by algebraic methods
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and thus a large number of connection alternatives can be investi-
gated simply, algorithmically.

Types of operational units

The chemical operational units can be classified from diffe-
rent points of view. For the definition of batch and continuous
operational unit, the interpretation of BENEDEK and LASZLO [1] is
accepted, however, it is narrowed further. In the construction of
a complex chemical system - regarding the connection of operatio-
nal units as subsystems - the most important- property is the type
of mass flow into and from the operational unit. Two extreme types
of mass flow are distinguished: in batch flow the movement of the
material can be regarded as an instantaneous moment, while in the
continuous flow the material moves continuously. (This classifica-
tion can, of course, be widened and numerous physical conditions
must be fulfilled to bring about a real flow.)

On the basis of the above mentioned classification of the in-
put and output flows, the following four types of operational
units can be distinguished.

N —ejrace of Flow

Operational input output

unit

batch ®) batch batch

continuous (© continuous continuous
integrating (@) continuous batch
differentiating (©) batch continuous

These four operational units - being basic types With re-

spect to the input and output flows - cannot be connected arbi-

trarily. The possible connections will be given in algebraic form.
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The term "category"

A well known term in modern algebra is the category, however,
it is still interpreted in different manners (e.g- [2])- The cate-
gory is a class consisting of objects and mappings, and has the
following properties:

a) one object pair of the category corresponds one to one to
every mapping;

b) the product of the mappings is interpreted, if the last
object of the Ffirst mapping is the same as the first one in the
second mapping, and in this case the object pair belonging to the
product of the mappings consists of the first object of the first
mapping and the last object of the second mapping;

c) the multiplication of the mapping is associative;

d) a "unit mapping"” belongs to all mappings, 1i.e. a mapping
having the same objects.

A special operator structure of the structure theory

It is easy to see [3] that the W operation [4] interpreted
in the structure theory of technical chemical systems - that is
now becoming widespread - as a special part of a greater algeb-
raic description, has the same properties as the category.

Algebraic description of the connection of operational units

Let b denote the batch flow, and c¢ the continuous one. In
this case, the operational units can be regarded as the following
mappings and object pairs respectively:

batch: B (b,b)
continuous: C (c,0)
integrating: 1 (c,b)
differentiating: D (b,0)
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On the basis of the above interpretation, the connection
rules for the operational units can be iInterpreted as a product of

the mappings in the category theory and B operation of the struc-
ture theory, respectively.

The relationships of the objects and mappings are shown on
Fig. 1, where the circles represent the objects, and the arrows
the mappings.

Figure 1

Following from the algebraic rules of category or structure
theory, the possible connections of operational units are Shown as

follows :
B D | (o}
B B D - -
D - - B D
1 | C - _
C - - 1 Cc

As it can be seen from the above multiplication table, only
8 of the possible 16 connections are permitted. According, to the
meaning, the "unit mapping” of b object is B, while that for c
object is C.

On the basis outlined above, the following types of operatio-
nal units can be distinguished:

homogeneous batch: B =1tB1
i

quasi-homogereous batch: B = w Bl « w (D*1)1

i i
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homogeneous continuous: C = ¥ C1l
i

quasi-homogeneous continuous: C = ¥ Cl * v (ID)3
i i
heterogeneous: X = t B eD ewcC? - DX
K i 3
It should be mentioned that the above discussion can also be

widened for more inputs and outputs, and then the operational unit
is interpreted as a complex of more mappings.

Example

In order to illustrate the process outlined above, let us
study the chemical industrial process given in Fig. 2.

reactor precrystallizer - crystallizer]
1 +
solution storage tank e filter jk I]

Figure 2

IT for example the reactor is assumed to be a continuous one,
the crystallizer and the storage tank are batch units and the pre-
crystallizer can be integrated only in accordanc”™ with the algeb-
raic rules. The filter can operate only batchwise, while the dis-
solving tank is a differentiating unit. The "A" operational unit
may be only batch or differentiating, while the 'B" operational
unit may be batch or differentiating.

Final remarks

With the above - primarily illustrative - method of think-
ing the aim was to direct attention to the possibility of the al-
gebraic discussion of connections among subsystems. The above
ideas enable different generalizations to be made.



154 G. Veress and A. Czulek Vol. 4. Suppl.

The first step in such generalization is that the characteri-
zation of the flow in the operational units can be described with
more than two objects in accordance with the different flow rates
and types.

A further possibility for the application of these ideas is
represented by the algebraic discussion of possible reaction paths
and the use of these algebraic methods for process planning by
computer in the case of simulation programmes of a module system.

Naturally, the proposed algebraic method is generally appli-
cable for the algorithmic construction of complex systems from
subsystems.
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PESIOME

ABTOpamMM MUCTOJIKOBLIBANTCS Clliefyllne NpeLecCUoHHbe eavHULbI:Ne-
pYOANYECHOT0, HEMNPEpPLIBHOIO, AWGHEepeHUNpYLero U MHTErpupywwero ae-
McTBus. CBA3b Mexay I3TUMKM MPOLECCUOHHBIMA eAVHULAMU He MOXeT ObiTb -
Nboii, uMCNo pa3pelleHHbIX CBsi3eli onpegeneHo. [paBuia NPUCOEAUHEHNS
Mexzy MpPOLECCUOHHbIMA eAUHMLAMN pa3HOro Tuna AeicTBUS onucaHsl € Mno-
MOWbI MOHSATUS'HATEropus™, U3BECTHOro B a/rebpe, U C MOMOWbI TOYHO
MaTeMaTUYECKOW MoAenbio-
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The changes of the properties that build up the
structure of materials are modellized by technical
chemical mappings.A partial algebraic structure of two
operations are interpreted on the set of mappings, and
with the aid of this algebraic-structure,the series of
mappings modellizing changes taking place in the most
complicated processes are build up. The cost functions
interpreted on the mappings make the determination of
an optimal series of mappings possible.

The. method developed for the generation of a partial algebraic
structure interpreted on a set of mappings can be applied for the
determination of the optimum technological procedure.

In the case of a given technological task, the initial map-
pings, their cost functions, the connecting elements between the
mappings and the system of demands belonging to the given task are
given for all steps of the possible procedures. The generated map-
ping gives initial materials and final products. Quantitative pa-
rameters appearing in the initial mappings, but which do not ap-
pear in the generated mapping are parameters selectable indepen-
dently and the cost function can be affected by them. On the basis
of the cost functions, the optimum procedure and optimum values of
the independent parameters can be given.

The application of the method will be shown 1in the case of
the separation of a homogeneous system consisting of two components
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The task is given by the following mapping:

g-iCi g3c2
*£1 : (€]
gicCa g3c2 o (g2 — g3)c2

The homogeneous system to be separated is In the antecedent
of mapping (Ci and c2 are the components to be separated; gt and
g2 are their quantity or mass stream; while the : ~>sign symbol-
izes the homogeneous connection between the components.)

The originating material system iIn the case of partial sepa-
ration is given iIn the successor of mapping; the principle of con-
servation of matter is taken into consideration in the g values.
(Sign o symbolizes different material streams.)

In order to determine the optimum separation method a search
has to be made for elementary mappings by which the (@) originat-
ing mapping can be constructed by ¢ and ”~ operations. (Opera-
tion ¢ means that mappings take place one after the other, while
operation corresponds to recirculation.)

From the numerous possibilities of the construction of (@
originating mapping two cases will now be discussed:

1. the homogeneous system of two components is separated in
one step, and the elementary mapping is equal +to the originating
mapping @).

2. An auxiliary material containing a given amount from one
of the components to be separated is given to the homogeneous sys-
tem :

g-ic-, g2c2 o gi*c3 -gsc2
-2a o )
gici g3c2 o A4c3 -(g3 + <2 - g3)c3
then the c¢2 component will be separated from the auxiliary mate-
rial :

9«c3 = r >97C2
-2b ©)
g«c3 — >gsc2 o (g7 - ge)c2
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Operations © and | can be carried out between mappings
@ and (3 if g values of similar components in the successor
of [12a and antecedent of £2b, and In successor of Z2» and an-
tecedent of [12a are equal, respectively.

So the connecting elements of Z2a and t2b mappings are
the following:

ge = g* @
g? = gs + g2 - 43 ®
ge = g5 ©®
Replacing connecting elements into the mapping and

carrying out operations, the Tfollowing originating mapping is
gained:

12a = |(*aa 0 £2b> @)
et -f2C2 o g»C3 -=m gbc?2
g-iCi -o3c2 o auc3 — pr(s5 + A2 - a3)c2

p«c3 =-> (5 + g2 - pg3)c2
« <))
0o<tc3 >n5c2 o (@2 - 3)c5

g-ic, =£>- pn2c2
12 = ©))
gHc, =p- A3c2 o (@2 - A3)c2

From comparison of () and (9) mappings it can be seen that
the two methods of separation have the same result, however, the
costs of their realization are different, because different cost
functions belong to each initial mapping.

11 AN, 10y
~2a A N2a (11
noph A Nab 12

S n2 3)
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In the case of a given separation problem, values of gif g2
and g3 originate from the task itself, at the separation in two
steps the independently selectable parameters are g4 and g5 and
so the cost of realization can be affected.

In the general description of the cost functions belonging
to the given mappings the fact has to be taken into consideration
that cost of separation is proportional to:

- amounts of materials to be separated,
- measure of separation, 1i.e. concentrations,
- economical coefficients.

Cost of separation in one step is the following:

N1 = @ + 9g2)a, ——————————- @

Cost of separation with auxiliary material:

Na = N2a + N2b @s)

N2a = (gi + g2 + g + g5)a; 1 @6)
CFf “CSL Co - CS1

N2b = <9* + 9s + g2 - g3)a. an
CcS1 C Soo Cs0~ CSx

Concentrations in the cost functions can be given by the aid
of g values:

92
Co = ——————- (18)
g1 + g2
93
Cl = ——————- a9
91 + 93

9s + g2 - g3
Cso )
9« + 9s + g2 9
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CS, = ————— (2D

bet us iIntroduce the recirculation ratio, as follows:

O — @

In this case, the minimum value of N2 cost has to be deter-
minedi as the function of CS1 and X, because parameters selec-
table Independently can be found in these parameters. Comparing
the minimum cost with the value of Ni the more economical sepa-
ration method, of the homogeneous system can be selected. Investi-
gation can also be carried out for different auxiliary materials,
givingl the cost parameter and value of CSe for each auxiliary
material. In this manner, the suitable choice of auxiliary mate-
rial also becomes possible.

The two methods selected as examples for the separation of
homogeneous systems, cannot be applied for all materials and auxi-
liary materials, because the following restrictions relating to
the phase system have to be taken into consideration

a) the solid homogeneous system and gas mixture cannot be
separated in one step,

b) the solid homogeneous system cannot be separated by solid
auxiliary material,

c) the solid coinponent cannot be gasified from the solution,

d) the homogeneous gas mixture cannot be separated by gaseous
auxiliary material.

IT a computer programme is given for the shown method, then
the initial mappings, the cost functions and an inlet vector have
to be given for all the separation tasks. The vector is the fol-
lowingr

,Ce,(@i + g2),Csloo ... Csnoo, an a2, aSl, ... asnJd @3
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On the basis of the system of conditions given for the phases,
the computer selects the applicable methods and auxiliary mate-
rials, calculates the costs for these and comparing the cost mini-
ma, determines the suitable auxiliary material and the value of
the recirculation rate and CS1 in the case of a minimum separa-
tion cost.

SYMBOLS USED

al/ a2, a3 cost parameters

ci, c2 components to be selected

c3 auxiliary material

Co concentration of c¢2 component in _the homogeneous sys-
tem

Ci concentration of c2 component after the separation

Ce concentration limit theoretically determining the meas-
ure of the separation

Cso concentration of c¢2 component in the auxiliary mate-
rial before the separation

Cgl concentration of c2 component in the recirculating
auxiliary material

@.%, concentration limit determining the separation of the

auxiliary material

PESIOME

ABTOpbl AT WUCXOAHbIE WN306paXeHusi, OTHOCSWMECS K HUM Pacxo-
OHble (QYHKUMWM, COEAUHSIoWME 3MEMEHTb Mexay MW306paxeHusiMu, U cucTe-
My TpeboBaHWii 3afjaHusl A8 HaXAOrO lWara BO3MOXHbIX CMOCOGOB MpU KO
HHPETHOM TEXHO/IOFMYECKOM 3ajaHuv. [eHepupoBaHHOe Uu306paxeHne aa-
€T MCXOAHble W KOHEeuyHble MaTepuasibl. KonMuyecTBEHHble MokKasaTenu,npu -
CYyTCTByWWME TONMBKO a WUCXOAHbIX Mn306paxeHusx,( a B reHepupoBaHHbIX
HET) SABMSKTCSA NapaMeTpamv, KOTOpPble MOXHO MPOU3BOJIbLHO BbOpaTb, W
C MomoWw6i KOTOpbIX MH. C BAMATbH Ha pacxof- [1o pacxofHbiM (yHKLMAM
onpegensieTcs ONTUMaJIbHLIA METOA WM ONTUMa/IbHOE 3HauyeHWe MNPOoU3BOJb-
HOro napameTpa.
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SUITABLE CHOICE BETWEEN THE METHODS OF CRYSTALLIZATION
Mrs. S. HALASZ and C. JUHASZ
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The paper reviews theoretical method systems for
the suitable selection between different possibilities
of crystallization.

Structure elements constructed from discrete ob-
jects are given as functions in the crystallization
task, material properties and cost parameters. Ranges
of varying parameters belonging to different crystal-
lization methods are determined.

Two methods were developed to select systems of a similar
purpn®e, which achieve different crystallization tasks.

1. According to the first method the demands relating to the
product are given as discrete objects and methods of realization
also correspond as discrete objects.

The structure of the methods of realization is constructed
on four object classes, namely:

A - auxiliary operations

a, indirect cooling

a2 direct cooling by gas

a3 cooling by mixing of cool and warm solutions
ay evaporation in vacuum

a5 vaporization

ae ‘'salting out" with liquid

a7 "salting out” with steam
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B - processes

bt mechanical mixing

b2 tube reactor with rotating screw
b3 fluidization

b., rotary film

bs bubble column

be foam (froth) column

b? spouted bed

b8 pulsated partition wall

C - character of heat transfer surface

Ci there is no heat transfer surface
c2 heat transfer through wall
c3 heat transfer through inserted surface (e.g. tube)

D - role of gas

di there iIs no gas
d2 the gas is recirculated
d3 the gas is not recirculated

On the basis of data in literature and on our experience [1,
2, 3] we could determine elements which could be co-exist with
others and those which could not. In this manner, 61 different
combinations can be given from a,b,c and d elements allowing each
other mutually. These individual combinations correspond to one
method of crystallization, e.g. alblc2dl means the following meth
od of realization:

crystallization with indirect cooling mechanical mixing, apply-
ing heat transfer surface, but not using gas.

The property classes of the structure of the demands relat-
ing to crystallization were as follows:

a - mean relative crystal size

The elements are sections which can correspond to the diffe-
rent procedures. These elements are relative, i.e. they ex-
press e.g. the mean particle size of crystals produced by
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the pulsated partition wall process is about s times larger
compared to that produced by the rotary film process [4, 5]-

« 1 -1.5 #te bi procedure belongs a6, ar
az2 2.5-3.2 b2
a3 3.7-4.5 bs
au 4.5-5.0 b,,
«5 5.0-5.2 bs
ok 5.2-6.0 be
ar 6 .0-7.7 b7
aB 7.7-8.7 be

central scattering of size distribution

The elements are intervals of scattering, through the size
intervals (these elements were gained from analysis of the
particle size distribution curves of products produced by
different procedures)

adhesion of crystals on the heat transfer surface

y4 there is no adhesion
Y2 slightly adhere

Ya adhere

Yu strongly adhere

gas tolerance of solution

61 it cannot be contacted with gas
62 can be contacted with inert gas
Ss3 can be contacted with any gas

Relations between the methods of crystallization and the a,
s demands and material properties are known so the two struc-
can be composed. In this manner, the suitable methods of

achieving the production of a crystalline product of a given par-

ticle

size and homogeneity can be determined. However, this system

of requirements in its present form does not contain economical
decisions.
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2. According to the second method functions and costs can
correspond to the structure elements. As the Ffirst step of optimi-
zation the value of the free parameters is determined, by which
the cost of the given structure element is the smallest. Then the
optimized structure elements of a similar purpose will be compared
and the one having the smallest cost will be selected as the
method of realization.

In the case of technical chemical systems the minimum cost
depends on:

the material properties,
and the cost factors.

For this reason, in the space of material properties and cost
factors, a structure element having the minimum cost can be given
to every point of the space. (Dimension of the space is determined
by the sum of the numbers of the cost factors material properties.)

In the illustrative example, let our task be crystallization
of the given particle size from solution. However, the task is not
solved according to the structure elements.

Let the two crystallization
methods be A and B, while G is a
granulation procedure. (In this
case, the optimization of inter-
mediate parameters 1is shown in
the example. The intermediate par
rameter is the particle size af-
ter crystallization, i.e. before
granulation. This size is not li-
mited contrary to the final one.
Optimization must be carried out
ensuring minimum total cost of
the two operations.)

At first let ws. determine Figure 1

the cost separately. By the experiments, certain particle size
ranges can correspond to the different crystallization procedures.
These ranges are connected with costs of procedures (Figure 1).
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The particle size of the product which can be produced by a
given procedure with the greatest probability prospectively is
found in the middle of the range.

For this reason, the cost functions of the crystallization
methods are approximated by parabola having a minimum value deter-
mined by and the characteristic cost of procedure.

The cost of the crystallization procedure A:

N =a,@2 + a2x + a3 (@)
The cost of the crystallization procedure B:

N = a’x2 + a2x + aa (&)

The cost of the granulation procedure G:

Ng = blXe (xe “ X) (©)
where: , a2, a2, a3, a, bi are cost factors
X is the particle size of the product to be granulated

Xe final size

Let the following notations be introduced:

N - N 5

N = N* = ai al
N - N b,
c m m i
ai ai

(By division with a, a space of three dimensions is gained instead
of a four dimension one.)

The cost function as they are expressed to the extreme:

Procedure A: N = (X - ymq>, Q)
Procedure B: N = (X _ X:> ()]
Procedure G: Ng = C2Xe e X) 6)
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Procedure A + G: (N + Ng)n = x] (c2 - — ) - czxmxe ©,

cA

Procedure B + Gz (N + N = xe(c2 - —4) - chex& + et €5)

gon

Ng is valed only for granulation and for: Xxg > xq

When the different possibilities are compared, the costs are

equalized and the limit curves - where one or the other method of
realization is more economical - are determined (Figures 2 and 3)
Figure 2 Figure 3
1. A and B
(g - Xp)2 = (Xg - X7)2 + ¢y (©))
Ci = 2%, 04 + X))+ OF - x72) o)

2. A and A+G

C2
<xe “ xm> = Xl (c2 D - c2xx an

a2
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3. B and B+G

c2
X - xr;])z = xg(ca - -5 ) - C2xx o
2 X
€ 2 - ca
A+G and B+G
Ci = c2x Xp - X
A and B+G

e - X = X@(c2 7'") - CaXexm + Cl

c, =x]d - cz+~) + xe(CaXm ~ 2 xm) + xm

6 B and A+G

C2
(e m xm)2 + C1 = xe(Ca *© ~ CaXmxe

Cl + x]Jd +Cz2 - -F) + xe@ x; - caxm) + x;2

Introducing the following designations:

and replacing them into Equations (10, 12, 14, 16, 18 and

20):

167

(€O))

a»

as

3as)

an

a8

a9

20)
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1. c3=2yCi* -1 4(-) 1-2c2 @)
0 y _° @
2 -C2
2 c«
(€2))
2 - C3
4. C3 = C3¥(c<r - D) (€2))
c2
5. C3 =y2Q@ - C3 + —4—) + y(cacy - 2) + 1 @)
C1
6. C3 =y2Q@ + C3 _“21_) +y@ec, - C) +c2 (26)

Expressing the costs of the different methods of realization with
these constants the following expressions are gained:

A Ny - 22 @n

B NT = X2 - Cu)2 + X2C3 8)
c1

A+G (N + Ng)m = x2y2(c3 - ——") - c2x2 ()]

B+G N 4 sgIn = xT @ “ c)2 + xTy2(Ca " ~T) " e2xTY

G0

Normalizing the costs to xrﬁ!:

N N + N "+ N
o1 ; B2 1 @ g)T o3 £ @ g)n 1¢m
*a X xP X2
that 1is:
A od = (y - 1)2 @D

B va “ (y - Cn)2 + C3 (€2
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A+G o3

B+G oun

y2(c2 - _Z_) - c2y (€5))

cl
Y22 - —Zf) + ¢c3 - cz2Cny (€))

Let G* be equal to 2. This means that we have a space of
three dimensions: c¢3,c2/y. Following from the mathematical expres-
sions, c2 may vary only between 0 and 2.

Replacing the Ci* — 2, and o ™ ¢

then O m 2 and c2 =1

and O m 2 and oe = o

The space is cut into
4 and 5 respectively.

planes. Two cases are shown on Figures

c* — 2; c2 - 2

¢1 is greater than ¢2 1if ¢3
2y - 3 1i.e. then the 2nd
method of crystallization is
better compared to the 1st one

ci* = 2; c2=1

*the best one is 3
the second is 4
the third
the worst
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A certain sequence of goodness can be determined by the aid
of Figure 5. What is the situation in a given task? From the opti-
mization, e.g. the 3rd method is derived as the best one. If by
chance the discrete demands would not be satisfied by this method,
a selection can be made between methods 4 and 2, and the task is
now realized economically.

The problem becomes unidimensional when the values of the pa-
rameters are fixed and we have one variable, the final size (Figure
6).

Figure 6

If two variables "are free, surfaces are gained, etc.

The essence of the second method was shown by a simple exam-
ple. The complete solution 1is naturally gained if this method is
applied to the system of demands described in the first method.

The aim of our further activity is to determine the optimum
structure elements applicable for the solution of crystallization
problems.
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PE3IOME

ABTOpamn MpeacTaBfsieTCA CTPYKTYPHO - TEOpUTUMYECHU MeTon Lue
N1ecoo6pa’3aHoOro Bbibopa MexAy pasHbMM Crloco6amy  KpUCTaM3auuu .

B 3aBMCMMOCTU OT KPUCTa/NIM3ALUMOHHLIX 3afad, MaTepuasibHbIX CBO
MCTB 1 pacxofHbix nokaslaTesneil onpefensiinTcsi CTPYHTYpPHbe 3/1EeMEHTHI, MO
CTPOEHHblE M3 AWCKPETHbIX O06BLEKTOB. O-mpenensieTcs o06/1acTb MNepPeMeHHbIX
napameTpoB, OTHOCSILUXCS K OTAENbHbIM KPUCTA//IM3AUMOHHLIM Croco6aM .

PeweHne o06bscCHSETCA He HOHKPEeTHOM npumMmepe.
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COMPUTER ALGORISM FOR THE SELECTION OF SUITABLE
CRYSTALLIZATION PROCEDURES

M. GALBAVY*, T. BLICKLE** and G. VERESS***

(* Computer Technology and Automation Research Institute
of the Hungarian Academy of Sciences, Budapest
“ Research Institute for Technical Chemistry of the
Hungarian Academy of Sciences, Veszprém
“““Department Team of the Hungarian Academy of Sciences
(Budapest Technical University), Budapest)

An important practical result in the sphere of
system theoretical research of technical chemical sys-
tems is the procedure constructed for the selection of
suitable crystallization procedures. A computer pro-
gramme system was developed in order to make the,prac-
tical application of the formerly elaborated method
easier.

Using the above described computer programme, the
rapid selection of suitable crystallization procedures
and wide-range application of the method become pos-
sible .

In the field of the structural research of technical chemical
systems, the algorism prepared for the selection of suitable crys-
tallization procedures represents a very important practical re-
sult. In order to make the practical application easier, a compu-
ter algorism was developed, and with its use the selection of the
suitable crystallization procedures becomes possible and the
method can be widely applied.



174 M. Galbavy, T. Blickle and G. Veress Vol. 4. Suppl.

The main point of the algorism will be shown through the
following example: how can a crystalline product be produced sa-
tisfying a given demand and what is the suitable crystallization
procedure to realize the task. The problem in structural theoreti-
cal representation is as follows: the optimum structural element
of the structure of the crystallization methods is sought with re-
gard to a given element of the structure of the crystallization
parameters, determined by the demands and material constants.

1. The structure of the crystallization methods is given by the
following four object classes:

- the auxiliary operations of crystallization

A

B - the crystallization procedures
C - the character of heat transfer
D

- the role of the gas

where the elements of A are as follows:

ai - 1indirect cooling

a2 - cooling by evaporation

a3 - cooling by direct mixing of the cold and warm solutions
a,, — evaporation iIn vacuum

a5 - evaporation

a6 - ‘"salting out" by liquid

ay - ‘'salting out" by gas

The elements of B

bi - mechanical mixing

b2 - +tube reactor with rotating screw
ba - fluidization

bn - rotary film

bs - bubble column
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be - foam column
bz - gas geyser
ba - pulsated separation wall

The elements of C

ci - no heat transfer surface
ca - heat transfer through a wall
c3 - heat transfer through an insert (tube)

The elements of D

d, - no gas
da - gas recirculation
d3 — no gas recirculation

Il. The structure of crystallization parameters contain parameters
related to crystallization problems. The object classes for
this task were as follows:

a - mean relative crystal size

B - central scattering of the size distribution

y - the adhesive properties of crystals on the heat transfer
surface

6 - gas resistance of the solution

y - relative economy of the auxiliary processes

where elements of a are the
o

particle size ranges

a8
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elements of S

scattering ranges (through the size ranges)

elements of y

Yi - no adhesive

Y2 - less adhesive

Ys “ adhesive

Yu - strongly adhesive

elements of s

61 cannot be contacted with gas

62

canbe contacted with inert gas

63 - canbe contacted with anygas

elements of y are given by the different possibilities of decision,
e.g- :

WVH = ai the best

Y2 = a2 the best, etc.

In order to generate the structure the relations between the
elements of different objects must be given. These relations cor-
responded to Boole matrices, where e.g. the elements of AD matrix:

1 if there is connection between the elements of

. and dj
ad>ij =

0 otherwise
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So

Iu

(AD) = a«

OFr Opr R O =0
P P PO R PR PR
R P P O P

17

In this manner all dual relations between the elements of
classes are given. The elements of the structure of the crystalli-
zation parameters cannot be given because only a few connections
between the object classes of the two structures are known.

In the concrete task, the following connections were known:

where <onm represents known relations between the object
classes of similar structure
represents known relations between the object
classes of two structures.

A ternary connection (A /1 C="y) also existed among the given rela-
tions so it was transformed by an auxiliary connection - B /1 C = ¢

- to dual relations and the following system of connections were

gained:
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This connection system is described in matrix form:

As it can be seen, some elements of the matrix are absent,
i.e. these connections must be determined as the first step in so-
lution of the task.

Analgorism was prepared that determines the missing elements
by the multiplication of Boole matrices. The multiplication factors
can be read from Fig. 2 on the basis of the connections. For exam-
pie: the relation between ¢ and 6 is not known. We can reach 6
from ¢ through D: (@,6) = ($,D)x(D,6), where x represents the
Boole multiplication of the two Boole matrices.

If the wanted element cannot be reached through a cross mul-
tiplication then similar multiplication of 3 matrices must be car-

ried out, e _g.:
6G.V) = [E.L)X ©CATX Ay)
6.~ X (Ay)
As the connection matrix 1is symmetrical the main diagonal
can be filled out.

Be the following task with the above relation conditions re-

garded:
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It is known that the material

Y3 - is adhesive

63 — can be contacted with any gas

The demand is:

as - particle size

a6 - scattering

We have to determine which is the

A - auxiliary operation of crystallization
B - crystallization procedure

C - heat transfer surface

D - role og gas

that can be applied.

The algorism for the given task is as follows:

ys 1 63 — 1 No

+ Yes

Y3 * 63 —A

Mat(A) * A = B
YaNas=1N¢6 Nas=1 N
1 Yes
Mat(B) * a3 = C
+
Y3n8s=11a3M1s6=11 63N Be

+ Yes

Mat ©) Bg — D @ Print D --——-

N

End

solutions does not exist

-Print C

179
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where A<D is the part of relation matrix. It should be remembered
that ¢ 1is an auxiliary connection to eliminate the ternary rela-
tion. For this reason, following the solutions, retransformation
to the ABCD object classes is neccessitated.

As it can be seen from the flow diagram of the algorism, it
may occur that when introducing a new condition a not permitted
connection is reached (the condition is not fulfilled). In this
case the task is completed by printing the last, still permitted
connection.

The programmes were made on SIMULA language for a CDC-3300
computer.

The connection matrix contained 51 lines and columns. The
missing parts were calculated within 1 minute. The calculation pe-
riod of the concrete example was 22 seconds.

The algorisms can be well applied in practice and eliminate
calculation that becomes very complicated for more object classes.

PESIOME

OAHVM M3 BaXHbIX MPAKTUYECKUX pPe3yNbTaTOB WCCNefoBaHWi CTYHTY-
pbl CUCTEM TEXHUYECKOW XUMUN SBMASIETCA Crnocob Bbibopa LienecoobpasHbixX
KPUCTaNIN3aLNoHHbIX MPOLIECCOB.

C uenblo ob6neryeHnsi MPaKTUYECKOro MNPUMEHEHWs pal3paboTaHHOro pa-
Hee crnoco6a 6b/la cocTaBfeHa BbUWCUTENbHAsS MNporpaMHasl cuctema Ans Bl
6opa LenecoobpasHbiX KPUCTa/IM3ALMOHHLIX MPOLECCOB.

i3naraemass BblMUCIUTENIbHAA MporpavMMa Mno3BOJIAET NPOU3BOAUTL Obl-
CprII7I Bbl60p uenecoo6pa3Hb|x KpUctaslim3aynoHHbIX npoueccos v gaeTt wn -
pOKOe TnpumeHeHne wmeToja.
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OPTIMIZATION OF SALTING OUT CRYSTALLIZATION
Mrs. E. SIMON and R. TOROS

(Research Institute for Technical Chemistry of the

Hungarian Academy of Sciences, Veszprém)

The physical and mathematical model of a salting
out crystallization process is given and on the basis
of its solution by computer a nomogram and an approxi-
mating equation are determined. With the aid of this
equation,knowing the material constants and cost func-
tions, the cost of salting out belonging to optimum
operation can be calculated. The method makes it pos-
sible to compare the different solvents and salting
out reagents from an economical point of view and can
be applied for economical decision making between aux-
iliary operations of crystallization.

The term ‘'salting out" means the generation of crystals by
the effect of a component decreasing the solubility. Applying the
different solubility of compounds in a different solvent and sol-
vent mixtures, the salting out effect can be ensured by adding an-
other solvent (salting out reagent) to the material to be separa-
ted and dissolved in a given solvent and thus the solubility of
the material is decreased. The extent of solubility decrease de-
pends on the quantity and solution power of the salting out re-
agent. For salting out under isothermal conditions, the solubility
of the salt is determined by Equation (Q):

-azx
+ a3 (€D]
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where
cx - solubility of the salt in 100 g solvent

X - salting out reagent-solvent ratio
ai ,a2 and a3 - material constants

In practice water is usually applied as the solvent, while
the most frequently used salting out reagents are the following:
ethyl alcohol, methyl alcohol, isopropyl alcohol ,acetone and their
mixtures. The following viewpoints are usually taken into account

in the selection of salting out reagent:

- it has to be mixed well with the original solvent in the
desired concentration range;

- it has to dissolve the material to be separated as slightly
as possible;

- the salting out reagent must have been regenerated from
the final mother lye (e.g-: by distillation).

The optimization method proposed can be applied for a conti-

nuous series of operational units that consists of a solvent, a
crystallizer and regenerator of the alting out reagent (Figure 1).

W
V - solvent flow
W - salting out reagent
flow
G - mass flow
V+WO

Figure 1

In the solvent Gq solid material is dissolved. The solution
entering the crystallizer contains salt of Gi quantity, the con-
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centration is ¢, and that of the salting out reagent is X, because
depending on the separation even the solvent leaving the regenera-
tor contains salting out reagent. In the crystallizer on the ef-
fect of W salting out reagent Gq crystal is separated. The so-
lution leaving the system contains salt of G2 quantity and the
concentration of the salting out reagent increases to x2. For the
regenerator, the top product is assumed to be clear; it does not
contain solvent.

The cost function for the above model is given by Equation
@):

V+w +w
N = @ + pu Nsz) ——— N ——— @
(6]
The cost is related to the unit quantity of the product and
is assumed to be proportional to the mass of the moving solvent.

¢ ~ cost factor containing costs of solution moving, dis-
solver and crystallizer;
®du - cost factor of separation;

Nsz - as it can be seen from Equation (3) takes into account
the changes in the separation costs depending on the
degree of separation.

XL =X, %2 - X,

00

where
xg@ - concentration of the salting out reagent in the bottom
product for the best possible separation;
Xi - the actual concentration in the bottom product;
X2 - concentration of the salting out reagent in the inlet
solution.
The optimization method used can determine the operational
conditions ensuring the lowest operational cost. In the discussed
model - if the product of a given quantity is produced - two pa-

rameters can be choosen independently: the recirculation of the
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salting out reagent that affects the x2 value and the degree of
separation that determines x1. So the optimization is carried out
according to these parameters.

The quantity of salt separated in the crystallizer is the
following:

Go = G1 — G2 ®@

The input and output solvent concentrations:

C = ———————— = al ® e 32x2 + a3 ®
2 V.+WO+W

where

wo W+ WO
V- "2 v

Replacing Equations (3)-(®) to the cost function and perform-
ing the possible transformations the cost is gained as a function
of xt and x2:

@3 + ——2— _
N oy X4 - xm []13) @ +x2)

@+ X,)(a,-e az*i + 33) A + X2)(a,*e a=X2 + a3)

On the basis of the following considerations, the technical
optimum for x2 can be given. The value of x2 changes depending on
the input ratio of W salting out reagent and with increased x2 the
salt content in the solution changes through a minimum value. From
Equation () the salt content of the solvent:

G2
Vv @a + x ) (a-l*e_azx2 + a3) 1<)
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For its minimum value

-az2x
as M
al e Ca2 1 +V 1] (©)
where Xy Means x2 value belonging to the minimum. So Xy is

constant for a given system and can be determined by Equation (9).
It is not certain that the economical optimum 1is reached at x .
however, with its aid the salting out reagent range in question 1is
narrowed .

In order to transform the cost function further constants are
defined:

bi = a2@ + xM) ao)
b2 = a2(M - xj an
A =** oM - x ) a2

and passing on new variables taking into account X

x2 - x1
O<w<1 3)
X, = X
M
XM - X* 0O<gp<1 @)

xm " *2 + x* “ X

The extreme of cost function given by Equations (10)-(14)
has been determined and the result was the following:

A+ 1 1
y = 1-0¢-n 1-n @5)
y b3n+® b2n
where
n=wa - ¢
aib2
y =N

azx.
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G, - 1b2

Taking into account the possible ranges of parameters in Eg.
(15) this was solved by computer.For different b2 values nomograms
shown iIn Figure 2 were gained. Using these nomograms, - at first -
in the knowledge of the solubility data of the studied system and
the cost functions constants b2, B and A can be determined. The

latter two values give the y valueon the nomogram. Using the
other two nomograms the connection of n and ¢ can be determined
at A and B, and the intersection of the curves marks out the

M - ¢ pair belonging to the optimum cost and from these n and ¢
values the operational x1 and x2 values can be calculated.

The effect of the different salting out reagents on the cost
can be vread directly from the nomogram, because they have an ef-
fect on the b2, B and A values of the material properties.

The summary of the results is as follows: by this method the
i-, , X2 cost belonging to the optimum operation can be given in the
knowledge of the material constants (@l( a2, a3, X, - xm) and the
cost factors (-, ou). Equation (15) makes it possible to compare
the different solvents and salting out reagents from an economical
point of view and can even be applied for economical decisions re-
lating to the auxiliary operations of salting out.



188 Mrs. E. Simon and R. Tords Vol. 4. Suppl.

PES3IOME

ABTOpamMn u3naraeTtcs (*)VISI/I‘-IGCHaﬂ n MartematTundeckada wmMogesnib npouec-
ca. Ha ocHoBaHuM peleHns 3TOol moaesnn, npoeegeHHOro Ha BblYNCIUTENbHOM
MauunHe, COCTaB/iIAeTCA HOMOrpavmma Ww I'IpVI6]'IVI)KeHHoe yYpaBHEHME, C NOMOLUbI0
KOTOpPbLIX - 3HadA MaTepuasibHble MNOCTOAHHbIe W pacxXodHble MnokKa3aTesm - MOX-
HO onpegennTb 3aTtpaTtbl Ha OTCOJ/iMBaHMe Tpu onTuMasibHoM SKCn/lyataunn ..
MeTon no3BoNAET 3HOHOMWYECHW COMOCTaBUTb pa3finyHble pacTBoOpuUTENn U ,
cpegcrtBa oOTcoO/wmMBaHuUA, W NpUMMEHUM NpU  peleHnn o Bbl60pe pa3nnyHbIX Mpo-
ueccos cC 3KOHOMNYECKOW TOUKU 3peHunn .
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STRUCTURE THEORETICAL STUDY OF ABSORPTION-DESORPTION
SYSTEMS SEPARATING GAS MIXTURES

0. BORLAI and E. NAGY

(Research Institute for Technical Chemistry of the

Hungarian Academy of Sciences, Veszprém)

In the absorption-desorption systems numerous
variations of absorbers can be constructed. These va-
riations can be defined by functions. By the aid of
these functions at a given inlet concentration the
exit concentrations can be calculated for any varia-
tion .

The absorption-desorption cycle can be applied for the sepa-
ration of gas mixtures. Such a cycle can be realized, e.g. by the
aid of a dynamic foam layer. In this case, both in the absorber

and iIn the desorber a dynamic
foam layer is formed and the
liquid recirculates between the
two foam layers [1]. The scheme
of the cycle is shown on Fig.l.
In the case of isotherms which
can be approximated linearly
and assuming a complete mixing,
a simple recirculation model
can be constructed. The amounts
transferred according to the

model are as follows [1].
Figure 1
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By the experimental data [2] in the foam layer the mixing is
complete, 1i.e. O < K < "™ _ For this reason Equations (3) and
are replaced by differential equations of second order.

A concentration simplex can be given by the aid of Equations
- (5). Using this simplex - when gas velocities on both sides
inlet concentration are known - outlet concentration of gas
be calculated.

Each absorption and desorption apparatus is dividable in many

layers which can be connected in direct, counter and cross-flow.

The latter is realisable by cross-flow both of the gas and liquid.
With regard to the connecting possibility - leaving out of
consideration the mixed ones - five cases of layer connection are

distinguished. Let aj represent the connection possibilities of
absorbers and aj that of the desorbers.

al or a: layer (no direct-current connection of layers)

a2 or a2 direct-current connection of layers in the absorption

and desorption apparatus, respectively

a3 or a3 counter-current connection of layers in the absorption

and desorption apparatus, respectively

ak or au cross-current connection of the gas phase In the ab-

sorption apparatus, respectively

a5 or ab cross-current connection of the liquid phase in the ab-

sorption and desorption apparatus, respectively.
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The absorbers and similarly desorbers can be connected in
series and parallel. The parallel connection always increases only
the amount (in calculation it means multiplication).

b4 or bi = where there is no parallel connection - the multiplier
is 1.

b2 or b2 = the absorbers and desorbers are parallel connected, the
multiplier is the number of parallel branches, r and r,
respectively.

At the connection iIn series of absorbers and desorbers five
cases of connection can also be distinguished.

d, or 34 = where there is no connection in series (single absorber
or desorber)

d2 or d2 = direct-current connection of absorbers and desorbers,
respectively

d3 or d3 = counter-current connection of absorbers and desorbers,
respectively

d4 or d4 = cross-current connection of gas phase in the series of
absorbers and desorbers, respectively

d5 or d5 = cross-current connection of liquid phase in the series
of absorbers and desorbers, respectively.

The liquid recirculation block can be formed by connection
of absorber or absorbers in series with desorbers or desorbers in
series. The blocks can also be connected parallel and iIn series.
The blocks naturally can be connected through the gas phase be-
cause of the liquid recirculation cycle.

c, = where there 1is no parallel connected block, the multiplier
is 1.
c2 = the blocks are parallel connected, the multiplier is the num-

ber of blocks connected parallel, s.

The cases of connection in series of blocks are the follow-
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g = no connection in series
g2 = direct-current connection of blocks
g2 = counter-current connection of blocks

g« = cross-current connection of gas phase on absorber side of
block series

g5 = cross-current connection of gas phase on desorber side of
block series.

Number of variations when absorbers are connected: a§Xb1th:
= 50, while at desorber connections: a™xb™xd® = 50, i.e. within
the block: 50x50 = 2,500. Teking into account connection methods
of blocks the number of variations: 2,500xeyxgy = 2,500x2x5 =
= 25,000. In the following, calculation of these numerous varia-
tions on the basis of structural theoretical consideration, will

be shown.

An organizing algorithm was developed for carrying out calcu-
lations comprising comprehending all variations and this algorithm
makes the calculation of the outlet concentrations possible in any
variation if inlet mass streams and concentrations are known. The
organizing algorithm is based on the fact that concentration Simp-
lexes can be described from Equations (@) - () and these Simplexes
express the ratio of the differences iIn the inlet and outlet con-
centrations. Equations (@) and (@ were solved for direct, and
counter-current in the case of 0 < K* < < gas mixing, and the lat-
ter solution was used when the algorithm was constructed, because
this solution also involves the case of almost complete mixing.
Very complicated differential equations were gained for gas and
liquid cross-current. These equations are still not solved, for
this reason in the case of cross-current connections solutions of
approximately complete mixing can be found in the algorithm.

The following general equation can be given for the layers
of absorption apparatus:

f.AP + F
3 3 z ®

The meaning of symbols:
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Similar equations can be described for layers of desorption

apparatus, of course,
a.=f.AP + f2
1 11
Connection iIn series

the following equation:
dh = Dh
Similarly for connection

dh = 5h

changing the symbols,

of absorbers can also be

e.g.- a~ = a" etc.

)

described in

®

in series of desorbers:

&)

The symbols used have the following meanings:

dh Dh
d, » 1-a"
> u2
d2 J 1+ o2
Uj — n
2ai
o2+a.
Al .= P2 T
m + da)
/1+p2a 1
1+Th2- (1+p2) (T
Ds =
@ + ¢2)m
dt no connection in series;

d3 counter-current connection;
of gas phase; d5

5h 5h
an - 1
5I\ n 1
d2> o2 + if
mo_ 1
a3 u3 - m 2t
a o2)*aj
ta
11 LV
n. — M + ¢a -
7 - m 1 - m
1 +92
/1+a™paN\T

C+1dr)-(1+7da)
D5 = 4 + 02"

114 .21
(A+Tp2)-A-T10D)
4y + oa"

d2 direct-current connection;

d4 cross-current connection

cross-current connection of liquid phase
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Connecting the absorber and desorber to a recirculation block:

5

E=1+ @+ 02) 0 10
D-D

In the case of connection in series of blocks:

gi  no connection in series ,
> G2 = Ek
g2 direct-current connection”
g3 counter-current connection G3 = (¢1EK - 1)/ @2 —E'<)
q)l + Ki4>1 + EN\k _
g« cross-current connection Gu - Yy, + ~_
of absorber gas phase
gs cross-current connection =N +on)
of desorber gas phase Kp 1

The outlet gas connection to be calculated, if the value of

Gg is known, is the following:
ci in(i+d¢ © +c ; (™ - 020
°lout = ay
1+
ci inQ-06) -c2in @ - 06
c2 a2
out 1 + dad

As it can be seen the 25,000 .variations can be calculated
with the aid of six: equations selected for the given case from 25,
i.e. 1,000 times fewer equations. A computer programme was worked

out and checked for their utilization.
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SYMBOLS USED

a connection in series of layers in the absorber

a connection in series of layers in the desorber

b parallel connection of absorbers

b parallel connection of desorbers

ci component concentration in the liquid phase of absorber
c2 component concentration in the liquid phase of desorber
ci component concentration in the gas phase of absorber

ci component concentration in the gas phase of desorber

d connection in series of absorbers

d connection in series ofdesorbers

e parallel connection of blocks

g connection in series of blocks

h,i,Jj subscripts (@, 2, ...)

K number of blocks connected in series

m number of absorbers connected in series

m number of desorbers connected in series

n number of absorber layers connected in series

n number of desorber layers connected in series

p, g subscripts (@, 2, ...)

r number of absorbers connected parallel

r number of desorbers connected parallel

s number of blocks connected parallel

VT volumetric flow rate ofgas phase in the absorber (m3/h)
v2 volumetric flow rate ofgas phase in the desorber (m3/h)

w volumetric flow rate of recirculating liquid (m3/h)
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Ba SWF
k’F
v’L
F* cross section of gas phase flow (m2)
Fi gas-liquid contact surface in the absorber (m2)
F2 gas-liquid contact surface in the desorber (Mm2)
Hi Henry constant in the absorber
H2 Henry constant in the desorber
K mixing coefficient of liquid (Mm2/h)
K" mixing coefficient of gas (m2/h)
L height of foam layer (M)
Q amount of transferred material (kg/h)
Bi mass transfer coefficient in the absorber (wh)
b2 mass transfer coefficient in the desorber (wh)
Subscripts
in inlet
out outlet
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PESIOME

B abGCOpO6UMOHHO - AEeCOpOUMOHHLIX Fa30pas3ABfsioluX CUCTEMaxX MOX-
HO COCTaBUTb MHOFrO Bapuauuii o6opyfoBaHWsi, MpUHUMAs BO BHUMaHWE Me-
ToAbl CBSI3U MPSIMOrO U MEPEKPECTHOro TOHAa B C/OSAX M annapatax B rase
U XMAKOCTW, W NapaniesibHyl 1 MnocfefoBaTe/ibHyl CBA3b annapaToB. 3Tu
BapvauuM MOXHO 3ajaTb C MNOMOWbH MpHbwero (MpYMEpHO Ha 2 nopsigHa )
uncna QyHkumii. C nomowbl 3TUX (YHKUMIA - 3HAst BXOAHYKW KOHLEeHTpauuio-
MOXHO BbMUC/IUTH BbLIXOAHYK KOHLUEHTpauuio 6ol Bapuauum CBA3N.
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A cost function was interpreted for the absorp-
tion-desorption system. This cost function contains
costs of amortization, gas pumping and liquid circula-
tion. Connection variations having better one compar-
ing to them can be determined and eliminated. In this
manner number of variations for which the cost func-
tion has to be applied decreases considerably.

A computer program applicable for determination
of optimum parameters and selection of the most econo-
mical one from the possible methods of realization was
developed.

The structure theoretical treatment of absorption-desorption
systems to a large extent simplifies functions expressing diffe-
rent possibilities of connection. The 25,000 methods of connection
can be described by 25 functions [1]. The cost functions relating
to different connections can be constructed similarly and knowing
them the optimum connection method at a given concentration ratio
- which has the smallest value of cost function - can be determi-
ned.

In the following, the cost functions, their change at diffe-
rent connection methods and the determination of their optimum
value are presented. The cost function of one layer, then that of
multilayer apparatuses, series of apparatuses, block and series of
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blocks will be given. At parallel connections, if the measurements
of apparatuses are similar, the costs are summarized, i.e, these
connections do not give new cost functions so the four connection
method (direct-current, counter-current, gas cross-current, and
liquid cross-current) mean both on the absorption and desorption
side 4x4 - 4x4 variations. The connection of blocks has 4 varia-
tions, i.e. number of cost functions is 16x16x4 = 1,024. Naturally
this is also a large number and extreme value of cost function,
taking into account the fact that all the variations can be deter-
mined most suitably by computer. There is no necessity, however,
to calculate all the variations, because with the aid of the
treatment elaborated, solutions that were originally uneconomic
can be selected.

The cost function for one layer contains the cost of amorti-
zation, gas passing through and liquid circulation. The cost para-
meter (indicated by sign ¢; determines the cost ratio relating to
the unit of weight of the investigated apparatus) depending on the
characteristic size and thus the diameter and length of apparatus.
It means that, e.g.with increased diameter, the change of cost as
the function of weight is not linear, but the cost changes to a
greater extent. The tendency of change is similar with regard to
the height of layer. This means that the costs for one layer are
as follows:

Amortization cost:

Nam= 201 (@ + aub2)D2+ ?a (@ + a5D2)D2+ ¢3 (@ + a6b)D“(@ + a-,YO)YO (D

where the first member is the cost of the two covering plates
the second member is the cost of the separating element
the third member is the cost of the mantle.
D = diameter of apparatus (m)
Yq = height of layer (M)

As it can be seen in the first two members, dependence of ¢
on the diameter is expressed by ¢ @ + aD2) while in the third mem-
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ber, where amortization cost changes linearly with the diameter,
this dependence is expressed by B (@ + a6D) . The a parameters
are so called penalty parameters, their values depend on the form
and type of apparatus.

Similarly the costs can be given of gas and liquid passing
through, being proportional to the quantities passed through and
the pressure drop in the layer. The function of the costs caused
by the pressure drop 1is not linear, so a penalty parameter can
also be used here.

Similarly the cost of gas passing through:

Ngas = bIV* @ + a20P@)0Pi (&)

and that of liquid passing through, respectively:
Nlig = b2v(l + a31p0)Apo (©)

In Equations (@ and () Ap6é and ApO are pressure drops of
gas and liquid, v, v are the velocities, a is a penalty factor
and bi and b2 are cost ratio of energy.

Taking into account the above mentioned, a given operational
and connection method can be constructed from the cost function of
one Jayor. It has to be taken into account that the cost of gas
and liquid passing through and that of amortization also change
depending on the connection.

Generally, taking into account the connection methods, the
following cost function can be given:

N=2p., (D2+a«D“)mkmlki+(p2 (D2+a5D *)nmkmlki+e 3 (D+a6D2) (Yo+aiY2n)nmkm. ki +
+b vTApE @B+oda)5a2Apg)ubm 1ki+b2vApo (wlw2+a3Ulw!Ap0)KTIK1 +
+2( 1 (D2+&uD *)mkmi K i+d2 (D2+45D “)nirkin-1 ki + 3 (D+a6D2) (YO+ai Y|n) mkiii-, ki +

+biv "Op™ (W3+bi«wSa20Pa Ywemiki +b2vAp0 @ W2+a3w Lw24p0)kmn-ik-i

n = nurwer of layers, m = number of apparatuses (m = connected in
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series, nH = parallel connected), k = number of blocks (k = con-
nected iIn series, ki = parallel connected).

The cost function also contains costs of the desorption side.
The © and ®bvalues inthe cost Tfunction, which in all cases
are determined by number of layers and apparatuses are positive
integers with exception of one connection, and change depending on
the connection of layers,apparatuses and blocks, respectively.
The © and wvalues are shown inTable 1. Values of the connec-
tion of blocks are also given in the Table 1.

Table 1. Values of 1 at different connections in the case of
absorption

(The 1 values relating to desorption are equal to the adequate D
values, while instead of n, values of n and m have to be given)

\ apparatus direct- counter- gas cross- liquid-cross-
layer\ -current -current -current -current
direct and el =0 0 0 0

022=20 0 0 0
counter- @B = nm nm n nm
-current ©* = n2m2 nZm2 n2 n2m2

m m m 1
counter- n n n n
-current nm nm n nm
n2m2 n2m2 n2 n2Zm2
0 0 0 0
gas cross- 0 0 0 0
-current m m 1 m
m2 m2 1 m2
m m m 1
liquid cross- (@ + n)/2 @ + n)/2 @ + n)/2 @ + n)/2
-current nm nm n nm

n2m2 n2m2 n2 n2m2
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Connections of blocks

direct-current : ©5 = K 05 = K Bym Oy = <
counter-current : ©s =K o8 = K W5=K Bym
abs. gas cross-

1
=

ws = 1 o Bes m wB = K

-current:

des. gas cross-
-current G

K 0 = K 0)s — 1 '0'36-&

The optimization essentially means the determination of the
connection method at given n, n, m and kK values giving the smal-
lest concentration simplex, 1i.e. from the view point of the mass
transfer, is the best and at the same time operational costs must
be minimum. As it was mentioned, with the aid of this method, con-
nection possibilities, which are uneconomic or do not satisfy the
technological demands, can easily be selected. As examples some
ideas are mentioned:

a) the cost of gas passing through is the smallest at gas cross-
-current, for this reason this connection method can be ad-
vantageous with technologies having a low gas lifting height,
e.g. FTlue gas.

b) The cost of the liquid passing thréugh is zero at the chan-
ging connection and at the gas cross-current connection.

c) The amortization cost can be compared 1in a simple manner
with the energy costs. The application of a smaller diameter
assumes an increased length. The optimum values of the dia-
meter and length are evidently determined by the ratio of
the energy cost and amortization cost.

Similarly to the aforementioned, numerous other economical
and technological points of view can be taken iInto consideration.
So optimization must be carried out only for the remaining varia-
tions of connection.

Let us design the functions to lje studied separately for the
absorption and desorption side:
Na = Fa (n,m,k)
Nd Fd (n,m,k) (®)
(1] Fq (,n,m,ffi,K)
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where ¢ 1is the ratio of the difference between the outlet and
inlet gas concentrations.

From parameters in the cost function and concentration sim-
plex, the outlet concentration at the absorption side determines
the outlet concentrations at the desorption side, because a block
means a closed system for the liquid phase, 1i.e. if n and n are
regarded as independent ones, then m determines the value of m.

Taking into account the aforesaid, optimization can be car-
ried out according to the following principle. At first let us op-
timize the number of layers. At the given m and k values, that
of ¢ concentration simplex and cost functions are determined as
the function of the change in the number of the layers. From the
gained connection, the selected methods ensure the lowest opera-
tion cost at the given ¢ value. A similar procedure is also fol-
lowed at the desorption. Thus the minimum values of n and n are
gained at given m and «k values. Now the cost function contains
only m and Kk as variables:

N =Na (mk) + Nd (m,k) (@)
m m

The optimization is carried out similarly to m and k. Thus
the connection method, carrying out the given task with lowest
cost, 1is gained. Minimum values of single variables, however, were
determined at arbitrary fixed values of the other two variables,
so there is no certainty that the ratio of n,n,m and K is optimum.
For this reason a controlling calculation has to be carried for
this connection method by changing the values of n, n, m and k.

PESIOME

icTtonkoBbiBaeTcA pacxogHasi (yHKuus ans abcopbuuoHHO - gecopbum-
OHHO raaopasfe/iMTeNlbHOW CUCTEMbl. 3JTa pacxogHash (YHKUMS COAEpPXUT 3aT-
paTbl Ha amopTM3auuiw, Ha NPOroH rasa u UUPKYSUuK XMAKOCTU. MoxHO on-
pefenuTtb U 3IMMUHUPOBATb BapuaHThl CBA3M, Jlydlle KOTOpbIX BCEerga MOXHO
HanTn. Takum o6pa3om 3HaunTenbHo (MpuMepHO Ha 1 MopsgoK) yMeHbliaeTcs
UMC/IO0 BapuWaHTOB, 4711 KOTOPbLIX HYXHO MPUMEHATb PAaCXOAHYKH (YHKUMIO.-

Bouia BbipaboTaHa nporpamma A/ BblUMCAUTE IbHOW MaWuHbl, MNPUMEHU -
Mas Ans onpedeneHnsi onTWMasibHbIX MapamMeTpoB U A/ Bbibopa Haubonee 3KO-
HOMMYHOIro crnoco6a K3 BCEX BO3MOXHbLIX MPU [AaHHbLIX YCOBUSIX -
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Assuming incompressible sludge, the cost func-
tion was defined for immersed multicell vacuum filter
with outer Tfiltration surface.

Basic Tfiltration and balance equations valid for
the given system are summarized in a form being most
convenient for the construction of cost function.

Having defined the cost function an optimum was
determined as the function of pressure drop during
filtration. Relative costs are expressed from this
cost function, which relate to the amount of slurry,
filtrate and sludge, respectively.

The application of rotary drum filters 1is not only widely
used in the chemical industry, but also in other industries (e.g-
paper-making, and waste-water treatment, etc.). The types of rota-
ry drum filters can be categorized into three mean groups: gravity,
pressure and vacuum rotary drum filters. Among them, the use of
the rotary drum filters 1is the most frequent, therefore the cost
function of this Ffilter type is reviewed here.

Many different rotary drum vacuum Ffilter designs are known
and their operational characteristics also influenced the develop-
ment of costs, therefore, as a preliminary it was reasonable to
fix the characteristics of the system studied.
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For the design of the filter, the following suppositions were
made: the filter medium is equipped on the external surface of the
drum, the drum is a multiple compartment, and is an immersed type
(no top Tfeed Filter) . The type of the cake discharge mechanism
(scraper or belt type dischargers) does not play a significant
role.

From the point of view of the operational features it is as-
sumed that the filter cake is non-compressible and that the filtra-
tion is carried out by a common Ffilter medium (without precoating).
Taking into consideration the fact that if the cake or the filtra-
te is a precious product, the final formulas are expressed separa-
tely and the cost function is also expressed with reference to the
amount of the slurry to be filtered. The matter of washing was not
studied, but on the other hand, the influence of the flocculation
could be considered by means of the characteristic particle size.

The basic relationships valid for this system are as follows.

The Ffiltration time is

T = 368n @)
where n is the number of revolutions of the drum (I/s)
a 1is the immersion angle (grade).

The amount of filtrate Iis:

D ®itea
v 360 @)

where D is the diameter of the drum (M)
p 1is the dynamic viscosity of the liquid (kg/m s)
£d is the length of the drum (m)
Op is the pressure drop the filtration (N/ml)
C 1is a filtration coefficient (1/m2)

In the most general form used in literature [1, 2] the fil-
tration coefficient is:
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2

where K 1is a coefficient depending upon the porosity and the
sphericity of the filter cake and the characteristic particle size:

K = —==-= — @

where e is the porosity of the cake (@M3/m3)
P 1is the sphericity (Mm2/m2)

dg is the characteristic particle size (@)

and
N
Kx - o
@ -e)yps@ - ¥ - ePjX
where x 1is the solid concentration in the sluer (;(’\ s?lid n
g Slurry

pE is the density of the liquid (kg/m3)
Ps is the density of the dry solid material (kg/m3)

Relying upon these findings, 1if the dependence on the cha-
racteristic particle size 1is to be considered, the filtration
coefficient can be written in the following forms:

%)
or
(G2))
where
and
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Taking into account these findings the filtrate capacity is:

hpdl
L= % fd » Ay mu. @
where is the filter area of the drum (m2).

The produced (dry) cake capacity is given by the next equa-

S=Fy<=Zy =n =p, A -9 ®
where ti is the thickness of the discharged cake (m).

Assuming that the solid content of the filtrate is zero (ac-
cording to RUDOLF [3] the solid content of the filtrate ranges in
an order of mg/m3) the material balance for the solid material and
the Tfiltrate will be:

ZX =58 [©)
ZA - X) =L pt+FD ol en £ (10)

where Z is the fed capacity of the slurry (kg/s).

On the basis of these, the thickness of the cake deposited
on the drum will be given by the next equation:

L r X e

an
FR-n L@ - e)ps@ -x) ., t]

Developing the cost function, the filtration pressure drop
Op is chosen as a basic variable, since drawing the two components
of the cost as a function of [p (the annual depreciation of the
capital cost and the annual operating cost) their changes show op-
posit trends (Figure 1).

The capital cost as a function of [p has a decreasing ten-
dency, since a higher pressure drop will result, working out a
given filtration job, wusing a filter with less filter area. The
annual operating cost has an opposite tendency as a higher pres-
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sure drop requires a vacuum pump with higher operating cost. (Ac-

cording to PURCHAS [5] the total operating cost of the rotary drum
vacuum Filter is dominated - at
least to an extent of 70 per
cent - by the operating cost
of the vacuum pump). Taking
into account that the ultimate
pressure drop, even theoreti-
cally, can at best be equal
with the atmospheric pressure
@Y the operating cost func-
tion, at a point of [p = pQ,
tends towards infinity under-
lining, of course, only in the
case of rotary drum vacuum Ffil-
ters .

- Respecting these consid-
Figure 1

erations, the cost function
will be as follows:

K =N, - a2

where N, is the annual depreciation cf the capital cost (without
considering; ar.y interest, but this point does not in-
fluence the theoretical development of this method).

a

and expressing F.. from: Equation (7)

K€t L / V.
: 7390 (132
t Jn Ngp d* V a

where K, is the cabital cost of the rotery drum vacuum filter
per quadrate meter (Ft/m2)

t is the time of depreciation (years)
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In the formula the capital cost of the drum filter is taken
as a linear function of the Ffilter area. It is not certain that
this supposition is absolutely correct, but the dependence of k.,
on Fq cannot be so divergent from linear that this approach would
be unacceptable. For example, on the basis of PERRY"s data [4]
k, 4608 Fd + 3,000 ($).

The annual operating cost is:

N = —omomm o F 19

and
(o - Op) Jn Yop da a

where K2 is the annual operating cost of the vacuum pump with re-
ference to the absolute pressure affecting in the suc-
tion duct of the vacuum pump and the filter area:

Ft —2- (absolute pressure in the suction duct)
K2 = ——— 2 - — B -

year X m2 (filter area)

The cost coefficient K2, 1in addition to the dependence on
the highness of the vacuum, also depends on the extent of the fil-
ter area, since the required volumetric delivery of the vacuum
pump is propoertional to the filter area. According to PURCHAS
the delivery of the vacuum pump ranges between the values of 0.3
and 1.5 m3/min*m2 filter area.

In accordance with the above findings the cost function is:

€3

From Equation (15) by extreme value calculation the optimum
pressure drop is:

AP opt @16)
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Substituing it into Equation (15):

Finally referring the cost function to the amounts of slurry,
filtrate and cake:

Nip m . K2

z - By
Nm m

S

Developing this calculation method the fact was neglected
that the filtration pressure drop [p 1is made up of two parts:
the pressure drop oi the cake and «the pressure drop of the drum
which substantially 1is a constant. If this negligence is not ac-
ceptable, then the two parts of the pressure drop have to be se-
parated and the optimizing procedure has to be made according to
this. However, this does not create any mathematical problem.
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PE3IOME

ABTOpamn 6bila paspaboTaHa pacxofHasi (QYHKUUS A1 MOTPYXEHHOro,
MHOFOKamepHoro BaKyymMHOro, 6apa6aHHOro ¢unbTpa, C BHEWHEN (QUNbLTPYH-
ek NMoBEepXHOCTbI, MpPeAnosiarasiocb, YTO WAaMm HEOWWAAEM.

N3narawTcsi OCHOBHbe ypaBHEHWUs (QUbLTPOBAHUS AeliCTBUTESIbHbE AN
[aHHOI cucTeMbl 1 ypaBHeHUs1 6GanaHca B Buie, YAOGHOM [/1si COCTaB/ieHUs]
pacxogHOW (YHKLMM .

CocTaBMB PacxXOfHyl0 ¢yHKUMIO, aBTOpbl OnNpefenuv OnTUMYM pacxo-
[OB B 3aBUCVMOMTWU OT NajieHUst fAaBfieHWMs1 Npu (QUIbTPOBaHUM, a MNoToM W”3
NMo/fly4eHHOrOo TaHUM 06pa30M YpPaBHEHWS OMpeaesnsnT YyAefbHble pacxogsl Ha
eAuHNLY KOMM4YecTBa Ny/bhbl, (QuAbTpaTa U Wiama.
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STUDIES ON COMPLEX SYSTEMS
T. BLICKLE*, K. SEITZ** and Mrs. E. VASANITS-VARGA*

(“Research Institute for Technical Chemistry of the
Hungarian Academy of Sciences, Veszprém
“ Budapest Technical University)

In a complex system two chemical works producing
similar final products are studied.

The changes occurring in the system are described
by adequate mappings containing cost functions.The re-
sultant mapping of complex systems is determined by a
series of mappings to which the profit of the whole
system belongs. The optimum graph of the complex sys-
tem can be constructed if the values of the indepen-
dent mass flows are changed by a computer so that at
given cost factors the profit of the system has a ma-
ximum value. The advantage and applicability of the
constructed algorism, e.g. for studying investment and
development activities were also examined.

The system to be investigated consisted of two factories pro-
ducing the same final product. The changes in the material proper-
ties, the states within the system and outside, and the geographi-
cal displacement relating to the complex system were studied. The
outer system is formed by the purchase of the raw material and the
sale of final product. In the inner system, the technological map-
pings and the possible transportation between the two factories

were investigated.

In the system the changes are described by mappings contain-
ing the cost functions. The series of mappings gives the resulting
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trapping of the complex system and the profit of the whole system
corresponding to it. The goal of Investigations was to determine
the optimum set of the complex system that gives the maximum pro-
fit.

1. The general determination of mappings
The changes in the elements of three object classes studied

in the complex system are described by the appropriate mappings
(see Table 1).

Object Elements
of object Change Mappings
classes classes
A ap: va: la:
materials technological technological
change mapping @
L Li: transportation v
- between the fac- -
geographical tories L1 - L2 mapping of
places transport (@
0 0l : Oa - 01 : 1.:
state within purchase of raw mapping of rai
the system material material pur-
chase (@)

02 : o1 ” o2¢ Ld 1
state outside sale of finai mapping of fi*
the system product nal product

sale

The N specific cost function belonging to the given change

can be corresponded to the mappings.

The. mappings in Table 1 can generally be given by the (1)-(4)
expressions :
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a) the technological mapping

ni(a-t,LiOI) o n2(aa,Li ,0i)
1, =V, 9, a - Na(ga) @)
_ N3 @3,k .01 ) o nil (@ ,Li ,01)

where ga is the largest common divider of the adequate mass
flows}

—Na_ (ga) the technological operational cost depending on the
mass flows; it Is negative;

b) the mapping of the transport

a-tL-101
Xb = gb - - Nb = - Rbgb @
all201_
where g° the transported mass flow
-\~ the cost of the negative sign for the transport that
depends linearly on the mass flow (see transport

cost factor).

c) the mapping of raw material purchase

a-|Li0a
1. - - NC (gc) BcR: (©)
— 21L101
where e quantity of raw material;
—NC the cost of the negative sign for the raw material
purchase;

specific price of raw material;
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d) the mapping of final product sale

a3Ls0t
14 — Nd = edgd @
aslioz
where quantity of final product;

the positive selling price of the final product that
changes linearly with the quantity of the final pro-
duct ;

By specific selling price of the final product.

The resulting mapping of the complex system contained only
those raw materials and final products that are in o2 state, 1i.e.
outside the system.The resulting mapping-, at the same time expres-
sed the profit of the whole system that arose and the result of
the single costs. In this manner the law of mass conservation is
valid for the complex system: the result of the mass flows for all
the structure elements being Iin oW state, i.e. within the system
will be 0. As a consequence of the fulfilment of conservation law
values of single mass flows can be expressed as a function of the
free mass quantities from the algebraic equations described for
the mass flows of different structure elements. The goal of opti-
mization for the complex system 1is to determine by computer algo-
rism the g~(opt) optimum values of the free mass flows that ensure
a maximum profit for the complex system.

2. Application of the organizing system

The complex system discussed in this paper consists of two
nitric acid plants operating at two different L-, and L2 places.
During the preparation of the organizing programme it was suffi-
cient to give only the 1la technological mappings because from
these all mappings automatically resulted. For the raw materials
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of technological mapping (1), the mapping of raw material purchase
@ and for the products, the mapping of final product sale @
must be given. The mapping of transport (2) must be described for
the final product of the technological mapping relating to the
first plant and for the raw material of the technological mapping
of the second plant. So all mappings needed for the optimization
of the complex system are gained together with the adequate cost
functions.

Then according to the fulfilment of the law of conservation,
the suitable mass flows are expressed as functions of the free
mass quantities by the collection the structure elements contain-
ing Oi. The optimum mass flow values belonging to the maximum pro-
fit of the whole system are subsequently determined.

The advantage of such an organizing system construction is
that any change can be investigated later by additional adequate
mapping without the reconstruction of the whole organizing system.
The effect of any cost factor affecting the profit of the complex
system can be determined simply by the constructed organizing
programme. Thus the effect of the price change for the raw mate-
rial and final product can be followed with attention and the pro-
duction can rapidly be retooled to optimum mass flow adjusting to
the changed cost factors. In addition, the economical system is
applicable for preliminary economical calculations in the case of
a given development or investment problem.

Furthermore the prepared organizing programme can be used 1in
the study of another complex system being of isomorphous mapping
comparing to the studied system.
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PE3IOME

B cnoxHoli cucteme aBTOpbl M3ydHasin ABa XUMMNYECKUX 3aBoda, Mpon3-
BOAAWNX TOXAECTBEHHble KOHeuYHble MNPOAYKThI.

N3vMeHeHVs1, npoucxofsiime B CUCTEME OMUCHIBAWTCSH COOTBETCTBYHWUMY
N306paxeHnsaMn, CcoAepxaumMu pacxogHbie (yHHUUM. CymmapHoe oTo6paxeHue
nonyyaeTcs u3 psifja OTOOPaXeHWid, ConpshkeHMeMm MoMb3bl Bceli CUCTeMbl,B Le-
noM. OnTuMasibHas 4YacTb CJ/IOKHOW CUCTEMbl MOSyvyaeTcsl, €ec/iv fnporpavMma u3-
MEHSIET 3HaueHue CBOGOAOBLIGPAHHLIX TOKOB TaH, 4UTOOb MOMb3a CUCTEMb GbUia
MaKCUMasibHO, MNpU [AaHHbIX pacxXOoAoBbiX MapameTpax. W3naraeTcs npeumyuec-
TBO W MNPUMEHUMOCTb BbIPAGOTAHHOIrO airopugva, Hanp. B C/ly4Yyae W3Yy4YeHusi
npo6seMbl pPasBUTUSE U UHBECTUDUKALUN -
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