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SIMULATION C)F DISTRIBUTED SYSTEMS IN 
CHE:MICAL ENGINEERING 

s. Bay Jergensen and M. KUmme.l 

Chemic:al Engineering Department, 
The Technical. University of' Denmark 

Lyngby, Denmark 

.1. Introduction 

In studies of the dynamic perf'ormance of' critical units in 

chemical plants it i~s of'ten neccessary to make due regard to 

the distributed natUJ~e of these systems. ~s involves mathema­

tical mode.ls ~'£ siuroULtaneous partia.l diff'erentia.l equations or 

f'or staged systems a number of' ordinary (or partial} dif'f'eren­

tial equations, which must be solved '£or the relevant f'orcings. 

In the case of' flowf'c•rcing which involves at .least dynamically 

non.line~r mode.ls l.ili«tarized·-·model.s . ·have been used .most o£ten. 

Solution of' .li.nea:~~ized mode.ls in the f'requency domain are 

straight f'orward and has been the most commonly used method. 

Solution in the time domain has mainly been accomplished by use 

of' lumping techni.que~:J. This has· particularly been done on digi­

tal computers which are rather s.low and create stability pro- . 

b.lems which have liurl~ ted the number of' sections used in the 

spatia.l dimensi.on. Ana.logue techniques have not been much in 
.1-4 . 

use presumably bec:ause of' . the amount of nonlinear gears re-

quired '£or simu.latiotl of' '£low forcing. l-1any au~h!.ors have been 

interested in the sol.ution of' these models by lumping. techniqW$ 

but very few have in,restigated the accuracy ~'£ the so.lution 
6 '7 • 

Although there has bE~en publi·shed studies · of' the dynamics of' 

distributed chemical systems on.ly a few papers 
8

• 9 discuss 

some genera.l aspects of' distributed systems. 

In the present paper a broad terminology for chemical engi­

neering systems is rc,ugh.ly stated and the mathematical models 

for a large group of' systems are introduced • . Simulation of' 

these models .is discussed and a special analog COIDJ?Uter presen­

ted. The error of' thE~ simulation is investigated by means of' 

t he moments of' the f'.low delay impulse responses and the devia­

tions in the frequenc:y characteristics are estimated. 

2. System modelling 

In the present paper is f ocused upo~ s y stems wi t h two conti­

nuously f lowi ng material s wh ich o nl) exchang es· on e quantity 



physicul.y and vi thout chemicu reaction. These l.imi.tations are 

imposed to simp1if1r the ~o11owing presentation. The concept can 

easily be generalized to systems with weveru changing quanti­

ties and/or materieL1s. 

In ~ig. l is shown a general. mo~ ~or a system where the 

physical transport is assaned to take place through tho bounda­

ry 2 (numbers are shown on the ~igure) between the ~loving mate-· 

rial.s 1 and J. This boundary can be the boundary be'tveen tvo 

phases as in gas absorption or· it can be more complex as a va11 

wit.h two boundaries to the ~loving materius as in conventiona1 

heat exchangers. The system model. can be subdi,vided into the 

following el.ementss Flow element, which constitutes one ~loving 

material.. There ciiDt two of these in fig. i (l. and J). Coupling 

element .. s Through whliCh the quantity transport occurs. It has 

one boundary in common with fl.ov el.ement 1 and one vi th flow 

element J. The quantity exchange on the boundary between a flow 

element and a coupling el.ement ~ named tbe coupl.ing process. 

With this term.ino~ogy it is si.mpl.e to describe the systea 

operation in a bl.ocdiagram. Here each element constitutes a 

bloc, the vertical. arrows symbolise the coupling processes and 

the in- and out-fl.o·ws o~ material. are shown by ho·rizontal. ar.,.. 

rows. The flow directions in ~low el.ement J a~e shown . to be· 

either eo- or count,er-current, as in fig. 1·. I1' we use ~ siJW,e 

pass counter current double pipe hea~ exchanger as an exampl.e, 

sP.e fig. J for numbering, .She O.pera,.tion 1 · pr.:b~,~:±pl.ea:.J U6 ai.~~7 

stated by means o~ the bl.ocdiagram in ~ig. · 2. I~ the capacity 

of the outer wall. i .s significant then there al.so occurs heat 

trans~er £rom £low element .J to the passive eoupl.ing element 4. 
This is added in· £ig. 2. vi th dotted lines. This terminology has 

prove~ practical in connection with distributed and staged 

systems . 

Formulation o£ mathematical models £or specific cases ~o1-

1ows directly £rom the balance £or each element. The dynamic 

models are £ormu1at,ed £rom the assumption that the system is 

disturbed in a stationary state. This specifies the initial. 

conditions. 

The £o1lorlng sy:stems have been studied. System Is The po­

tential. in one of the £low elements is assumed independent of 

the potential. in th'eJ}~gt; element. An example is the conc:ien­

i n g vapor-liquin 'l•eat exchanger. For the other systems 
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the potential.s of both fl.owel.ements/:i":umed mutua11y dependen t . 

This gives two situa·tions: System II: Cocurrent fl.ow and system 

III: Counter- current fl.ow. Exampl.es are 1iquid-1iquid heat ex­

changers (both II and III), gas l.iquid absorption (III) and gas 

1iquid . f1uidized beds (II). Note system I is a l.imiting case 

for both II and III. 

Mathematical. model.s :for the system el.ements. 

The mathematical. model.s for the coupl.ing process, the coup­

l.ing el.ement and the fl.ow el.ement are formul.ated under the addi­

tional. assumptions: 

1 • . The coupl.ing· :process is l.inear; or l.inearized. 

2. The transmission coefficients are independent of the 

potential. and the fl.ow vel.ocity. 

3~ The . physical. properties of the materials are independent 

of the potential. • . 

4. AXial. mol.ecul.ar· transport ~ _the coupl.ing el.ements is 

negl.igibl.e. 

5. The condition in the f1ow el.ement is described by at 

most one space di.DJension. 

Vi th the coupl.ing· processes specified,. the mod~11ing probl.ems 

for the fl.ow el.ements - are essential.l.y .hydrodynamic. In the pre­

sent paper --~· ,. three different descriptions of the fl.ow picture 

·are' 'd:isc:u:ssed: 
The pl.ug :f'l.ow model. (PFM), 

the axial. dispersion model.· (ADM), 

the staged model. (STM), i.e. compl.ete mixing and con­

stant capacity on ea.ch stage and no fl.ow del.ay between the stages • 

... ·The mathematical. model.s are shown in fig. 4 together with mo­

del.s for the associa.ted coupl.ing el.ement, when this has a finite 

capacity. The time c:ons tan ts T i j are d~fined . on basis of fil.m 

transmission coefficients. When the coupl.ing el.ement capacity i s 

negl.igibl.e, the dyna~c model. for this vanishes and ~ij in the 

model.s for the fl.ow el.ements are defined on basis of total. trans­

mission coefficients:. 

The inl.et conditions for the 

that the bal.ance ovetr the in1et 

ADM is used the i~et condition 
au1 \Q , 1) 

l.et condition------- = o. Fan 

fl.ow ~l.ements are in al.l. cases 

is satisfied at a11 times. For 

u
1

(Q,o-) = u1 (Q,o+) and the out-

and Ahn9 have shown that there a r 

onl.y minor diffe~~nces in the frequency characteristics for dis-
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turbances in inlet potential between these simple boUndary co~­

di tions and more sop•histicated .ones when Pe is larger than 20. 

When the models ~or the elements have been derived the mo­

dels ~or the complet.e system are easily ~ormul.ated by combina­

tion. The mathematical models ~or the three mentioned systems 

are shown in ~ig. 5 .. for PFM. The model.s for ADM and STM can be 

~ormulated by analogy. The resul.ts of the simul.ations vil.l. be 

compared to linearized frequency characteristics for PFM and 

STM. These have been computed from linearized modifications o~ 

the mathematical model.s. 

3. The special. anal.o,gue computer 

The special. analogue computer is designed to simul.ate STM 

with · forcings i~ i!ll ~et : potential.s and fl.ow velocity. The prin­

ciple ~s described by Knmmel.4 • The hardware described has been 

improved. Especial.ly the buffer ampl.ifiers which now have 0.995 

as mean vol.tage gain. 

In preparing a siJnul.ation PFM and ADJ-1 model.s must be conver­

ted to the equivalent STM model.s by discretization of the con­

t~uo~sposition variable. The derivatives are approximated for 

PFH by a backward fiJr-st order di~~erence quotient which intro­

duces truncation errc>1~s o(l/N). For ADJ.l Coste, ~Ru4d arid .AJzsmund­

A9n .10 . ha~e shown that by using central. dif~erence quotients 

it is possibl.e to rearrange the model into an equation where 

the first derivative is approximated by a backward difference 

quotient. Here the coe~ficient to the second order dif~erence 

quotient vanishes by the extra dispersion introduced when 

N= Pe/2. This modei simul.ates ADM with an truncation error 

o(l/N2 ), which is much better than for PFM. 

From the equival.ent STH, the electrical. model for the simu­

lation and the system parameters are the analogue parameters 

determined when the maximum velocities, the ratio between the 

velocities and the tj.mescale have been sel.ected. 

4. Erroranal.ysis 

The use o£ this simul.ation £or solution o£ other £low mo­

del s than ST:t-1 introduces the mentioned truncation e-rrors. The 

nature and significance o£ these will be analysed on the basis 

of moments o£ the f'lOl\' delay impulse responses £or the three 

o en t i oned systems. 

Th e i n v estigations a re c a rried out f'or all the systems trans-
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port dela y transfer functions. These are preferred because they 

are common to all distributed systems and determining for the 

system dynamics. Further - t he approximation in the simulation :is 

caused by lumping of the continuous delays. 

The 

r.: . . 
~ 

i'th moment is defined as: 

r= Qi U(Q,l)dQ 
0 

J" U(Q,l)dQ 
0 

1 
'M 

o· 
r= 

0 

(1 ). 

where. !·f
0 

is the zero' th moment. These .-C"all be computed from the 

transfer function q ( s) a s_ shown by van der Laan 11 • In the pre-

sent connection ' the following moments &Ee ··used: 

The zero 1 th moment: 

M = G(o) 
0 

The f'irst moment about the origin: 

_Q.W 
G{OJ 

[ ' Q U(Q)dQ 
o,_, ____ _ 

Ja:' u( Q )dQ 
0 

and the second momernt about the mean: 

2 
0 

Q.W_ 
G(OJ 

flli)] 2 

lG{01] = 

(2) 

(J) 

{4) 

The errors in the u~ments wi11 f'or the static gain and the 

mean be computed as relative errors and given as percent: 

= 
I - I 

SD·1 ORG • lOo% 
IORG , 

(5) 

The variance, howeYer, <.:ts · of'ten close to zero f'or PF!-1, in 

these cases - ru.,_ absolute error :hs .:tised 

( 6) 

These errors r epre!1ent t he deviation s i n the frequency cha­

r ac t e r i -stics f'or t h P ·various·: ' f'orcing s . The rela tion f'o r 

syste m I has been eval.uate d . For t he c omplex systems have com­
that 

utations f'or sys te I I shown/a simil ar r e lation apparently 

ex i sts. The c o rrespondence for sys t e m I b etween t he moments and 

the flow delay transf'Eir :f'unction is: EG i s equ.al to the error 
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in the static gain, E is equal to the error in the time de~ay 
~ 

and E correspond~' to errors in the ampl.i tude characteristics a 
and to a smal:l;ar d9gree also in the phase characteristics, which 

occurs at mediWD and ~gh f'requencies. 

The corresponde~ce between the moments and the t'requency cha­

racteristics f'or the distributed t'orcings-.:.i:s: A l).egri.tive EG 

lif'ts both the amp~itude and the ~se curve and reduces · the 

oscil.l.ations (see l.ater) iD ~th • .A. negative E displaces the 
u 

curves against hig~er t'requencies. E introduces s~ errors 
a 

at medium £requencies and spepiall.y reduc.es ~t amplitude iD 

the oscil.~at.ions i .n bo.th ctirves. This means/the medi.WD val.ue is 

aLmost correct. IDL designing the number ot' sections t'or a spe­

cit'ic simulation .it is iD concl.usion necessary to reduce t.irst-

l.y EG. and E and secondl.y E • In this way :the tist:t:ilitu't.eCi::.~s-. u cr 
£.er:f'Dacti.ona-+- ·ar.e:..: simulated with nearl.y correct mean val.ues, 

whereas oscil.l.at.ions are damped and the t'l.ow de~ay l.ess accurate. 

s. Resul.ts t'rom computation of' the moments and discussion 

First :· .- the coupl.ing el.ement capacity in system I ::L•-:u.ecl~ted 

and the errors in simulating ADM as an equival.ent STM and PF!-1 

as an equivalent snt investigated. Next - ·· the negl.ecti.on ot' 

the coupl.ing el.ement capaci t~~~ysed t'or the PFJ.f-STM relation. 
is 

Finall.y _ .: the coupl..ing e~ement capaci ty/negl.ected in the co.-.-

p.lex systems II and III and the errors iD simul.ating PFM as 
equivalent STM ana.l.ysed. 

The negl.ection of' the coupl.ing e.lement capacity simpl.it'.ies 

the representation of' each t'l.ov e~ement to one dimensionl.ess · 

parameter et which is a modit'ied Stanton number, where total. 

transmission coef'f'.icients are used instead ot' t'il.mQoef'f'icients, 

mul. tiplied by a geometricall.y dependelilt: constant. This is t'or 

circular and square tubes . 4 • ~ • The range for this number 

is apparentl.y between 0 and 10, where zero represents a pure 

transmission system. However, f"or most operating equipmen:t is 

et lower than 5· 
5.1. System I. 

· The moments of' .ADM with the mentioned boundary conditions and 

the equivalent STM: !'low delay impulse respon.ses are shown in f"ig. 

6. In f"ig. 7 .:the rel.ati.ve .. errors·· ara shown as a !'unction of' 

ct/Pe • The static gain is here computed in dB and ·pe assumed 

larger than 20. Note E reaches a maximum and then decreases 
t; 



9 

rapid1y, whereas EG rund EU are monotone ~unctions. 

The moments o~ PFH ~or systems with rund without coupling ele­

ment capacity are . sho·wn in ~ig. 6. 

The errors in the 1gain and the mean ~or neglection o~ the 

coupling element capa.city are shown in ~ig. 8 ~or discrete values 

o~ N. For small et E is rather small, but it becomes remark-
~ . 

able as et > 1, ~hereas EG is very small ~or et less than 1 nn~ 

increases much more papid1y ~or et larger than 1. The absolute 

di~~erences in variance are ~wn in ~ig. 8 too. Note that the dif­

~erence decreases by .increasing et •. As . the variance of PFN in 

this cas~ is zero the di~~erence is completely determined by 

a2 sTM• Thi.s explains ·why the di~~erence .is always smaller than 

1/N. 

The moments including ~e coupling element capacity are listed 

in ~ig. 6. This shows the mean is heavily i~luenced by the coup­

ling element capacity whereas the st~tic gain is independent. 

However, E is indepe:ndent o~ the capacity, because the ,two means 
· J.l 

are multiplied by the same ~act~r I + y. This Shows that y repre-

sents the shi~t iJi the mean due to the capacity o~ the coupling 

element and the error of neglecting this in the simulation can 

easily be estimated ~rom ~ig. 6. The di~~erence between the ab­

solute errors ·in the variance ~or the ease with wall capacity 

(index cap) and ~or the case without is: c 
. t 

(EAa) • y(2+y(l•2a(l + :N))) (7) t;;.EA = EA -EA = 
r;~ · a,cap a 

Thi. s shows that !J.EA a 
is lower than or at the same order of mag--

ni.tude as EA for y less 
a 

is positive. For a 

than 1. For small values o~ a t,EA 
a 

larger thin 0.5 tJ.EA can be negative in 
a 

which case a conserva.tive design is obtained when the wall capa-

city is neglected. 

These considerations show that it is possible to neglect the 

coupling element capacity in dimensioning the number of sections 

when y is small. In cases o~ doubt the error can be estimated 

from eq.7. I~ the error is too big is it sufficient to include 

the wall capacity when computing the error in the variance_. In 

this case it is often. possible to use the relative error 

E = .E + (~) 2 .et • (EA ) 
a,cap ll . y 2a a 

5.2.The complex systems 

For systems II and III the number of' parameters l'l'ill make 
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the interpretation o~ the resu1ts very tedious if t h e c a p a city 

of coup1ing e1ement;s is not neg1ected. ~ven t;'len the Ql1a1ysis 

of' the s i mul.ation errors is comp1icated b y the nl..U:lber of para­

meters invo1ved. These inc1ude the modif'ied Sta.nton numbers for 

each flow e1ement ct1 and ct
3

, the residence time ratio % and 

the nwnber o~ secti.ons N. The computations of' the erro3 in the 

moments (EG' E , E:A . , (E ) ) sholied however that they are all u cr cr 
near1y inverse proportiona1 to N . This statement is rather crude 

especia11y at high ct1 , and 1ow N. How·ever, it is accurate l'ri th­

in about 2~ :for between 5 and 200 1wnps, l~Thich is assumed su~fi­

cient for the prese!nt purpose. The resul.ts are then presented 

:for N = 20. 

5.2.1. System II. 

The errors in the static gain alJ.d the mean va1ue are p1otted 

in fig. 9. Note tha t the static gain EG is independent on~ w,d 

E on1y is s1ight1~' dependent on r. • The maximum va1ues are 1ess 
!-1 

than ( 4/N) 100% and occur :for ( ct1 , ct
3

) • ( 4 ,o .1.). The absolute 

error in the varial1Lce f'or dif'f'erent x. va1ues is p1otted in :fig. 

10 a-e. Note that the abso1ute error is very 1arge .:for ~ =0·3· 

For ; t = 0.3 and O.l. the re1ative error is applicab1e and is p1ot­

ted in f'ig. 11 a ar!d b. For 1arge x. va1ues the absolute error is 

a pproximate1y equal. to the error :for system I. Fpr ·x. about 1 is 

E.\. near1y equal to 1/N and !or lol~Ter ;1. val.ues the error increa-. a - . ·_ .. 
ses lii th c t 1 • For x. 1ess than 0. 3 the re la ti ve error varies 

h eavily as sholm with ctl and ct
3 

• 

5.2.2. Sy stem III. 

The errors in the static gain are shown in :fig. 12. At 1ow 

ct
3 

va1ues are these compa r a b1e to the errors f'or system I. 

E sholm in :fig.· 13 is oruy lveakly dependent on x , and ~or large 

;1. valu~ s very simiJ.ar to system I, ~ig. 8. The error in the 

variance are p1otted :for the ' s ame x. values as f'or system II in 

fig. 14 a-e. For l a rge x. and low ct
3 

the F....\ :r is anal.ogous to 

EA for system I. At higher ct
3 

value s a m~~irnwn occurs. Thi s 

becomes more pron ounced ~or if. lower t han 1 • ...\. t the very sma l1 

; t v alues the rela t i ve error is the most convenient .to use. 

Thi v aries like sys tem II r ather much lvi th the parameters. 

6 . Results fro m d igital comput ed ~reouency responses 

To i llus t r a t e the earli e r con s i d era tions a bout the inf'luenc e 

· h e d i :fferent e rrors on the distri buted f r equency respo nses 

a nUJnber o f c o mputati on s :fo r syste :J I have b e en perfo·r med. The 
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ef'f'ect of' increasing EG : i:~ s h own in f'ig. 16· a where U /U are 
1 J 

p~otted f'or increasing numbers ·of' sections. InlD b an static 

error on 1% f'or each section is introduced. By compari :;g the 

two sets of' curves we c)bserve that accu.'llulated static errors 

! mai1er than ab~. +20% introduce large errors in the f'requency 

responses. The · ef'f'ect c)£' a big lE \ is shown in f'ig. 17· where the 
u 

f'requ~~l characteristic f'or U1 /r1 is shown £or two cu values. 

Not~ f'or E = -21«.' :i.s ·the resonnance peak shi:fted strongly a-
ll 

gai.nst higher f'requenc:ies. Fi~ly is in f'ig. ~18 the ef'f'ect of' 

absglute errors in th~ variance shown for . u1/r1 frequency re­

sponses when the capac:i t y of' the coupling c.:;") ement is neglected. 
that 

Note/the deviations are concentrated QD the peaks of' the oscil-

1ations. 

The resu.l ts emphasi.ze the earlier made conclusion about the 

necessity of' obtaining small errors in the static gain and 

mean ~ue bef'ore errors in the variance shoul.d be taken into 

account. 

z. Results from analog si~ations. 

Several si~ations h a ve been perf'ormed on the special ana­

logue computer . with resul. ts Which are in . sati·s.f:aQ~O!:Y ag:r&&ment 

with the digital compu.ted :frequency responses. For the purpose 

of' illustration are the frequency characteristics u1;u3 
and 

u
1
;r

3 
for a simulated single pass shell and tube type counter 

:flow heat exchanger shown in :fig. ~9. and 20, where di·gi tally 

computed responses f'or the lineari ~ed version of' the theoreti­

cal model (2l sections), the model with amp l i f'ier error and 

PFH also are sho,m. These sho\i . a eati.s:f'a:c:tm:y ~greement between 

the analog and equival.ent d i gital computations .. For u1;u
3 

there 

is only minor dif'f erences be t t..reen the models, whereas in the 

f'lowf'orced case speci a ll y the p h ase c urve dif'f'ers. Note -tliat Pni 

has a rapidly incre a s i n g- p h a se whereas STH ;is limited. This 

is due to the error in the v a ri an (: e . If' 51 section s .Are used 

the ;frequency characteristic s are .~most e qu ivalent to about 

Q - 1 

As a n example of' sy.:; t em I I hn.. • Dl-1 :for a gas-liquid f'lui­

dized bed with mass t r cmsf'er b etween. t he g a s and the liquid been 
. t 12 t simulated. The purposE~ o f t h e orig inal exper~men was . o 

obtain residence time di s.t ributions f'or the gasphase by tracer 

techniques. The present simulation ,.,as carri ed . out to inve sti~ 

gate the tailing ef'fect. Fig . 2 1 . 
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8. Conc~usion. 

With the presented curves is it possib~e to estimate the accu­

racy of a specific si~ation and the number of ~umps. 

'!be res~ ts sho'w that f'or constant N has system I ~imi ted 

EG and Ell at high vuues of' et~. In contrast is EAa ~imited to 

~/N. For system III _is EG and E uso unl.imi ted and EA is at 
1-1 a 

least f'or ~ ~arger than ~ ~imited too. For praetic~ purposes 

is 'EA ~imited a ·t ~ow ~ va.J.ues, where it often is feaaib~e 'to 
a 

use the re~ative e:rror as a basis for the design; For system II 

is it remarkab~e tlilat both EG and E are ~imi ted in the region 
. J.l • 

under consideration. For ~ ~arger than ~ is EA limited too, a . 
but f'or ~ow ~ ~ues are EA unl.imited at high et, ~ues~ Here 

as a ~ 

it is :feasib~e ~.U.~/f'or system III to use the re~ative error in 

the ~iance~ However, the situations with unl.imited errors oc­

cur o~y for high. c:tl v~ues which is unuau~·. That Rystem m · 
has simul.ation errc:xm which for ~arge ~ and sma1l. ct

3 
~·J. · a compa­

rable to those :for system I is not surprising .... . · aau~e at these 

parameter values system I is the ~imiting caae for system III~ 
13 This ~imi ting case was indicated by Machubuci to be a good r 

one any time ~ is l.arger thaD .3 which is in gOod agreement vith 

the present r~s~ts except for very ~arge ct.3• 

These considera1:ions show that it. is possib~e to s~mul.ate 

systems of' the men1;ioned types in a wide region of the para­

meters, 1d:th!1 sati~s:factory approximation to the distributed 

frequency characteristics'• 

The res~ ts obtained with the special. anal.og show eatiaf'actory 

agreement with the digitu computed :frequency responses and 
that . 

show/it is possible to perform accurate simulations of' practi-

cal. chemical. pro·ce~ssing systems with medium number of sections. 
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Nomenclature 

a. ratio be-tween 4)Uter and inner quantity transmission pr ­

unit length, t:Lme and potential f'or a coupling element 
. ,..21 

(e.g. a= r) 
23 

b . ratio between ·the capacitance pr unit length in a £low,. 

element and an :.:- ~~ated coupling element.(e.g. b = -ll) 1 ,.21 

c . Stanton number mu1ti~li~d by a geometrically depe~ent 

constant (e.g. c · • _!) 
"2 ,..12 

d 

D 

EI 

~ 
G(s) 

L 

M. 
~ 

N 

Pe 

r 

s 

St 

t 

u 
V 

X 

y 

As c but with total transmission coef'f'icients (e.g.ct1= 
.2..) 
,..23 

tube diameter 

Axiai dispersion coef'f'icient 

relative error see eq . • (5) 

absolute error see eq. (6) 

Transf'er £unction 

System length 

i' th moment of'' a distribution see eq. (1) 

Number of' sections 
VL axial Peclet number (0 ) 

Relative £low pertubation 

Laplace variable 

Stanton number 

Time coordinate 

Potential 

Linear f'low ve1loci ty 

Leng th coordinate 

= l / (b(l+a )2 ) 



e 

JJ 

T 

di.mensioD.less time ( t/T ) 
p 

T1 /T) 

14 

mean va1ue of a distribution eq. (3) 

dimentioD.less length. (x/L) 

variance of a distribution eq. (4) 
time constant 

quantity tran~smission pr. unit .length, time and poten­

tial. through 1:he boundary ij divided by quantity capa­

city pr. unit .length and potentia.l. 

T residence timEt 
p 

n dimension.less frequency 



Fig. 1. General 

system model 

!5 

,-------. 
; +. : 
L..-rr-" 

I 

Fig. 2. System 

bloc diagram 

Coupling prc)cess.: Convection 

:f.(u i, u.) = ~ (u. -uJ) 
,) ji 1 

Coupling element: 
au

2 at= :f(UJ,llJ2) - £(Ul,U2) 

Flow elemen;ts: (see text £or BC) 

PFM 
~ul ~ul 

£(u2,ul) it - vl bx + 

~ul ~ul ~ul 
ADM it ,. - Vl 

~X + Dl a:x2 + 

Fig. J. Axial cut 

through a half' 

double pipe. 

£(u2,ul) 

dU
1 

. _vl STM ~ 
- xx<ul,i-ul,i-1) + £(u2,i'ul,i) dt 

i = 1,2 •••••• ,N 

Fig. 4. lModels £or the e.1.ements (table) 



ADM 

N = Pe/2 

j(o) Pe _J lfc 
T(l- .l +--t) 

~ Pe 

1 
~ JJ. 1~c t .' 

+ 
l' <! 

2 
a c 1/? 

Pc(l+__£_) -
Pe 

16 

~ -
1
- (u -u ) - _1_ 

(u2-ul) ~t 1 2) ) 2 T 21 

u3 • u
3 

('t) 

.BCt ul • ulo for X • o. 

BCt System II 

u2 • u10 x • o 

u3 • u30 x • ·O 

System III 

u1 • u10 x • o 

u3 • u
3

L x • L 

i'' ig. 5. Plug flow models for 

the thr;;- systems (table) 

STM 
Coupl int··e lmnen t capacity 

Wl. l:llOUl: W~10ll 

et - !'1 et -N 
(1 + N"") (1 + N") 

e -1 et -1 

( 1 + ~) · (l+y)(l + "N) N 

.. -1 <! et -2 

~(1 
c , ., ? et +(l+y) (l+N) + N '· ) ~ y'" (l+~) 

et N 

f%lg. 6 . . lo111 n t .for ;,y :; tcrn I 

PFt-1 

\"~ou_~;_ '"~ Cll 

_et -et 
e e 

1 1 +y 
: 

!. 2a 2 
0 -.y N et 
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Fig . 7 . Errors in the moment s for system I (ADM) 

Ct 
Fig . Sa 

zo 

c_. L'O 
Fig . Sb 

EA . 
" 

Fig. Se 

F1 . "' ;: - c . Er r or s in the moments for system I (PFM) 

Fig . 9. EG and E for s ys tem II (PFM). Signature: 
).1 

ctJ = lo, - - ctJ = 1 and -·- ctJ = o.l 



Fig . l Oa 

18 

E"Acr 

0.06 ~==~ · 
:-r':a'wt 

Fig. lOb . 

I 

Fig. 10d . Fig. lOt . 

Fig. lOc 

Fig . lOa-e •. EA
0 

:folr system II (PFM). Signature, as :for Fig. 9 

Fig, lla . Fig. llb . 

Fig . lla-b. E
0 

:fe~r system II (PFM). Signature, as :for Fig. 9 
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o/oEf 
,, 
b 

~() 
11 

I' D * · 
O.i ~ c,l • D 

Fig. 12. EG f or sys tem III (PFM). Fig. 13 . E 
u for system III((PFM). 

Signa~ure, as for Fig. 9 Si gna t u re , as f or Fig. 9 

0 H=/ 

O.J 
Fig. 14a Fig. 14b . 

0 0 0 
o.J l C'u. o.J 

Fig. l.G.c Fig . 14d Fig. 14e 

Fig . 14a-e. EA
0 

for sys tem III {PFM). Signature, as for Fig. 9 



0 £,\ J, 
0~0 \..._./} 

50 3 1 
/ 
.. 

Fig. 15a 

20 

Fig. 15b 

F ig . 15a- b. E
0 

for system III (PFM). Signature, as for Fig. 9 

,____.::....;,6:......;tl;::....__----4 ./f h 

N 

10 . 
2.0 ().6 

{00 0.{ 

CAr r~ 
O/o 

. .09 -9 
2.~ O.tJ49 -17 
0.5 0.0/. _,3 

I R 

Fig. 16 a, Fig. 16bl 

Fig . 16 . Effect of EG on frequency respons e £or syst em I 
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I .12. 

-20 

Parame~r.s: 
en. 59n. a b c ·Cot ~ -G £1,: 

. '9o 'lo 
J ~ -- i JO ./ .06 ,.,0 .5 .05 
2 - J. JO iO 5 65 2.f .03 

Panzmrl•'' 
c,-0 

ErO, .fp-0 

N 110 20 lOO 
EAv -~ .05 .Oi 

F if, . 1 Eff e ct of E o,n frequency Fig. 15. Eff~~t of E.il ;:; on f're.quency 
u 

esp onse fo r s y stem I r esponse :for system I 
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I .12 ./ I .J'l. 
- PFN ~~-----+----=--

-- STN(N-tDJ 
---· _,_ fltlithtllllplifiw~,,.,,. 

>t. Analog data 0 
~fi· 

Fig. 19 . 
-(80 

X 

-270 

Fig. 20 

Fig. 19', Digital and Analogue 1'requency characteristics u1;u
3 

f'or 

a system :III example 

Fig. 20 , Digital B.Jnd Analogue frequency characteristics u1/r3 f'or 

a system III example 
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" I · 

n 

~ 

~~ 
)_ --~1=;= 1/ 

Fig. 21. , Impul.serespoilLses for a ·system II example (gas-liquid 

fluidized bedl), Left trace: iilLlet tracer impulse into 

gas phase att;ennuated 1:5. Highest peak: Total measur­

ed tracer coilLCentration, Smaller peak: Contribution 

from gas pha2:1e. Smallest peak: Contribution from liquid 

phase. 
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MOD~LS AND SIMULATIO OF FIXED-BED 
TUBU LAR REA.KTORS 

E.D.Gilles, B.Labeck, M.Zeitz 
IDs1;itute ot Chea. Teclmologie, Techn.Hochsclmle Darmstadt 

Deraatadt, Weatem-Ge~ 

1. .QOIUititqticm of the model 

We regard a ~~i.Dd-bed tubular reactor of the lenSth 1 /fig. 
1/, 1a which a cheaical reaction A-B' 1"Wl8 off. The reaction mix­
ture 'be -.eoas. lligh turbulence ms.7 be assumed, so that no ra­
dial tempera tun- and concentration gradients, exist • Thus the 
t .. perature ~ aDd .tbe coDCentration c 1a the reactor only depend 
on the . axial co-o1-diu'Ce z aD4 the t~ t. 

firat ot all 1, the alrea~ k:DOWD diffusion-model will be di­
scusaecl. ~D. a ll01"e . exact two-pbase-model is set up which aJlows 
to desc:riM 110re correct~ the ~mica of the reactor. 

1.1. DitfUsicm~odel 

!he d~iOilL~odel, which is in detail explained in 1 , com­
prises two balances,a balance of mass for the concentration c of 
the disappearing substance A and a balance of energy to deter­
mine the teaper&t1lLre !. ~s model assumes, tbat the temperature 
of cata~s:t and the temperature ot gas are equal. U r is the 
individual reactiCltD. rate .of the substance A referred to the cata­
lJst-voluae V X~ D11 eff the coefficient ot axial back-mixing and 
v

11 
the a%1.81 flow-·rate, we get the balance of mass: 

/1/ 

The relative poros1it7 ~ is the ratio between that part of the 
cross-section ~ G, which is occupied by the gas flow, and the who­
le sectional area 'B of the reactor. The boundary conditions are 
obtained b7 regard.i.Dg the balances at the bounds z = 0 and z :: 1 . 

It c0 is the inlet concentration and !
0 

the inlet temperature of 
the sas, we get bJ' consideration of the law for ideal gas: 

/'tl c (11 Toff) - cfo,t)- J1M!L(dc ) 
Co u ) = " " Tfaf} . Vz dz z-0 /2/ 
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7or the bound z • 1 ~ollowaz 

~ -0 
(-oz/z-1 

,.,, 
With the equi.valent Jt"&te r

0
, the reaction entbalp;y CJ. ~ · aDd 

the effective thermal coDductiTi't1A z ett ~ollowa for tbe balan-
ce of -energ1 z · · 

(Jicp) $- "'_ AzNr~~- Vz (f>c~)6 ~;r(-d&) ~;t f;(c,T)-afT-T.,J / 4 / 

. ....,., .. 
!he effective specttic heat capaci't7 I j cpf can be calculatect 
with the equatioJu 

with the densi 't7 an4 the apecUic heat Sp o~ the pa /G/ u4 

the catal)'st /K/. !he last term on the right baD4 side of equa­
tion /4/ takes account o~ the exchaDge of heat With the tube 

wall, where Tw aeans 1~he wall-teaperature and a the coefficient 
of exchange. 7or the teaparature there exist si.Jiilar 'bo1mda17 
conditions as for the concent%ationa 

/6/ 

(ar) 0 ~z-(- I'll 

The lack o~ this d~lsion model is obVious. !his quasi-hoaose­
neous model does not consider the aor.mall)' existing t .. perature 
differences between the two phases which take part in the reac­
tion. This lack is especial!)' important b7 describiDc QD&aic 
processes. The maiD. influence on the reaction ret e baa tu t-­
perature of the cata~rat, on which chaDges of the pa tellpera -
ture take a ver.1 dela7ed effect. We find similar .c0Ddition81wttb 
regards to the concentration of the reactand A especia~ ill 

diffusion controlled reactions. Here the tiae dela7a aboald be 

considered which exist between the concentration in the gaa ~low 
and the concentratioia. in the active centers o~ the cata~st.Aa . 
the diffusion model cannot accomplish those duaaDds, we develop-



ped a new two pbase-aodel especially for the description of .41 -
naaic processes. 

1.2. !!o p.base-aodel 

!he free sectional area 'H G of the reactor, which is not til­
led up with con'Cact-uterial is splitted in two parts as shown in 

tic. 1. In the •f:lxed" part /RI with the area !PR the heat- and 
man t1'8Jl8port be effected ODl1 b1 means o~ diffUsion and thermal 
conduction. The reJDailli.Dg ~ree sectional area ~S be a pure plug­
foDR-flow. ~ cheaioal reacti~ along the catalyst 1B included 
i.Jlto the part /BI which 1a excbanpng heat and mass with the part 
/8/. !he cOACentretion in /BI ahould t be equal t.o the coneentra -
tiOD c:l at the a~ace of the cata~st. J.ccord~ to this, it is 
as8Uiled that there is no difference between the temperature in 
this part and the cata~at teaperat~ 'x. If we regard the rea­
ction rate ~1~lat1on to the contact-volume as done before we 
coae with ~ • J:+J: ·to the tolloriDg balance equationsz 

H 1: 
~ f)' d~ -t-e ' /..,.. ) dt - zd'( ~ + ---;;-- -t"c t.t , C~ -4 t4 -c6 ) /B/ 

(oc"' )) a r; ... ..,· n;_ +(-id b) .(-£' 7.. (!; c ,_a, a; -7;) -a, a; -r...) /9/ 
y p dt /luf( clzl 11/f e' " I Ay' 

!he effective specific heat-capacity accomplishes equation /5/,if 
we replace ( by ~ • The quantities a1 and b1 are coefficients 
for the heat- reap. mass-tr&DBfer. !he boundary conditions of /RI 
have a rather simple fora, as it is allowed to assume, that the 
axial heat- and mass flow disappears identicall1 on the bounds 
z a 0 aDd s • l. ! 1hns follows: 

/10/ 

To determ!Date the concentration cG and the temperature TG 1n ~ 
/8/ we receive with K ~ the following balance equations: 

s 
.& "' - '' I & ,; b /C: C. ) dt rz dz . - o. 'cc~ - * /11/ 
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The boundary condi tioJlS are a 

~(o,l)- T.!t) /13/ 

1.3. The diffusion-model as a special case of the two phase~o-

S!! 

U the mass- and heat transfer between the two parts I /B/ 
and /S/ is so intensi,re, tbat the temperatures TG and ~JC as !wall 
as the concentrations cG 81\d cJC correspond, the two phase-model 
passes to the diftusic:m-model. lB order to achi'eve this, we sub­
stitute in the balance-equations /8/ aDd /9/ b7 aeana ot the 
equations /11/ and /12/ the terms, which describe the heat- aDd 
mass-transfer between /BI and /S/. ~a we receive the ! tollo­
wing relations between the coefficients of those two modelaa 

· ~ .. ~ 
Dz tiT Aztl{ 

~ ./14/ 

/15/ 

/16/ 

In the particular case of 8Di extremely quick lheat- and mass­
transfer between /R/ ~lnd /S/ the botllldary conditions of the wo 
phase-model pass to those of the diffusion-model too. This can 
be shown by simple balances at the bounds z z 0 and z = 1 of 
the reactor. We get at the bound z = 0 for the concentration: 

eo tl) - C6 ro.t ) - ~Id¥ ) ') 
Vz l"dz/z.o r.s /17/ 
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With oG • ox aDd the equations /14/ &Dd /15/ we receive the .bo~ 

daZ7 ccmditiona /2.~/ o~ the dU:tuaion-aodel. Onl7 iD case of an 
extreaeq i.D.tenaive heat- and •ss transfer between IBI and /6/ 
the diftWiion ... odel can describe the ~c processes iD a 
tized-bed reactor. 

2. Siwlaticm ot f'i%ed-bed t;pbular reactor 

OD priJ:Iciple there are 1:bree possibili tie a tor the ualos 
coaputer a11111latioa o~ s7steu with locallJ distributed par&JM­

tera, which are described b7 partial differential equationaa the 

Mtilod o~ ~erencea, the aethod o~ characteristics ~ the ao­

del aiala1;1cm1• - · !Ae last aethocl is the aost suitable tor the 
siaDla1;1on ~ t1Dcl-bed inlbular reaotors, whi~h represent bound­
az'7-Yalae-probleas: aacl as ccmaequence ot cheaical-reactiODS i:Jl­
cl.11;c1e DOA-liDear sources ot heat aDd •sa. filia •thod bases ••­
aeatia~ cm aa iD.tepal t~oaatioD b)' tU •ana ot eipn ._ 
f\mct101U12 • J'or the general 'ho pbaae-aodel a . silullation dia - · 
sn- 1a derived. then the reaal.ts ot a special oase are discu­
aaect. 

1nro pha se-lioclel 

ID· the ocmaid·ered equaticm-qstem /8/, /9/, /11/, /12/ we 
pat all ditterential ter.ma to the left 8D4 short the right side 
~ the 41tterentia.l equatiou b7 " 1 /i • 1,2 ,, ,4/a 

. .( ~ ' 
~~ - 4 fc. -c.-.) -r --?- -r (t"A', J;) /18/ 

/20/ 

/21/ 
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These new functions depend on the .ariables of state reap. thl 
input quantities of t .he reactor aD4 can be regarded aa sources 
of the system. After these abbreviations the two phase-model of 
the reactor is e~ressed as followsa 

1ft - l~~~ UJ; ,.. ~ (Ct, J;,' l(;) /22/ 

/24/ 

/25/ 

Simplit:fiJls the in11;18l cOD4itiou of the reacto~ are supposed 
to be Bulla 

eA' (r, o) - l./.7 o) - ~ lz, o) .. C6 (r, fJ) - o /26/ 

It is now provided, 1~t the tiae behaviour of the reactor 18 dOP 
miD&t~ dete1'1linecl by the time dela;ys of the Qatem on acco­
unt of the heat capac~it;y of the fixed bed. !he ~llic processes, 
caused by the gas-flc)w are noD~&ll;y so quic.Jt, that they caD be 

regarded as quasi-stutionar,r. !hat means, •• can neglect the di­
fferential quotient 1rith respect to time 1D the balaDce-ecntations 
of the streaming pha1se without matins a couiderable mistake. J.­

fter beeing simpliti4!td in this n;y the two 41tfere:l1tial equa -
tions /24/ and /25/ can be intepeted lQ' help of an analog com­
puter without BD1 d~~ficultiea. 

The substaDcial :14ea of the mode~ simulation is to pass the 
partial differential equatiOAS with ·consideration of_ the boUD4a­
r.1 conditions to no~nal differential equations b7 using a suita­
ble integral transfoJt'DlStion. The integration of those only time~ 
controlled equations leads to the · transfor.med · aystem-quantities, 
f.i.: 

/ 



30 

( 

c:)' ( t ) • J ~(z) C-t ( (,-z) dz 
0 

/27/ 

!be ter.nela ~ /z/ o~ this so-called model tr&DS~ormation are exa­
ctl1 the eigelltUnctiona o~ the s1stea, which are de~ined b1 the 
~ollowing d~erential equation and boUDdar, condition: 

(df, ) - 0 
l ~az z - at. /28/ 

AB solution of this eiqenvalue problea we fiDd the trigonometri­
cal coaiae fUnctions • which we will normalize: 

~ (z) - {f ·Cos l';z /29/ 

The eigenvalues /': are the zeros of the equation: 

- .,... • y f' .• _;2 ..... 
(} l' I. y - T t I . • • lA' 1301 

B1 aeana of ·- F.· ao1del trana~oJ.~m&tion we pass the partial d~fe -
rential equat ns to an iDtiDite a1stem o~ ordiDar.y differential 
equations: 

y" (,C, ... (/() 
/31/ 

fhose equations are uncoupled and each equation can bei integra­
ted on the analog tComputer dependent fm>m the trans~ormed source­
·fUDction: 

( 

. ~:(I) - J .P.,(z)~"((,z)dz 
0 1321 

We characterise the homogeneous part o~ the differential equa -
tion b1 means o~ the transfer fUnctions: 

1331 

To allow the inverse transformation we expand the quantity cK 
/t,z/ into a series after the e~genfunction and receive with c~n­
sideration ot the orthogonal relation: 

( 

J 'f;, (z) 1!,tz) d z - 1341 



31 

~e · tranarormed input-quantities as coefficients of the expan­
si on. 

/35/ 

Thus the given bounclar,y-value-problem is decomposed into the fC>­
llowiDg partial problems, which can be solved by means of the 
analog computer corresponding to the silllulationplan, shown in 

fig. 2s 

1/ 7ourier analysis /lA/ of the source-fUnction 
2/ Intergratii;,ll of the time-differential-equation 
31 J'ourier 8,1llthesis /!8/ 
4/ Ion-linear :recycli.DC 

~ the electronical ·stmulation of an onedimensional~ s1stem re­

quires the integr&tjlon of ordi.Dar.y differential equations after 
time and space and t-he execution of a finite integral with the 
J'ourier&Dalysis. The fact, that ~n an &DB log computer. the machi­
ne time is the onl.1 avaUable quantit1 - what normall7 leads to 
difficulties- oan b•• avoided. It is necessary to perform conti­
nnousl,- the integration after the time and to integrate after 
the space b1 M&DS of a fast-speed repetitive computation. The 

technical perfoDIB.llce of the model -simulation is realized ill 
the following wa,-s 
In the middle part of the simulation diagram of fig. 2 the coa­
putation is performed continuously. In this part the ~ lourier­
co~fficients of the output quantities are determined by develop­
ping them from the coefficients of the sourcetunction. B1 help 
of a fast-speed repetitive computation the profile of the out -
put quantity is derived from the time-varia'ble amplitudes in a 
7ourier ~thesis. It is necessary to multiply the 7ourier coef­
ficients with the corresponding eigenfunctions and .sum up after 
that. The local profile of the output quantity ~ /t,z/ traver­
ses the non-linear11zy and leads, connected with the functions · ~G · 

and Tx, to the sour<H~ tu.nction ~1 /cG, ex, Tx/• The Fourier ana­
lysis of the source fUnction is also performed by a repetitive 
operation g, · is multiplied with the various ei~entunctions and 
sequentl:y iDtegrate~l between the limits 0 and 1 over the time 
coordinate, which correspond to the space.Theee results are the 
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lourier coefficjlents of the source :tunction. The1 are feede4 to 
tl:Le atoriDg eluaents b7 a short shut of the switches. The great 
adftDiJage of W~s method of siaulation is, that normall1 with 
OAl1 t .. eip~ticm.a a hl.gh degree of accurac1 can be achie­
ved. ID contradj.atiliction to other aethods the output _quantit1 
1n thiS case ia a contiDUous function aDd can eas111 be obser -
ved b7 an oscUl.ogreph. 
Uter these deta,illed remarks referri.Ds to the modal sillulation 
of the quanti'Q' cl[ the whole silmlation 41agr&llll of a fized-bed 
tubular reactor in fig. ' 1a eaa111 to unde:rstaDd. ~ model si­
Elation is ther. applied to the clitferential equations /22/8Dd 
/2'/. The ailllpli:tied equatioas /24/ aD4 /25/ are to be integra­
ted onl.1 after space. fhe source fUnctions fi -/1 = 1 12,,,4/ are 
fome4 . out of th• siaulated teras oG, ex:, !G -and !rx: lq rec1c_-
11J16.- In order to aillpl~ the siJmlatioa diagrama the flow 
·rate v is asSWIIled to be oonstaDt. \ z . 

2.2. Be•u1ts of a reactor stmnlation 

fhe simulat.ion o:t the fixed-bed ·reactor is carried a1t for 
a diffUsion co.nt:rolled exotherm reaction 

A + /~/ 

This could be f.i. a lqdretion. !he reaction rate shall be ex -
pressed with the equation& 

The temperature - ~x: of the cata11st appears iD the Arrhenius-
Term.. : It the maso transfer between /Bland /S/ is very iDtensive, 
fol~ows cAX: • c.A.G • c.A.. Besl·ecting the axial diftUsion we find 
tor the concentration c.A. 

& I' /-E ?;) 
dz ... Yz · -z:- -rf(~ , k /38/ 

The component B j~s assumed to be surplus. The energy balances 
for /BI ancl /S/ iJhall accomplish the equa tio:ns /9/ and /12/ of 
the twophase modea. The modal simulation of this equation sys -
tem leads to the following results: 
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lPig. 4 ahows a stationary state of the reactor. The gas· enters 
the reactor with the ji.nlet temperature 'f

0 
and the inlet concen­

tration c.lo • .Along the whole length of the reactor the catalyst 
temperature exceeds the gas temperature, because of the fact, 
that the heat, which C)rigi.Dates in the fixed-bed bJf reaction , 
can be led awa1. onl, b1 the streaaing gas. Compared to homoge -
aeous ·tube-reactors we constate a remarkable difference 1n the 
performance of the re•action. Instead of an exponential in crea­
se of temperature, which we found in homogeneous reactors, the 
gas temperature shows here already in the 'begtnn1ng a very 
sharp rise. The heat treDsfer between the two phases has obvi­
ousl.l an equalising ·~~feet on the gas temperature profile. Si­
ailar to a stirred tau reactor also a fixed-bed reactor can 
have three stationary states. Pig. 5a shows a stable, siDgular 
state in a low teapert!lture raJl68 J fig.5b shows it in a high te~ 

perature range. We JDWSt paJ' a'ttention to the fact, that in 

the critical case b the •xi•nm temperature eXists at the begi­
DDins of the reactor. 

Pig. 6a shows ill a ·oacillograa series how the two tempera­
ture profiles and the concentration profile in the reactor fol­
low a sudden variation of inlet concentrt!ltion with respect to 
time. Baising the iD.l~at concentration leads to a hi~r t8Dlne.ra­

ture range for the reaction• The accordingl' encreased,maction re- . 
te effect a reduced concentration of the substance .A at the end 

of the reactor. Corre1sp·ond1Dg effects shows a sudden T&riation 
of the inlet concent~ation /s.fig.6b./. •ig.6c shows the effect 
on the reaction caused b1 a siow reduction of the traDBfer coe­
fficient a1 • ~ 11aximwa temperature 1n the reactor increases 
and passes further on iD flow direction, when a1 is reduced. The­
refore we can suppose, that a fixed-bed reactor operating with 
non diffusion controlled reaction has a tendenc, to "run aW81" 
1n the front part. 

B'requentl.J' fixed-bed tubular reactors, f.i. lqdrogenising 
plants, are operated in rec,cle p:OCcess /s.fig.?a/. The not con­
sumed substances A aDJcl B are separated from the product C in a 
special material sepa:rating device, recooled and. bNught again 
to the entNnce. Simulating this rec,cle process the intluence 
ot the separating device is taken into consideration by various 
first-order delay co~ponents. Besides it is provided that the 
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iD.let temperature o~ the reactor is kept constant by an auto~­
~c control systea. ~us the dynamical feed-back is effected 
ODl7 by the conc.ntration of the component A in the recycled 
uaa atreaa. !he substance B, f.i. J::cydration-gass, be surplus. 
B1 rec7cling the concentration of the substance A at the inlet 
iii.Cnaaea aDd the. reaction-zou shifts towards the front part 
at the reactor. !rhis has as eUect, that at the reacto·r outlet · 
the Ul0Wl1; of the substance J., which can be recycled, is dimi­
DiBhed. ~ the reaction zone is shifted towards the opposite 
direction and the recycle proce~s may become dynamically unsta-

_ble. This is shown in fig. 7b of the oscillogram series and is 

also constated in practical operations. 

3. Stabilip of J~ixed-bed reactors 

A fixed-bed tubular reactor with exotber.mic reactiona baa 
all structural qualities which may lead to ~c iDBtabili­
ties. !be amount of heat produced by the reaction represents 
tbe source of ener!1 for the system. ~ inter.Dal feedback& 
appear as backaiJd.Dg, diffusion 8Jld heat transfer. 11; shall be 

&Dalysed, which are the conditions for the existence ot insta­
bilities ot an autonom reactor. We restrict to the case of a 
ver1 intensive mass- and heat transfer between both .phases and 
start from. the diffUsion model, equation /1/ and /4/, which we 
li.Dearize tor a E~ Tea statiOD81"1 temperature- and concentration 
profile ! 8 /z/ and c8 /z/. If 'lf and ~ are defined as small 
YBria~ions o~ te111perature and concentration, we can write: 

~ -Y, ~ 
D/.2: v-~ e 

«.Z Jw~ .. 1 r ~ II(Z 

( { /39/ 

where 

c<. -
__tL_ V.~: (fr.&~ 
cOz~ 2 .A~~Ir /40/ 

!his assumption ls allowed, if we provide, that the compe.nsa -
tion of temperature and concentration bases upon the same trans­
port mechanism. ·simplifying we regard v

1 
= const. The small 

variations ot ·the reaction rate 'can be expressed in the follo -
•ins way: 

-r- •-ts 
/41/ 
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•ow we get tor the linearized diUerential equations ot the re­
actor: 

/~/ 

/4}/ 

!he bOUDdaJ."1 conditions ot the quantities ~12 have tlle tom 

{~~ - « Xtt2 } - lt,. fl . olz Z•O -& /44/ 

{ ()Jt'q, + ot. M } - o 
dz fit z-1 /45/ 

Bow we determine the Green's functiODS G112 corresponding to 
the differential operators on the left aides ot the differential 
equations /42/ and /43,/. With a as complex variable we get in 
the Laplaoe-space: 

00 

G11 (z, t",r) ..r }i ~~~ /r) ~ (.r) -r.,(f) 
2 . (' . ., 

/46/ 

are the eigeD:tunctio.ns. With the eigenvaluea the tranater 
tunctiona ~/2n accomplish the tollow1Jl6 dtiferential equations: 

/47/ 

/48/ 

. It all inlet quantiti&ra disappear, we receive for ~·: 

{ 

fJ { r ) ... j/r-tl/f.Jd h/r) Gl'(z,y ) fh, (z) G,(z;~J} ~(.fja'J' /49/ 

It is possible, to ex:p,end h112 /z / in series of orthogonal eo -
sine functions. Consid.ering the constant tern A,j2m of these 
series, we find as first approximation uncoupled characteristic , 
equations for the various eigenfunctions. For .the eigen.function 
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nwaber A •• pt 1;he :tollowizas aJ.se'braical equaticm.'a· 

1'!101 

U alao the hiP oJ:Ider teJ.'U ~ 1;be uriea. for A,12 /a/ are coa­
s14ere4, 1ihea 1Ul4t ouracter18t1o eqaatiou of 1lbe eipatw:lctioA 

la a aiailal~ waJ u uaqaia ot atab1111;.T caa 1M pertoaed 
:tor i:lua twoplaa••...Ul. Beca•• ~ 1;U :taot, 'tiba't ill th1a oaH 
1ihe cl&azaote!'iat:Lo _ecpaatioaa ~ 1ib.e ftZ'iou eiplltUDoticma are 
coaple4 'MwHA 4•oll naer to~, tU naalta oaa ~ be sot DD.­

•rieal.q b7 .maa ~ a cU.ptal Ocaplter. 

WtJ!tmtl 

1 

2 K.D. GjUlea 
•• Zt11;a 

-Beure lletboda cler hose,...qM 
1ID4 Pnse,'reseluc 

ftoba-' n•r ~alar 1968 ~obn' aicbe 
Ulliwnltl' Berlill 

llodal.M Simu.latlOUYtrhbreJa ftr S;ra­
t;ae a1 t; lrtllch nr'Milto 
PaZ8Mtem 
Beplanpt;eohllik 1? /1969/ 
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Pig.3. Simulation diagram ot the twophase model 

Fig. Jtl-, Stationary reaction-profiles 
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OPTI}vUZI"KG CONTROL OF HYDROGENATION 
PROCESS 

Keisuke lzawa and Hiroshi Okamoto 

Department of Control Engineering 

Tokyo Institute of Technology 

Megurc>-ku, Tokyo, Japan 

1. Description of Optimizing Control System 

Frequently the best operating conditions for chemical processes are 

disturbed by some uncontrollable and/ or unmeasurable variables such as 

catalyst activi ty which varies in somewhat uncertain ways. ln such a pro-

cess, an approach of opt:imizing control becomes important and the typical 

objective functions of such chemical process would be the yield of products, 

the conversion rate, the purity of products, etc. lt is the most important 

problem for optimizing control to locate the maximum point of the objective 

function. 

The pilot equipment of hydrogenation process of acetylene is construct-

ed in order to investigatE~ the optimizing control method ( Fig. 1 ). ln the 

reaction process under the investigation; 

C2H2 -~ C2H4 

the mole fraction of the intermediate product or ethylene is considered as 

the obiective function and is observed to have a maximum point against the 

flow rate of mixture of acetylene and hydrogen into the reactor, as shown 

m Fig. 2. The reactor iLs fluidized bed type and is controlled at a constant 

temperature. 

ln optimizing control system it is necessary to perturb the mput of the 

process for finding out the maximum point of the objective functlon expen­

mentall , ]n the method here discussed, the grad1ent of the obJectiVe 



funct1on lS calculated from the input and output data of the reactor and 1~ uti -

lized to complete the feedback loop for optimization . In order to determine 

the gradient of the objective function, it is usually requird to calculate the 

cross-correlation function of the input and output of the process. Sinusoidal 

s 1gnal or pseudo-random signal is utilized as the input signal .~!) In this pap~r, 

M- sequence (Maximum length null sequence ) signal is used as the pertur-

bauon s 1gnal of the! inlet flow to t he reactor. 

The awkward calculation of the gradient of mole fraction or of the objective 

function i s by-passed by the following approximation. In order to calculate 

the gradient, it is necessary to integrate the impulse response curve or 

the correlation function during one period of the input signal. And this re-

quire s so many memory elements • Since the impulse response of the process 

to be d i scussed is not oscillatory and is rather fixed' it maybe possible to 

approximate the magnitude of the gradient by the peak height of the cross 

correlation function in stead of the peak area. This enables to simplify 

the whole optimizing control equipments. 

2. Mathematical Model of the System 

In the process shown by Fig. 1 the mixing ratio of the reactant is chosen 

a s C2H2 : H 2 = 1:8 and the flow rate of the reactant is so selected that its 

linear velocity i s within 5 to 20 times of the minimum fluidizing velocity of the 

reactor (0. 34cm/ s ,ec.). This reactor may be then treated as an ideally 

stirred system with first order reaction • 

Simultaneous differential equations of the ideally stirred first order 

reaction system shown by Fig. 3 are 

z ( 1 - n 1 ) - k1n1 . (1) 

(k 2 +z)'n 2 (2) 

z n 3 (3) 
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X " .-t) where v=z\rntn iS the SpaLCe Velocity 1 k1 and k 2are reaction COnstants 

and n1, n 2 and n 3 are the concentration (mole per liter ) of acetylene, 

ethylene and ethane respectively. The input and output of the process unde r 

investigation are X and n 2!. Assuming the process is always very close to 

steady_state and observing the small deviation of each process variable from 

the steady state, the transfer functionGe(S)from the small change of X 

from its steady state x to the change of n2 from its steady state n 2 is ex­

pressed as(2) 

- x where Z =V . 
G.(s) = kd1- nt)- n2C k1 +z)-n2s 

( s + z + k,)( s + z + kt) 
(4) 

Since the dynamic characteristics of this reaction system is almost fixed 

and considered as linear and the mole fraction of ethylene has a maximum 

point against the flow rat~~ of the reactant , this reaction process is charac­

terized by the model of F i g.4, where t~e linea r dynamic component G0 (s) 

and the non-linear component f ( x) are connected in series. The latter 

defines the objective function in this optimizing process. From the 

equations (1),(2) and (4) the followings are obtained. 

f (i) = k1z (5) 

.. 

3. Measurement of Gradient by Correlation Technique(3) 

Linearizing the non -linear component f( i) in the neighbom: hood of X 

the transfer function G (SO , X) of the process in Fig. 4 i s represented as 

G(s,x) = at(x)l _ ·G (s) a X X=X O (7) 

In addition to th~ input S iLgnal.~( t)of the process' M-sequence ~ignal x(t) 



is applied as the perturbation signal which has two levels of . a and- a .• 

Then the output y(.t) of the process is described by the convolution mtegral: 

Y(t) = [ Q(O<, X>{ X +X(t -O<)} de< • (8) 

where g ( t , x) is t he weighting function of the process at the instant 

for · the input X • Taking cross correlation .betweenY(t)of the equation (8) 

and an M-sequenc.e signal i(t) , the value of which is 0 or 1, we obtain 

L;< ().X ) cp~( -r- Cl) dOt = fiy(t) - cfiy (9) 

where y =· fog(Ot,i) x d ()( (10) 

(11) 

(12) 

and (13) 

We denote the pow·er spectrum density offii('t) '· shown in Fig. 5, by 

~Xx(w). 

For very small UJI <
4; 

(14) 

and the latter will be calculated as: 

(15) 

From equations (9),(14) and (15), the approximate form of9(t,i)iS obtained 

as 

(16) 
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Although it is difficult to separate y from. y , the estimation of <f>x'y 

is successfully made as follows. Choosing N 0. large enough to satisfy 

equation (17) for such 't' as close toN A but smaller, it ·is possible to 

replace cf>x-y by cpiy(-i) . 

From the equations (16)a:nd · (17) 

At steady state the proce~ss gainG(O, X)= ~~)becomes simply as 

G ( 0 , i ) = (~~ ( 't , i ) d 't 
Jo . 

(17) 

(18) 

(19} 

From the equations (7), (18) and (19), the local slope of the objective 

function is obtained as fc,llows 

f'<x> = . af(x) I = ~('t' x )d-r a X x=X )
0
)/ll 

= tN+WM ~tiy<-tl-'try<-i> }dt (20) 

3-1 Equipment for the ExperiJQ.ent 

Fig. 1 shows the eqllLipment for the experiment. The mixture of hydro­

gen and acetylene at constant ratio (C2H2: H2 = 1 : 8 ) is fed into a fluidized 

bed reactor and the small portion of the total inlet flow to the reactor is per­

turbed by means of a solenoid valve which is controlled by an ·M-sequence 

signal. The reactor ho,lds about 8 grams of the catalyst ( palladium-coated 

silica almina particles -.rith about 150 f""' of diameter ). The temperature 

of the reactor is kept at about 40• C. 
A small portion of the outlet flow of the reactor is fed with constant flow 

rate (0 .8 cm/ sec ) into a tube packed with silica gel. . This packed 



tube acts as a gas chromatograph column. A thermal conductivity detect_or 

of hot wire type is attached to the outlet of the packed tube. When the re­

actor inlet flow is perturbed by M-sequence signal, then the each compo-

nent of the outlet g•a.s of the reactor has the different retention time or the 

delay through the packed column. 

· The value of the cross correlation function between the output signal 

from the detector and the M-sequence signal at a certain delay time gives 

a continuous information about the local slope of the yield curve. 

3-2 Experiment 

Several ex~rirnental runs are tried with different values of X and X 

( see Fig. 2 ), using the ·same M-sequence signal withL1=1mi1andN=31 

Fig. 6 is an example of thus obtained 'Ply('t) and shows the peak of ethylene 

appears at 1 =15L1 . This case is almost same as the Run No. 2 in Fig. 2, 

when the local slope is negative, and so is the peak value of'P,ry(t). 

The area under the curve cply(t) for ethylene peak is actually pro~r­

tional to the local slope of the ethylene yield curve. But it is very awkward 

to measure the area. The s implified answer to this is as follows: 

Instead of ethylene peak area, the peak height is measured. The re la­

tionship between the local slope of the yield curve of ethylene against the 

inle t flow and the peak height is shown in Fig. 7. 

Fig. 7 may assULre that the peak height would be used as the measure 

of the local slope • . 

3-3 Continuous Measurement of Cross-correlation Function 

Reconsidering correlation functioncp.(y(t)of equation (12), as an example, 

the integral operation upon is only possible to l and y between t- N L:. 
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and the present instant Thus ~x•y< 't) should be rewritten as 

fx•y ( 'l ' t ) = N 1Ll. r'y( 0() x'( 0(- 1:) d o< (21) 
Jt- N~ 

Considering equation (21), equation (20) is shown as 

t'<~, t > = 2 2f[1~(Cl)X0(0(.-·nd Cl - J~<~>l<~--t>d ~J d z (22) 
. ( N + 1 ) Q A o - N A t - NA . 

Introducing y' ( t ) : 

I {Y(t-NA) y ( t) = 
. 0 

(23) 

equation (21) becomes, 

(24) 

The continuous correlator in Fig. 1 is constructed to obtain U(t) shown 

by the equation (25). 

u ( t ) = l' w ( t ) d I 

(25) 

The value of U ( t ) corresponds to a height of g ('t, X) at the instant , t 

Refering the experimental result of Fig. 7, U( t) may be used as the meas-

f ' - 0 0 , ure of (X, t) of equation (22). In equation (25) X (t-or)- X ( t- 't) i s 

the 3-level signal ( + 1 , 0 and -1 ), and y'( t) can easily be obtained by 

some delay element such as a tape recorder. 

From the result shown in Fig. 6, "t = 1 5 ~ and 't' = 1 3 ~ are used in 

equation (25). 

Fig. 8-(a) and (b) show experimental results of thus obtained continuous 

cross-correlation for 2 ,cases of Run No~1 and Run No. 2 of Fig. 2 

respectively. 
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From the Fig. H-(a) and (b), it is observed that the signal u ( t ) is . 

complete~ after elapsing N ~ or the one period of the M-sequence input 

signal and thereaft•::!r U ( t )changes very little if the process is at the steady 

state showing a fixed value of f(x, t). The output of the cprrelatorU( t )is 

positive and negative for the Run No. 1 and Run No. 2 respectively. The 

signalU(t )is used as an actuating signal for corrective action of x . 

4 C cmcl us ion 

In optimizing control .system, it is the most important problem to meas­

ure the gradient or the slope of the objective function. This paper propos~s 

an approximate method of optimization based upon correlation technique. 

Experimental re!sults ·with a pilot equipment of hydrogenation of acetylene 

assure that the output of the here pro~sed correlator can be us~d as an 

effective estimating device of the gradient of the objective function for 

optimizing control. 

Acknowledgement 

The authors appreciate the help of Kazuhisa Takeuchi and Akira Naka­

jima for constructing the here proposed correlator and thank T oshiji Hirose 

for fundamental experiments which suggests the theoretical model. 

References 

Cl ) Van der Grinten, P.M.E.M, "The Application of Random Test ·sig­

nals in Process Optimizanon" , Proc. 2nd Congress IFAC( Basle ) 

Theory, 551-555, ( 1963 ) . 

(2) Box , G . E. P . and J. Chanmugam, "Adaptive Optimization of Contin-



49 

uous Processes" , I & EC Fund. Vol. 1, No. 1, 2-16, ( 1962 ). 

(3) Ohchi, S, Furuta, K and lzaw~- , K, ·• Optimizing Control Using M­

sequences", Trans. Soc.lnstrumentandControl Engineers, Vol.2, 

No. 4, 276-282, ( 1.966 ). 

(4) lzawa, K and Furuta, K, "A Method of Determining .P rocess Dynamics", 

Proc. · lnstrument and Measurement on Auto. Cont. (Stockholm), 

7-18' ( 1964 ). 



Electro- pneumatic 
converter 

Reactor , 
r1 11 ....._TI 1.1----. 

generator 

Integrator 2 

Gas 
chromatograph 

Yet> 

Multiplier 

Integrator 1 · 

I 
W(t) 

Cor relator 

Fig. 1. Schematic diagram of optimizing control system. 

Outlet 

Vacuum 
Pump 

g 



0.4 

0.3 

0.2 

Mote fraction 
of C2HA 

...... 
Run 1 

10 

51 

15 20 

~ .. 
Run 2 

Te~ture 

40 ~ 

25 

Fig. 2. Mole fraction of ethylene versus feeding rate of reactant. 

c 

liters/min 

1 mole/titer· 

--:+ 
X litersjmin 

n.' nz,~ 

Volume : V liters 

Reaction 

C oncentr at ion 

Fig. 3. Ideally stirred continuous flow reactor . . 



/"-. 

X<t> 
Q 

-Q 

X(t> 
1 

0 

, ,.. 

,... 

52 

G<s) 
~ r---·-- - - ~ ------- -- ---------------- - - ; 

X I 
I 

I 
I 
I 

+x I 

(\ f<x>_ 
I y i , I Go ( s) 
I 

~ I • 
I 

+ .. 
I 

.. 
I 
I I 

I I 

I I 

I I 
1 I 

~ - ------------- - ---- - ----- - ------- - --1 

Fig . 4 . Theoretical model of controlled proces ses. 

~ 

r--- · ,..... 

i 

.... -
..---- ,,...... 

j.-1..1 

(~t)a . 
2N 

--- ....... 

N..1 

...- ,_ ,_ .... -- ,..... 

~ - ---- ~ 

,...... ,_ ,_ ,_ r- ,......... ,...... 

---.. 

Fig. 5. M-sequence signals and correlation funct ions. 

t 

.... 

t 



6 

4 

2 -I 
I 

-r 
0 

-2 

-41 
-6 } 
Fig. 6. 

-3 

53 

--+ 1 
delay time 

( F'tin.) 

An example of cross-correlation function between delayed M-

sequence signal and output signal of the process. 

Peak height of 
aoss care«ation 
functia1 for Cz~ 

- 2 -1 

8 

6 

4 

2 

0 

Gradient of mole 
fraction for C:2H4 

2 3 

Temperatlle 
o 1 6. 5 •c 
o s 5. 5 •c 
6 s 5. o ·c 

. Fig. 7. Peak height of cross-correlation function versus gradient of mole 

fractio.n for ethylene. 



Fig. 8. 

54 

Fig : 8 -(a) Run No1 

Fig . 8 - (b) Run No 2 

Signals obs>erved in the optimizing control loop. 

xlt> input signal to solenoid valve 

Y< t) output signal from output detector 

W(t) input to integrator. r 

U ( t) output of integrator 1 ( approximately proportional to 

the gradient of mole fractio_n of ethylene ). 
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. THE DESIGN OF A CONTROL ALGORITHM FOR 
THE PROCESS OF UREA l'RODUCTION 

t. ~~ra - a. FRAnovie 
INSTITUTE OF TECHNIC!~ CYBERNETICS 

SLOVAK ACADEMY ·or SCIENCES 
Bratislava 

~~zechoslovakia . 

INTRODUCTIOK 

The intention of intr•t:»ducing an integrated control systea in 
a large plant necesai •tated the solution of control and the 
problem of optimal co1iltrol of .all iaportant production proces­
ses and production li1nes. In the plant . the. production of gra­
nula teci urea figures llllo.ng the production processes of para­
mount i•portance beca111se of the .. ount of the manufactured pro­
duct and ita economic significance. 

The tel'll "urea" ia a 1conventional denomination tor the diuai­
de of carbonic acid CtO(Mf'2) 2 _._serving as the basic aeaiproduct 
tor the production of coabined nitrogen fertil~zera, of urea­
-formaldehyde resins_/aainoplasta/, of barbiturates etc. The 
basic raw aateria ls t•or urea production are a-onia NHa and 
carbon dioxide co2 • 

. THE TECHNOLOGICAL PROtCESS OF UREA PRODUCT ION 

The synthesis of the !basic raw materials NH3 and co2 produces 
aDDDoniua carbamate th1e . dehydration of which · produces urea • . The 
process of urea produ1ction is briefly described in _the techno­
logical scheme ot Figure 1. The synthesis of ammonium carbama­
te and its conversion to urea takes place in the· reactor 1. 
The pressure of the r 1eacting compound /melt/ is being kept at 
a constant value ot aJPPl oxima tely 200 atp by a reduction val­
ve 2. Trough an expansion behind the reduction valve /pressure 
20 atp./ a part ot a~nonia is released from the reacting com-
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pound and the unconverted carbama~e, thus lowering .the temp~­
ratur'e ot , the co•J,ound. A further release ot a11a10nia occurs 
in the deco~oaing exchanger 3, heated by ate .. where the de­
composition of the larger part of ~he carbamate takes place. 
The aixture of the gaseous phase /ammonia, carbon dioxide, 
steall/' is aeparatetd . fro• the liquid pbaae in separator '• from 
where it ia led lnto the abaoption coluaa _5 tor ab•orbing the · 
carbon dioxide in a solation ot ... onia. The intlqx o~ the aa­
monia solution coaaea fro• the · a-onia co~adenaer 6 ia· which .it 
is developed troa gaseous &..onia, at~ and added vapour con­
denaatea •. The i~ert gases ~th a certain ~ontent ot aaaeoua 
NH3 are being let through ·by a prea.ure control devi~e ·into 
the pipeline of terainal gases. The recyclia 1101~tioa ·aenera­
ted in . the absorption coluan ia be!DI batched iate . ~e - reactor 

by puapa 7. In the second phase o~ the expanaton /Yalve 8/ the 
decomposition is tiniahed ·/deco.apoaiq eschaqer 1/ aDd in ••-· 
para tor 10 the separated a·rea tlo- into . the npp_ly taDk· while 
the gases flow ott either directly iato· the - te~aa1 gaa ·pipe­
lines or into the coabined . abaorbiai condenser UDder eondesate · 
addition. The solution obtain~d therein ia beiQI pU.ped alter 
dega$iliction into absorption colu.a 5 thus coapleting the ay­
stem ot total recycl~ng. 

The first stage ot urea thickening is being carried out in ful­
ly auto .. ted· vacuum evaporators 11 • A very high ~tage ot thic­
kening is attained in the surface evaporating device LUWA 12 
throogh -ev~poration under atmospheric pressure. A high rate of 
urea thickening is a condition of successful u.rea granulation 
in the granulating tower 13~ A_ slow surface thickening or gra­
nulation allow tor the decomposition of urea thus lowering its 
concentration in the resulti-ng product. It is not adva~tageous 
to increase the speed of evaporation by raising the heat level 
over 140° since this involves an intense development of biuret 
- an undesired component. 

THE CONCEPTION OF UREA PRODUCTION CONTROL 

From the viewpoint of controlling the urea production process 
it is intersting to observe that part of the process in which 



57 

the synthesis of urea takes place, i.e. the reactor with the 
decomposing exchangers •and with the circuits producing the re­
cycling solutions. This part of the process inclined to be un­
•table especially under the influence ot setting up the par­
tial ·or total cycling course. The feature ot these instabili­
ties is an integrated one, frequently accompanie~ by unpleasant 
consequence•. The breakdown, tor instance, inflicted by lowe­
ring the •'sorption efficiency of the absorption coluan can 
create a situation that the amount of carbon dioxide entrained 
into the -onia condenser 6·, · incre~ses, thus developing aDDo­
Dium carbamate within the condenser, that is insoluble ,in wa­
ter. It begins to settle down in the pipe• of the condenser, 
the passage of beat deteriorates and the temperature in the 
condenser grows. A disadvantageou.s consequence of the heat in­
crease in the condenser is the lowering of the ammonia concen­
tration and a decrease of inlet to the absorption column. This 
tac~ entails a turther ·decrease of the column's absorption ca­
pacity, enlarges losses oy virtue of a larger quantity of ga­
seous ftH3 . leakage into the pipes or terminal gases. The inso­
luble carbamate settles down on· the pipes and fittings and 
clogs the•. 

By batching the recycled solution and by supplying the raw ma­
terials m3 and co2 , tb.e •olar ratio betwwen NH3 : co2 : 1fa0 
should be preserved equal 4:1:1,1, corresponding to a 60S con­
version of ammonia. carbamate to urea. An increase or water 
ratio, i.e. due to a change o~ concentration or the recycled 
solution and its hatching, the conversion rate in the reactor 
decreases, thus detriae,ntally affecting the procedure. This 
can result in a smaller· concentration or urea in the •elt, in 
a larger quantity or rr·ee rm3 , C02 and lfaO in the gaseou• pha­
se, a higher load on the absorption column and the .HH3 conden­
ser etr. The producti vi.ty of the equipment is thus lowered and 
a simultaneous increase or losses of raw materials cuts the 
output, thus directly affecting the entire econo•ics of the 
process. 

The total solution or t~he control and stabilization problem or 
the process is a condition tor the successful application or 
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steady-state optimal control systeme. Its realization is su~­
ject to the utilization of a special processor supplying the 
algori thm of optimal control, using the mathematical model 
that controls the quantities of the process by means of set­
ting up the desired values of the relevant regulators. 

THE CHOICE OF CONTROL VARIABLES · 

It is obvious from the technological scheme that the process 
of urea synthesis is influenced by the following variables: 

a/ flow rate, conc,entra tion and tempera tu re of NH3 
b/ flow rate, concentration of C02 
cl flow rate of the vapour condensate into condenser of NH3 
d/ temperature in l~ condenser. 

The temperatures a111d concentrations of NH3 and co2 practically 
do not a 1 ter, the !temperature of the vapour condensate cannot 
be influenced and the flow rate of NH3 and co2 is in accordan­
ce with the molar ratio most advantageous for the process of 
the synthesis part in the reactor. This molar ratio is detri­
mentally affected lt>y the change in volWQe and concentration 
/ contents of H20/ in the r~cycling process. The volume and 
concentration of the recycling course can be controlled by the 
flow rate of the vapour condensate and by the temperature of 
condensate NH3 i.e .. by the temperature of the outflowing coo­
ling water. It follows from the abovesaid that from the view- . 
point of the optimum control of the urea production process 
the flow rate of the vapour condensate and the temperature of 
the cooling water are to be taken into account as the control 
· ·ariables. The flo" rate of NH3 and co2 is. controlled in a way 
t o preserve to molar ratio o·t NH3 :co2 :1f:a0 for the most advanta­
geous conversion. 

The control scheme for urea synthesis aqcording to the given 
conception is in Fig. 2. 

TilE MODEL OF THE PROCESS OF. UREA SYNTHESIS 

The technological process of urea production can be divided 
from the point of '\lriew of simulation into . three parts, namely 



59 

the process or urea synthesis, thickening and granulation. 
There are known linkage&J between these thr.ee parts so that 
they can be investigated independently. 

A complete linear statical and dynamical model or the urea 
production process was !let up on the basis of the analysis or 
the physical and chP.mical substance or the processes taking 
place in the various de,rices of the manufacturing equipment. 
It is ovbious that the processes /reaction, absorption, con­
densation/ are nonlinear ones so that the derived linear mo~ 
del holds only tor small deviations· from stationary equili­
brium states. 

The block scheme ot urea synthesis with partial recycling ·is 
shown in Fig. 3. Y 1 ••• Y15 and x1 ••• x6 are column vectors ot 
input and output quantities or the urea synthesis. The entire 
mathematical model or the synthesis part is thus determined 
b~· si matrix equations that determine the dependencies of the 
output quantity vectors on the input quantity vectors. 

By determining. the elements of the transfer matrices /the 
RE-reactor, the RV-decomposing exchanger, the SV-hight pressu­
re separator, AK-absorption column, KC-ammonia condenser, cw­
-recyc ling pumps, RN-lo·w pressure decomposing exchanger and 
SN-low pressure separator/ , and by substituting them into the 
matrix equations valid tor the scheme according to Fig. 3, we 
obtain the concrete mathematical model of urea synthesis. It 
is advantageous to work with separated transfer matrices • . The 
matrix equations are then set up according to the modified 
scheme in Fig. 4. 

For the output vectors of the Laplace transformations of rela­
tive changes ot transfl.ux cf, temperature "ZZ-, coqcentrations 
;;t1 , 8(2 , d'f3 , inert gases ~· water flowing out of the conden-

ser ~ . recycling v4, 

c.fi cfr 

Vli 

~v2 
zjr -~ = ~li x3 -· . v4 = J(lr 

'3{2 
i 

lf2r 
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ia dependence on the vectors ot relative changes o·t the coo~ 
ling water j 2 , the vapour condensate j 3 , the gases entering 
the absorpt.ioa colUDID ~ and the output and revolution ot th~ 
pump y6 

[
t/, ] [f/ ] J . k 1}P. [Vel 

y 3 = ~k ; ~ ~ a'p ; j 6 • tJ 
~lk lp ol 

~2p . 

the following equations are .o.btaintd . 

~ = [ AZ:l • 1tc1 • JCC6 • . s-1 + JCC4 J j 2 ... [ AKl • KCl • . JCC9 • 

-1 J - -1 -• B + JCC7 y3 +&12. JCCl. B 8a ( 1) 

i 3 • [ A.Kl • JCC2 • JCC6 • B-l + JCC5 ] j 2 +- ( AJCl • KC2 • JCC9 • 

-1 J ;.. ... C2 • 8 -1 u_ • B + JCCS y3 + &12 • ~ (2) 

- -1 - -1 -v 4 = AIC3 • CWl ,, JCC6 • B y 2 + Ai13 • CWl • KC9 • B y 3 + 

+ [ AK3 • KC3 • AJC2 • B-l + AK4 ] 0a + CW2 j 6 ( 3) 
I 

For the remaini1~ circuit of urea synthesis the equation 

~ = SV2. • RV2 j 4 + SV2 • RVl • RE j 1 + SV2 • RVl • RE v4 (4) 

is obtained, further tor i 4, i 5, i 6 , and the equation for the 
relative · changes of the output product i 1 /solution of urea/ 

i 1 = z1 [I - · o1 -+ DB1 +- BJ [I - 0 1 ]-l j 1 + z1o • KC6 • y2 + 

+ z1o • KC9 • j 3 + {~ + z1 [oa3 +. s4] [x .- o1J-1} j 4 + 

(5) 

-ia which the vectors of relative changes ot urea x1 , heated 
steam y4 and j 5 aad input raw materi~ ls j 1 are 
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[~:]. 
l/NH3 l ~NH3 

il = yl = a" NH3 j' lfcu2 
~02 
a'c~ 

and matrices 

D = AK3 • C'll [1 7 A.Kl • KC3 ]-1 ; 

8 = 1 - AKl • KC3 ; 

82 = SV2 • RVl • . RE • CWl • AK4; 

84 = RV2 SV2 AK4 CWl 

zl = SNl RlU • SVl RVl RE; 

y4 
rfpn l [ ~pvJ = l)pv y5 = rpn j 

7pv 7Tpn 

D1 = D • 83 • RE - ~ ; 

B1 = SV2.RVl.RE.l.KC3.AK2 

83 = RV2 • SV2 • KC3 • AK2; 

z2 = SNl • Rll • SVl • RV2 

The matris equation (6) is the most essential because it indi­
cates the dependenc1a of ·the parameter of the manufactured urea 
on the input quanti ·ties. The elements of transfer matrices, 
i.e. the transfery or the separate quantities, were derived in 
the usual way, for some devices . under simplified conditions 
/e.g. for the conde:oser or NH3/. 

In deriving the statical model the dynamical model, already de­
rived, was used as the basis considering the nonlinear proper- · 
ties of the process in .the reactor, in the absorption column 
etc. The model thus derived appeard to be rather sophisticated 
/also for verification in practice/ and it was necessary to 
simplify it. 

THE CHOI CE OF THE PURPOSE FUNCTION AND THE OPTIMIUTION 

PROCESS 

In choosing the purpose function the requirements ot the plant 
and prevailing conditions ot operation were taken into account. 
Two alternatives wore considered: 

1/ To control the process under most advantageous economic con­
ditions; 
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2/ To control the process trom the viewpoint ot maximal pro~ 
duction trom the gfven raw material adhering to the pres­
cribed quality. 

In the tirst case the purpose funct~on will be the following: 

Ql ·= a1 1}1 Gy + ~ .. )}2 GP - a3 ))~ GNH3 - a4 1)4 GC02 - . 

- a5 w - R 

with constraints 010 GNH
3

, Gc02 and temperature T, where 

aj; j=l, ••• ,5 is the price ot the unity volume ot material 
and energy 

Vr; r=l, ••• , 4 are· quality coefficients 

" 
R 

energy conSUIIIj)tion· 

steady costs · ot .. t.~e- · 1lroeess •· 

The other quantities are obvious trom Fig. 2. 

In the second case the purpose function is 

with constraints on GNH
3

, GC02 and T and required quality 

0,95 ~ ))1 ~1,0 

(6) 

Both in the tirst and second case it is necessary to satisfy 
the basic requirement ot the most advantageous molar ratio in 
the reactor, NH3 : co2 : ~~ = 4:1:1,1 gained on the basis of 
many experiments. 

The quantities occurring in the purpose functions can te ex­
pressed by means ~f quantities put ir.to the computer. Hence Q 
is expressed thus 

where C -molar rat.ion as the dependence of tlow rate NH3 and co2 • 
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Constraints are the same as in the previous cases. 

It follows, however, from the proceding considerations that 

By substituting 9 into 8 we obtain Q as the function 

It the derivatives of ·t.his function according to the control 
variables are put equal to zero, i.e. 

9) 

CJI TCh 
( 11) = 0 --- =0 

we obtain the so called optimizing· equations, from which the 

optimal values of the 1control variables GBr opt and Tcb opt 
are calculated. The optimal GNH and Gc~ -a·re then determined 
according to the amoun·t and comgosition of the recycling on 
the basis of the required molar ratio tor the most advantageous 
conversion. 

The scheme or the opti11nal control or urea production is in 
Fig. 2 and Fig. 5 show:s the course or logical functions carried 
out by the processor. 

CONCLUSION 

The suggested control :system or urea synthesis along with the 
optimizat i on algorithm was experimentally verified on the hyb­
rid computer. Various Jlllodes of operation were simulated on the 
basis of quantity values taken directly from the production 
process. By the application of the optimization algorithm the 
optimal mode was found for criteria according to equations (6) 
and (7). The results attained from the solution on the hybrid 
computer were re-applied in operation to compare the teasibi• 
lity of the suggested optimal control system with the present 

state. 

The results of these e:xperimen ts prove that the suggested sys-
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tem of control meets the conditions ot adhering to -the moat . 
advantageous con,rersion in the reactor both as to the economic 
effect and to that of yield. They have also shown that a more 
essential e1fect could be achieved by surmountig certain limi­
tations /.ainly that ot cNH

3 
concentration in recycling/ this 

must be low with regard to the function ot pumps ot the applied 
design. 

The optimal control of this process requires a small, relat~­
vely simple /cheap/ processor to secure the rentability ot in­
troducing the opt~imal control ot this process /which is tech­
nologically not •oat suitably arranged - a prototype equipment/. 

Kore detailed data are not given, they are the property ot the 
enterprise. 
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Fig. _3. Block diagram or the synthesis part or the prooeaa 

. Fig. 4 . Separated block diagram or the synthesis part ot the prooa~s 



68 

Data ot the process 

accuD1111latio11 ot 
measured data 

purpose tunctio11 
optimizi11g algorithm 
datermi:natiol1 ot 
G . I 'r Br,opt ch,opt 

110 

output to regulators c3,c4 

110 
correction 

output to regulators 

determination 
ot GCO , GNH 

2 3 

output to . 
regulators c1,c2 

Fig. 5. Tbe logical tunctiona carried out by the process 



69 

THEORETICAL ASPECTS FOR OPTI~iAL CONTROL 
OF AMM.ONIA SYNTHESIS LOOP 

Burianec z.,Burianov' J. ,Hru ke 11. ,SichroTBkY A. - Teebnical 
tJni Tarsi ty o-t Chemical technology, Prague, Czechoslovakia. 

At present synthesis reactors are designed to~ ao large pro­

dUction capacity,that the optimal control appears as a neceesar,y 
economic requirement .The level o-t control in thia field is defi­
ned by a state that tbe s.Jnthesis itself ia not controlled at OP­
timum, but. it ia searched the opt.imwa o-t JDa.jor process atepa inclu­

dingthe reforming o~ a natural gas,eonversion,gaa · absorption,co~ 

pression and the · synthesis 2 • The optimal computer control ot a 

8,yntheais reactor onlJr is the object o-t theoretical considerati­
ons l4. The purpose oj~ this paper is to show the poasibili t7 o-t 

developing a llOdel of the static and dynamic belunioar of a 1111 U­

stage catal7tic ammonia reactor 8D4 its optimal control. 

The mathematical c!.eacription o-t the catal.7at section. 
In order to aimplit;r- ·the problem, a reactor B7&tea of two cata­

l7tic beds in aeriea and a countercurrent heat ezchanger will be 

conaidered.In the space between stages· are placed cooling coils 
end the heat carried 8.'flrq ia used -tor atea production fig.l • 

The heat transfer :trom the packed bed to a wall ia ao ..:U tbat 

the catalyst beda can ba defined aa adiabatic onea. A good reac­
tor work aupposes a c1onvenient beat-exchanger design E2. 

Each section is d~escribed by the system o-t differential equa­

tions (1,2 13) derived under t.he assumption of gas plug :now with­
out radial snd mal dispersion of mass and heat •12 

(1) 

k = k450 • 
27f'16 

· e:.:p [ l ( 27tl6 - t )l 
where l"

1 
~ 1 L2 are. complex tunctions of ~osition,aaea vela-r 

city, temperature and pressure._ 

(2) 
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(J) 

!hia ayatea· of equations (1 12 13) aaat be eol•ed rwmerieal.l7 
where ·the iDi tial condi t.iona haw to be e118luated i terati wl.7. 

!his reactor JIOdel can be aaed -ror on-line optimisation eal­
culatiOu bot. • ita mathematical complex! ty presents t'oxllli.dable 
c:1iffleultiea troa the point of' view of' a computer- time. 

· !here are- two methods at aimpUying th;ia problem.!he first. 
one· is to JDDdit'y t.be· system of' ditterential equations ( 1, 2, 3 ) iJ1t 
a 8impler t'ora· ( Model typ I) 1 the other one is t.o use a mu.l tiple 
atepwiae regreaaior.t teelmique on the si.mul.ation. results· to yield 
algebraic npreaaiona· ( llodel typ Ir ) :troll the differential equa­
tiona ( 1 1 2 13 ) • 

Approsimatin ateadJ-state model. t~ I. 
The general-purpose epplieabUi ty of' this mode of' t'ol'llllllation 

baa eome advantegea.Farther,the limiting· conditions appear aa a 
re81ll.t ot the numerical aolation.The simplification can be attai­
ned b7 aabstitutiOl':J. of ~( z 1T1P) and /\(z 1T1P,G) b7 their mean 
values t' 1~ corresponc:Jing to a defined working range. This can 
be carried out by using algebraic regreasicm expressions ot peysi­
cal and chemical variables ( CP. 1 viaeosi ty ,heat conductivity ) aa 
a tunct.ion· of' tempe:rature 1pressura and composition 3. 

~r,aore ailgn:ifieant aimpli-rieation. em be attained bu 
mbati tution ot'. a· c1omplicated 11athematical :torm on the right-hand 
aide ot the equation C 1) by means of an empirical tormulal 

i z !Coo + Kol .. T· ... Ko2•~ + Ko3•~ + ( ~0 • lCu .! + ~·T2 
.. 

+ ~·~l)~- +(~o+~l.T+~-~2·~3·'3)~. (4) 

This tarmal.a ( 4 ) can be employed only .in a limited and defi­
ned ·range of temperature and conversion. 

The profiles of temperature and ammonia mole traction z with­
in the catalyst ·se~tion computed on the prin~iple o:t above-menti­
oned approzimation,eoincide with the profiles obtained trom the 
solution of the system ·-of equations ( 1, 2, 3 ) • The error is not. 
greater than + 3°C and 11 z; 

On t he. other hand,we can use. various simple quadratic pl)'Iloms 
. as empirical formula in a so simple form that the solution of the 
sptem o-r simplifyed equations ( 1,2 ,J)can· be easy carried out on 
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m analogue computer .In this ease these polyno- can be uaed on-
17 in a more narrow range: o-r temperature and connraion. 

Approxi.aatin atea~·atate model typ II. 
By the use o-r this aodel .. can characterise each catalyst 

section as. amultivariable controlled system,where the disturbing 

and measured variable is the 81111110Dia mole fraction_ ~ , the other 
disturbing variable,whose value cannot be measured directlJ,i& 

the catalyst acti d t7; tb.e manipulated variables are presaure, 
temperature end now ratet. The controlled variable is the con­
version 81ml0Dia mole b'aetion at the outlet o~ the section and 

the variable · which should be optim.:llised is the total net proti t 

per time. 

One ~annot practieal.l7 attain a su-rticient number ot plant 

data to obtain corresponding relationahip ot regression &D817eis. 
It aeema to be convenien1~ to adjust. the ezact or approxiaation m­
del to boundary conditions end then t.o peld algebraic expressions 
by using a- Dllll.tiple regresaion technique troa· a se-t ot coaputer 

reiiUlts. 
We will COD8ider in this paper two catalytic aectiou. with 

tollowi.ng data: 
~~able 1. 

r:r Crosa-st!tct. k450 ~2 S inerts Preaaure 
area \ 112] · [atm] 

Ce.-tal7st 
bedl 2000 0,5 1600 3 5 200 

bed 2 1000 0, 5 1600 3 5 200 

~ the use of regress ion analysis we obtain the results u-­
presaed· iD a term ot equations(5..S ) snd shown in Fig. 2 - 5· 

Catalyst bed Bl: 

~ ' -1 -3 6 -6 ~ • -4,754.10 + 3 168).~ + 1 ,966 .10 .T1 + 21 11.10 .G + 

2 -e 2 -12 2 -2 "' • 21,62.Zl + 3,976.10 .T1 + 2,895.10 .G - 1,859.10 ·~N-1• 

.+ 2,428.10-5 .~.G- 1,371.10-a.T1 .G (5) 

Boudar7 conditions and working remge: 

O,Ol5Ei z1~ 0,045 , 20000~ G~70000 , 350~T1t6 Tlmax 

'flJiax • 2,102.102 + 2,4J 15elo3.;_ + l,-577el0-3.G -1,219.104.~2 + 



72 

608 -9 2 "H\C • 3 • 1, .J.O .o - 6, ,vv.lO ·~ .o ( 6) 

'the depenclence o~ tba output conversion emonia mole traction 
a{ o-r the tirat catal.Jrat bed on the values ot T1 ,G :for ~= 

• 0•035 IICcorctiDg to equation(5) is plotted in Fig.2. The boundary 
eonti tions end working range according t.o equation ( 6) is plotted 

in' Fig-. 3· 
· Catalyst eection B2: 

) ~ ~ ~ 
~ • -2,752.10 + 1,510.s + 8,321.10 .!2 + 1,724.10 .G + 

2 · -1 2 . -u 2 ( ) + 7,865.zz + 8,307.10 .• T2 + 1,230.10 .G - 7 
6 -3 -5 -a - ,998.10 · .J,2.T2 + 1,172.10 .s2.o - 1,042.10 .T2.G 

Boundar.f condi tiona and: working range: 

o,oa~z2(0,l3 , 20000,0,70000 • 450,T2~T211ax 

T2aax • 2,549.1CI2 • 1,021.103 .s2 + 6 1 270.10-3 .o - 3,441.103 .z~ -

- 6,401 •. 10-a .o2 . • 5·,037 .lo-3 .s2.o le) 

De clep8Ddenc:e Qt the output amonia mole . traction z~ ot the 
aecond catalyst bed B2 on the values ot T2 ,o t'or z2 • 0,105 ac­
corctiDg to equati.on(7) is plotted in Pig. 4 • The boundary con­
ditione and working range according· to eqaationta)is plotted in 
Fig.5. 

From previous reeal ts we c·an conclude that in the range ot 
low ammonia mole traction the reverse reaction o:r ammonia decom­
poaition does not. take place and .there ia not local maximum in 
llllltidim.enaional apace z1

• z1(z,T,G). 
It is true that the reaction~ rate is governed also by the ca­

tal7st activity and the pressure.In this case the equations (5-8) 
should be more complicated .Generally speeking,the effect ot a lo­
wer . ~atalyst actiTity can be eliminated by the increase ot the 
pressure .For ~ple·, it the catalyst activity is reduced f.o 50$, 
one can obtain approximatively the same output conversions at a 
pressure· 250 atm,as at tull activity at the catalyst and working 
pressure 200 .atm. 

Optimal stea~y-state control. 

The background of the optimal control is to det~rmine the va­

lues of T1 ,T2 ,G ,P ao that the plant could be held at its opti-
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IIWil conditions, in oar case, the proti t per UDi t time is -n.i­
aed. We will classify 1~he opti.JLal. control ot the aaonia IIJilthe­
sis reactor as a multistage decision process denlopped in tbis 
way in a form applicab1e to the design and to the optimal control 
ot chemical re-actors bJr Aria 1 • 

Simpli~ assump1~iona can be -de in assuai.Dg both catalyst 
activity and pressure constant.Further,the temperatures Ti,T2 
can be adjusted without limi tationa and the heat carried •ay 
from the heat exchangeJ~ is ~aed either tor steam production,or 

· for · adjusting the desired value of teper~ture T2 - the inlet 
temperature to the ~ction B2. The heat generated in the reactor 
ia used ~or the prehea1~iDg ot trel!lh Qntheais gas • 
· ·N~w :t'Unctiona ( 9 )~10) are· formed )V .ui.Dg use o"t equations 
(5)~d ( 7) : - -

zi a si ( ;_ ,--'l]:. G) 
z> :: 

2 s.J. ( ~ , T 2 1 G ) 

(9) 

(10) 

Let us define W = G.S t kg/hour ],where · W ia t.he total 
11888 now and v1 ia 1:he. coat o"t the produced -.mia, then the 

profit per unit time ia cle:tined by 

rl ,. ( zi ( ~ ,'fi ,o)- ~) ·• • vl ( 11) 

The equation (12) tdlowa the ezpenaea per wdt tiae ~ar the 
circulation ot 1;he gas mixture toge~r with the upeneea per 
unit time for the sep·aration o-"t produced -.,nia. 

vsep = vaep ( '1, zc~) (12) 

The expenses per unit time '-tor :treah 8JDtheaia ~ depends 
on the working pressure and the amount of produced 8DIIIIOnia.(l3) 

(13) 

The proti t per unit time tor produced ate- is P. nn by 

vv t v.., ( T) a ·1r.Cp. ( Ti - T2 ) .q. V2 (14) 

where q is the ratio coe"tticient -. between the heat evolnd 
and the quantity of the ate81l end ita quQ.li ty, V 2 ia the coat of 

the steam. 
By making use of equations ( 9 - 14) we can define the objeeti n 

function R(~ ,z2 ,T1 ,T2 ,w) 
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ll ( ;,•Sz•'l'~'l") • lla {[ (si ( ;_,Tl,G) • ;_) .w.tl + 

.. w.cp .(!r~ - !r2) .q. v2 - "'• ( •· A s,P) + 11u l \ z2
1 ( z2,T2,G) -

-·2)·•·vl- .... ( ... .u,P)J];[- ... eep- ... aap(.-.~)1} l:l5) 

Equation Cl5) is the basic tora of the objective tanetion, 
whi.cb caD be used to opt:iJial stea~-atate control . ot _,ma syn­
thesis reactor.!he problea ot the control troa· the point -of view 
o-r the total catalyst lite l3 ia not 118Dtioned in thia paper. 

'ro Uluatrate soae rmaerical reaulta the tables .2,3 were 
compiled , where the proti t per· md t time tor various operating 
coaditions iDle·t tesperaturee,conversions,fiow-ratee of both 
catalyst sectioaa ia· abown• The profit tro• .the steam production 
ia not included here becaa• the quantity of produced ete81l de­
pends upon the cont-rol strateg .For the purposes of the approxi­
mative estbaatioa· of the: optimal control n ahoald need other two 
tables, where output -onia .,le :tractions and temperatures are 
ebown.Thaae tabi.ea are here not publiebed.Bevertheleas,the- tables 
2, 3 are satiat;Jing tor · the eat.imation O'f the dependence of the 
proti t per UDi.t ti.Ju upon .the operating cODdi tiona. 

!.able 2.. hofi t per UDi t tiae [ X~a/hour] :tor beet 1. 

• Oa015, 0,.025 0,035 0,045 

a.1o-4 3 5 7 3 5 7 3 5 7 3 5 7 

Tl 
350 1no 18001 1790 1205 1350 1160 920 975 935 780 975 915 
370 - 2225 2245 1620 1700 1490 1215 1350 1260 935 1225 1060 
390 ... - 2735 - 1910 1840 - 1630 1590 - 1305 1340 
410 - - - - - 2410 - 2025 1990 - 1340 1635 
430 - - - - - - - - 1570 - - 2030 

In both tables 2,3 are used the same values ot the cost and 
expenses: The c~oat ot the ammonia is 2 xaa per kg,the coat of 
treah synthesis mixture is 1 K~e per kg, the expenses per unit 
time for the cir·cmlatillg gas aixture aa including the separation 

of ammonia are 30 K~a per 10000 kg/hour of the circulating 

gas mixture. 
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Table 3. Profit per Ulli t tiae [ K~s/bour} 'for bed 2. 

z o,oa 0,~05 0,13 
G.lo-4 3 5 7 3 5 7 3 ~ 7 

t2 
,. 

410 415 395 315 - - - - - -
430 585 500 455 345 350 280 - - -
450 735 625 630 465 400 350 300 200 75 
470 - 850 840 600 545 455 405 325 180 
490 - - - - 675 6.)0 510 450 275 
510 - - - - - - - - 390 

~c BaCX!el ~ an BIBIODia synthesis reactor. 

To realise the ab,::>Te-mentioned control algori tha, it is neces­
sary to provide the actual p-roduction equipment ri th either the 

classical feedback co1otrol loops atabilizing single parameters or 
the direct digital control.Then the computed optiaal. ~ues T

1
, 

T2,G will determine ·tbe corresponding controller settings.Tbe 
moat di~cul t ~robl.ea is the analysis of control system ~ea. , 

~ theoretical design for operation. of an ammonia reactor in 
unsteady regime is a ·difficult problem because the reactor ayatem 
ia nonlinear llld even in the simplest caae it is necessary t.o work 
with the system of quasilinear partial-differential equations 

= r ( c,T) 
( 16) 

ll + oT 
at ... ~ = g c,T).., 

where r,g are g:enerally nonlinear fu.."lctiona. If' it is not 
possible to neglect the infiuent.:e of axial mass and beat disper­
sion, the right-hand a:ides of the equations (16) will be extended 
of the terms involvin~ ~~e second derivatives of dependent varia­

bles at'ter ·x • 
The solution of the system 16 ,comple ed by a set of initial 

.and boundary eo.uC.i tio,na can b.e realized on an analogue computer 
using. the method o:f c:yclical approximations described by Gillea8 • 
The principle of this method i based on the well-known method of 
straight linea when one divides a space coordinate x trom the 
interval ( 0,1 ) in n subintervals , so that the system ( 16) will 
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be apJ?roxi.mated lby the equivalent set ot equations ( ·17) 

dei vn ( - n- = T ( ci- ci-1)- r ci,Ti) 

c!li 
- Cit -= T (Ti- Ti-1) - g(ci,'li) • 

( 17) 

·i • 1,2,3, •••• n • 

· ~en the ••t.bod o~ cy.clical appronmaticma consist& o~ cli vid­
iDg the· computing network ot the aysta ( 17) into n integrators 
tor each dependeiiLt variable equivalent the lett-band aide o~ the 
system (17) and a central block realizing generally nonlinear al­
gebraic operations equi:val.ent the right-hand aide ot the system 
( 17). The block ot algebraic operations ia· cyclically awi tched to 
the singal.ar integrator- sections. Thus each integrator calculates 
the corresponding integra1 att&r 1/n ot the :tul.l. computing time · 
only, in the aean time· it works in a memory state. The caleula-

' tion accurac.y· depenqs on the· Choice of- the value· n which is 
limi te4 by te·cbnical teaaibili ty of ni tching mechaniame and the 
capacity ot the computer used. Let us define the general solution 
of the 87Stem ( 16) aa · S ( c, T) and the solution ot the equivalent 
syste~ (17) ae Sn(e,T), and then 

S(c,T) = lim S
11

(c,T). 
n~oo 

(18) 

It is posei.ble to prove the validity of the relation ( 19) 
for eoae finite 1~ 

(19) 

where the right-hand aide of the equaiion ( 19) signifies symboli­
cally the solution o~ the system (16) the equations of which con­
tain the terms on the right-hand aide inYOl ~ng the inf'luence of 
axial dispersion c'Jf .ass and beat. One may make use of this fact 
in modelling abov4~-mentioned system by the method of · cyclical ap­

proximations. 
Since the section number n is not only a tunetion of dif­

fusivity D aa follows from the · relatjon (19) but it depends . 

also on the choice of the time scale Jet • t/tm ( tm is machine 
time unit) it ia necessary to select tor a given value D and 
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the constant n which is determined bJ the construction at the 
ewi. tching equipment, tltle time scale ao that the relation ( 20) ia 
tuUilled 

~ • t (n,-D), (20) 

while the system ia simnl.ated aa i:t it were deeeribed by a first­
order system only. Owing to a limiting extend o:t thia in:tomation 
it. is not possible to 'dea_cribe ill detail the derivation o:t the 
function :t and ita e:xpresaion in the variables n and D , 
this matter will be diacusaed while reading the paper. 

The analysis o:t the ay at. ea ( 16) abows that an input change o'f 
a single variable e.g. ! ( 0, t) af':tects profiles of the second 
variable c(x, t) along the whole interval ( 0, l>. There exists 
a posaibility o:t smoothing the, disturbances artecting the input 
c(O,t) by some suitable function o~ the input variable T(O,t) eo 
that e.g. the output value c(l,t) ~ be held at a given co~ 
stant value. For this reason it is ueetul to introduce tl)e ex­
pression •feedback aodel• for· a variable having to ~1 the 
tunction of a control variable. In this ease the feedback aodel 
i3 de:tined for .the variable T(x,t) bJ the eqaation 

~
dT. -- . (21) 

i • 1,2,3, •••• n • 

It is possible to charact~rize the reeul. ting effect in auch a 
defined channel so that the transfer of the information on a 
steady state ia realized inverse~ with regard to the orientati­
on of the apace coordinate x. 

The whole adjustable ayetea is built up after the block sche­
me in Fig.6 where the analogue model with the feedback-defined 
channel ot the adjustable variable T represents the controller 
function. A disturbance o'! the input variable c (0, t) ia trans­
formed to a corresponding electric signal c(o,t.) which acta aa 
the input of the analogue model. This model calculates now the 
value of the correcti.IJ~g variable T(O, t) in a short time. Aaaum­

ing that the ratio kt was chosen sufficiently large it is possib­
le to consider · the StE~ad ·-states Of the variables C(lm,tll) and 
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f(o,;_) like the instant states of the correapon~ original . 
. variable a. The aciljuatable process i tael:t rill pass t.l:rough ac­
cording to t.hia •aeiiUIIIP-tion at least one order quicker than with 
usual feedback cc)ntrol features. In Fig. 7 ia shown the time be­
haviour of both t.he variable a T ( 0, t) and c (l , t) after a step 
change of the inJKlt variable c ( 0, t) if the ratio of the time 

coordinate a t/tD
1 

ia 10. 
· The next appl~ach to this prob1em consists of using the ex­

pert.eatal aetboCl when ~c characteristics are determined 
:from aeaaured da1~a. The classical aethoda of the dynamic identi­
fication - the att·thoda of the step response and the frequency 
reaponn are not convenient :tor identification of industrial 
equipmenta 7 , 1:.he aethoda of ~cal statistics ere more 
suitable. One· of 1:.heaa-aetboda makes uae of the system r~eponse 
tG pseudorandolll tdnar;r signal /PRBS/ where from that response t} .. , 

impulse charactez~atic may be determined 5, 9 , this method has 

been apj)lied in 1~wo incluetrial cases 6 • 10 • 
Brian et al. 4 have ai.Jmlated the d1namic behaviour o:t one 

reactor catalyst bed. ~· 110del haa aaewaed the heat removal from 
the· bed, the nonl.inear difierential equations has been linearized 

be-for the· soluti<l•n• The calculated step responses have been ap­
proximated by me1ma of the first-order transfer ~~ction with 
a time lag. It DU!t1' be expected that even a multibed reactor will 
have the similar response, derived under above-mentioned approx­
imation. 

- A fiTe-bed F•uaer-Kontecatini industrial reactor was chosen 
for the dete~~ion of ~c behaviour here the transfer 
between the circu~ation -rate of gas mixture and the output ammo­
nia mole tractiOIIL were traced. The below-mentioned result is a 

part of the- work of one of the autora 11 • The identification 
was realized by F•RBS rith the period N :a 63 and the bit inter­

val t = 1 llin• 'lhe· signal aupli tude was 1·, 75 ~ of the nominal 
value of the aass~ tlow. The measuring consisted of the five-mul­
tiple applicationL of PRBS on the reactor input, the resulting 
a-veraged impulse characteristic is shown· in Fig·.a. By integrating 
this characterist.ic, the step response in Fig.9 was obtained. 

The ~c p~ropertiea of a s-ingle catalytic bed can be ap-
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proriaated at'ter existing experiaental aeuu.rinp on induetrial 
reactors by tbe trana~er fUnctions 

k 
-.:~~1.1~ ezp (- 'L p ) 

't]j) • 1 d 
F(p)ij • (22) 

i • 1,2,3 
j • 1,2 , 

where kij is the ays·t.• gain ~or the singular input variables 
/Laplace tran~ortl/ 'fj(P), sj (p), G(p) in the region o~ the 
corresponding stea~ s:t.ates tj, sj, · G0

• The convereion at the 
end of one catal;yet section will be the Laplace trana~orm zj(p). 
It is n~ceaaary to obtain the time constants 'L, 't'4 b-om ex­
perimental results since t.he7 are the function o~ a reactor 
construction aDd working conditione. 

The gaina of tbe transfer fUncti~ns ~ be estiaated b.J the 
linearisation o~ the a.tatic mod~l eqaationa (5) and (7) . 

Conclusion. 

as~ ( •~-,~ .,G) 
J .1 . J 

azt (••·,!-,G) ,l J J 

dli· .o o Go 
J. "'J'.j' 

as~ ( z.,T .,G) 
J J J 

~ • 1,2 (23) 

.i • 1,2 (24) 

j • 1,2 • (25) 

There have been wc,rked out two aodela of the cat~t beds 
ot ammonia ayntheaia reactor. These models can be uaec! ... 
basis ot optimal cont1•ol algori tbll bJ' •ana o~ · the method o~ 
dynamic programming. In the other part ot thia paper there have 
been derived theoretical and experimental models /~c/ 
"hich may be applied 1~0 the analysis ot feedback control loopa. 
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s,.bols. 

a b14r0g~n :mole traction in completely synthesis gas mix­
ture ... activation energr tor ammonia decomposition [kcal/gmole] 

b1 ,2 ••• constants 
c concentration 
D · di:ttusion. coefficient [ a 2 /h] 
ep • • • specific beat of gas [ kcal/kg °C ] 

f = t(z) ••• fractional conversion 
g •• ·• general tunction ot reaction rate 
G • • • aass velocity [ kg/m2h ] 

h(t) response to· unit impulse 

~ 
k450 
Kact ••• 
l 
L2 ... 

time scale ratio 
reaction rate constant at 450°C [ atmP h-l J 
activity coefficient 
lenght ot catal.7st bed (a ] 
tunction of ammonia equilibrium .ola fraction 

a number ot aubintervals 
P ga& pressure 
q ratio coeftitient · 
r general fUnction ot reaction rate, gain per unit time 

R 

s 
t 
f 

u(t} 
T 

V 

vsep 
v. .. 

[xes/h] 
gas constant, objective fUnction 

••• . cross section ot the· catalyst bed (a2 ] 

... ... 

. .. . .. ... ... 

... 

time (h] 
temperature 
unit fUnction response 
ga~ now velocity [ m/h] 
cost ot the material (Kes/kg] 
coat per unit time for the separation [ Kes/h] 
cost per unit time for the treeh aynth. iairture (Kes/h] 
mass· now· [ kg/h 1 
axial r eactor coordinate [•] 
ammonia mole · traction 
constants 
cooling constant [ .-1] 
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gas denai ty ( k:g/a3 ) 

adiabatic. teap1eratu.re increase [ °C 1, time-constant ( h]. 
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ftc.l.. Scb=•tjlc riew- f)~ t.be -=i• eynthesia reactor. 
~ becla· Bl, B2; heat exchangers El, E2; direc­
UGD o~- :tlow K; electrical heating B. 

ftc.2. 12118 clep4mclence ot the output a110nia mole traction Zi 
o~ the- :tirat catal.yist bed on t.he· values ot T1 , G 
~or tb8 ~ut ammonia mole traction ~ • 0,035. 
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АДАПТИВНАЯ СИСТЕМА ВМ-ЧЕЛОВЕК . ДJIН 

УПРАВЛЕНИЯ ХИМИЧЕСК~П~i ПРОЦЕССОМ 

Р.Р.ТАВАСТ 

Институт кибернетики Академии наук Эстонской' ССР 
Та.лли.н, Эстонская ССР 

I. Введение 

Системы оптимизации, замкнутые через человека, рассматрива­

ются обычно лишь как этап на пути к созданию полностью автома­

тической системы. В то же :время :в случаях: :высокой ответствен­

ности решений (:взрывоопасность, :высокая цена перерабаты:ваемых 

материалов), или существенного :влияния нефориализуеы~ факто­

ров, человек должен оставаться в системе управления как звено 

nринятия ОI<онча~ельноrо · решения. Тогда для повышения эффектшr 

ности решений ·человека разрабатывается информационная система 

(ИС) с вычислителеи (ВМ), nричем функции ИС согласуются с тре­

бованиями человека. ш.t выполняет роль инфорыа~ора, :выполняя 

трудоемкие оnерации анализа объекта и решения формализованных 

задач уnравления • . Постулируется, что человек при :выборе окон­
чательного решения управления нуждается :в следующей информа­

ции (необходимость э ~тих условий исходя из инженерно-психоло­

гического асnекта здесь не обсуждается): 

- состояние объе 1ста, оnределяемое по косвенным изыеренияы, 

- предельные техничес:сие и экономические возможности nроцесса 

при данном состоянии, 

- как добиться предельзой эффеi\ти:вности используя допустимые 

решения (каково оnтиtальное решение), 

- ~-t~tto:в э ф-Jiект заданного человеком решения при данном состоя­

нии, является Л!-! решение доnусти.мым, какие условия допусти­

мости нарушаются. 

Такю4 образом, ИС должна идентифицировать объект :в услови­

ях помех, решат:ь задачи оптимизации с . различными критериями и 

усло:вияыи и . имитироват:ь работу объекта. Поэтоыу при разработке. 
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апгоритмов ИС до·лжны рассыатриват~ся стохастически·е задачи . · 
управления с сеnаративной оценкой nараметров модели с после­

·дующей оптиыизац~ей. 

В работе дается постановка задачи управления для типич­

ного nроцесса хиыической технологии и способ ее решения. При­

водится конкретный nример nримененив методики д~я управления 

неnрерывным катапйi!еским процессом производства формапива из 
метанола. 

2. Оnисание nроблеиной ситуации, стоящей перед системой. 

Объект управления функционирует непрерывно на интервале 

времени [ О, т · J. Объект ииеет векторные управляемый 
и= l U1 , · • • , и,. > ' и неуnравляемый V = f 111 1 ••• , 111) 1 входы 
( ' - знак транспонирования), значения комnонент которых 

известны точно. I\оиnоненты векторного выхода У= (у,, ... 
1 
У т)) 

измеряются в дискретные моменты времени n = 1, 2, . .. 1 N 
с nогреmностями Е~ • Измеряемыми величинами являются 

(I) 

Уnравляющей системе известно в любой момент времени n 
I) Utn>, Vln) 1 zyi(n), j::: 1, ... ,т , 
2) гипотетическая модель объекта ·С неизвестным вектором 

параметров 

YJ = Ь r и, v, е" 1 п J , i =- 1, . . . ) m , (2) 

3) некоторые сведения о внешней среде (спрос на продукт, 
цены, оnыт других аналогичных nроизводств, плано:ьые 

задания и т.д.) которые изменяются. Обозначим эти све­

дения через S • От S зависит выбор критерия оnти-
мизации и (частично) выd.ор допустимой о6J1асти уnравленm1, 

4) конечНЬiй набор . критериев уnравления 1N~ , ..• 1 wt , 
5) часть коыnонент векторов технических ограничений, вхо­

дящих в оnределение доnустимой области уnравлений. 

Задача системы ЕМ-человек замючается в выборе уnравления 

(решения) в соответствии с изменяющимиен характеристиками 

объекта и изменением внешней · ситуации S • При фиксированном 
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5 решение управnяющей системы заключается в выборе точки 

И* из множества Гu , эвклидова пространства Е". при усло-
вии ыиви.ыума выбранвой цели 1. 

Допус~имое мно:аес'J~во Г(; определяется . в виде вероятност­
иых условий 

(3) 

@[А J - вероятность события А , 1'6 - nоложительная конс-
танта, о,5-' "f6~ 1 • 1- f6 nредст8.Шiяет субъективную доnус­

тимую вероятность · нарушеиин требования G "0. G('i,U;VJgtb)~O 
означает сокращенную запись системы нера:венст:в 

(4) 
\ - - - ' где часть компонентов § .==(94 , ... ,9~)) 6 =(9"' .. · >9~&) задано, 

часть определяется чешо:веком на основе 5 , учиТЬI:вая Те 
Каждая функция цели есть математическое ожидание критерия на 

единичном шаrе 

Ji. = 6 w'- cv,u) , i. с 1, ... ,i (5) 

В каждой ситуации 5 человек иыеет некоторую свободу :выбора 

критерия wi. и ограничений fV (:в пределах технических и 

экономических доnусков). Эту свободу он использует для макси­

мизации некоторой интуитивной функции полезности. Формулиров­

ка w i. и Гu с уче~~ом 5 - первая задача человека в сис­
теме уnравления. ИС содержит адаnтивную модель объекта, кото­

рая исnользуется человеком для безоnасных и . быстрых опытов с 

целью выбора окончательного решения Ик : I) Оnределение 
И/\ j = 1, .. . ,«, ~ t : ~· lU*) = mig, для различных W;" , Гu при за-
данном состоя~ии объектаи(модели). В качестве окончательного 
:выбора человек может выбрать И к-= И/ соответствующее цели 
'Ij или компромиссное между несколькими целями решение. 
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2} Решение Uк иожет быть испытано на ИС до реализации на 

о~епе. 

Такии образом управляющая система ИС~человек адаптируется 

к изменениям внешних условий через человека и к изменениям 

объепа- через ИС (рис. I). В процессе принятия окончатель­
ноrо решения человек многократно использует ИС. 

3. Структура модели объекта в ИС 

Рассматривается объект с расnределенными nараметраии, со­

стояние которого в статическом режиме характеризуется расnре­

дехеивек некоторых физИческих величии (темnератур, концентра~ 
циА веществ, дrоiJiений и т.д.) Q = ( q", ... , Cj.t)} по прост-
раиствеввой координате ~ • Информация о состоянии Q(q ) 
uожет бнть nолучена в результате наблюдения nоследовательно-

сп спучайвнх величии Z..'jj < n) , которне генерируются cлe-

.цyDUD~ образом 

Zu·(l')) = U·(n) +ё. (n)- h ·{Q(n n ) r ( ) · (б) 
.JJ 7J CJi - 'J (" > • • • > l5 , + {...tJj n , J:: 11 •.. ,m ) 

цв ?f) ... > 7& - фиксированные nространственные точки в npeдe-

Jiax Объекта, ~) - извествые функции от со.стояния Q , 

t..Jln>=(c11Jn), ... , E~m)' - nоследовательность незаеисимых слу-
чаlвых векторов; с: одинаковнии многомерНЬiыи нормальными расnре-

деJiевиям.и N( о , L. ) ДJIЯ любого n 
Объеп не име·ет п8Jiяти в том смнСJiе, что nереходныв nро­

цессы е объекте затухают за время, несоизиеримо меньшее ·вре­

меп ilt 
Имеется ряд гиnотез · о закономерностях ~ехави~ыа nроцессов 

в объепе, которые формализуются в виде оnератора 

D f·Q (? J , U 1 V 1 ё ) =О (?) 

Оператор . D м~ж~т содержать производныв no nространст­
веивой координате_ _ 'Y!-aq ) ~ = 1, ... 

1 
t и вектор неизвест-

внх параметров 8 = ( ef ) ... ' efS ) J но не содержит производ-
внх по времени (уравнения стационарного режима теnлоnередачи 
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диффузии, химической киаетики и т .д.) Выражение (7) совuестно 
с граничными условиями, 

(8) 

где 79 - координат;ы пространствеиной границы объекта, оп-

ределяет решение 

(9) 

при фиксированных U, V > ё • Подставляя (9) :в известные 
функции hj получае.м гипФтетический статический оnератор 
объекта в :виде модели 

':JJ = fJ· (и 1 v, ё) ) j = 1) ... ) т . (IO) 

Функции (IO) лишь в р~едких случаях могут быть получены :в явно~ 

форме, во всех практических случаях требуется численное реше­

ние (?), (8). 
Параметры ё :в (9) имеют определенный физический сuысл, 

например, коэффициентов теплопроводности, диффузии, гидрав.i'IИ­

ческого сопротивления, скоростей химических реакций и· т.д. 

Некоторые из них могут по их смыслу медленно (часто монотонно) 

изменяться во времени. Если по созданию моделей (7), (8) для 

процессов химической ;технологии имеется обширная литература 

(отсылаем, например, :к [ 3 J), то конструировать модели иед­
ленного дрейфа параметров объектов на осно:ве изучения механиз­

ма явления удается редко. Здес-ь применяем формальные модели, 

наиболее удобные ·с точки зрения их применевин в ИС. Предпола­

гается, что изменение nараметров безынерционно 

ё=С{п,е) ~ (II) 

где е - р - вектор неизвестных параметро:в. Простые частные 

случаи (II) 

ё(n) =е (I2) 

ё (n) ~ 1-1 { ~) , Н-!рхz)матрица неизвестных парwетрОВ(I3) 



Могут быть известны р -векторы а,. , 62 в не равенст-

вах ~~е ~52 • Учитывая (II) и ( 1 о ) , шаеем модель объек-
та 

Yj = fJ· ( И, V) е) n ) 1 {=- 1, ... , т . (!4) 

4. Оцен~а параметров модели с многомерным выходом 

Рассогласо:вание между j -тым выходом объекта и соот-
ветст:вующим :выходом модели для фиксиро:вавньrх U) V,. 8 ; n · 
ра:вняется 

В начальный период оценки имеется N
1 

оzшто:в ( ~ со:во-

купностей :векторо:в И, V, z; , n ) • В:ведем СЗiедующие обоз-
начения 

(!6) 

тогда получим С5олее компактно 

t. = Z -F(8) (I7) 

и приходим к проблеме нелинейной симультанной (:векторный :вы~ 

ход У ) оценки вектора параметро:в 8 • Один и тот же ве~t-

тор Х :входttт в~ все функции Tj , j : 1) . . . , n1 ; одна ком-
понента :вектора Э может :входить ~о все функцииfj· 

Будем искать марковскую оценку е вектора nараметро:в 

е > минимизирующую к:вадратичную форму 
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(I8) 

где Q, - оценка неизЕестной коЕариационной матрицы Q . рас-
согласований t . 

Рассмотрим возможности nолучения оценки Q на N1 оnы­
тах. Согласно nредnоложениям, сделанным ранее, SG имеет 
следующую структуру. ~(nJ независимо и одинаково распре-

де~енные случайные векторы с нулевым математическии ожиданием 

и ковариациониой матрицей 6( tjt.~) = бjjl ) 6(tit:) = бJкi, 
бJ'к. > J.> к ... 1, .. . , m элементы матрицы L. 

где I - ~ х N1 единичные матрицы, т.е~ nредnолагает-
ся, что рассогласования раэлиЧНЬIХ выходов в один и тот же мо­

мент коррелироЕаны. Ковариационная матрица случайного векто­

ра с. согласно оп:ределениям (I6) будет 

Q =L.~I (I9) 

~ - обозначает операцию пряыого произведения матриц. 

ОбоЗначим оценку вектора nараме!ров полученную из условия 

минимума функции ФN. ( 8) ~) через eN (~,') ·• Тогда 
f f 

можно рассмотреть с~едующий итерационный nроцесс. 

I. начальная оцеЕ[ка Qo · равна Q,• =- i.~ ~ 1 
" " .. 1 

2. миюшизация ф .. , (@, Qo) , получение в"' ( ~0) 
~~ А ~. } 

3. вычисление оценки элеыентов ~~ 
.... , 

л t . t." " " " ) 
Gjк=7, 1 t!=(E.j(1·), ... . ,tj(Nif)}, 

(20) 

tj(n)= zч.(n)-fJ· (e .(Q4) X(n)) 
1 N4 ) > 

4. nовторение I. . 
Эта nроцедура требует на каждом шаге итерации обращения 

N"m ~ N1 m матрицы. Следующий метод этого не требует. 

Учитывая сложное nереметение случайных независИШDС факторов 

в образоваЕtИи ошибЕm сделаем nредполQ~евие о нормальности рас­

пределения каждого 6jCn) • Тогда оценка наименьшИх квад-
ратов 8 'J" сщеланная для J -того уравнения ( I3) 
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будет состоятельной. В 1 I 1 nокаэывается, что еслИ элементы 
Q ВЫЧИСЛЯЮТСЯ как В (20), ,_где tJcn) = ;z.'i/n)-f(BlJ\X(n)) 

то полученнаялтаким образом ~ сходится по вероятности к 
.Q • Тогда Q нужно обращать лишь один раз nри nодстанов-

кв В ( !8) ДЛЯ ВЫЧИСЛеНИЯ СИМУЛЬТаННQЙ ОЦеНКИ eN t КОТОрая 
;f 

также будет состоятельной. 

Для минимизации фN(8,~) целесообразно nримененив алrо-
. 4 

ритма нелокального nоиска минимума. Таким алгоритмом являет-

ся Ru [ 7], который кратко буДет оnисан ниж~ в п. 5. 
Обычно N1 невелика и nри поступлении текущих данных 

Х сп) 1 zy;(r1) 1 J,,= ~,~ .. )т, n = f\14+ 1, Nf+2) ... должны вычисляться теку­

щие оценки е,., ) e"·+f ) ... 
Е стественно nрименять для этой цели схемы стохастической аn­

проксимации [ 4 ] , [ 5 J, [ 6 ] • 
Рассмотрим рекуррентную схему оnределения оценки еп(~) 

близкой к е в смысле (!8) nри увеличении n , n + 1 > ••• 

для случая векторного выхода объекта У • Функция nотерь на 
единичном шаге будет 

(21) 

где ~ соответствует оnределению (!6) nри N1=1. Градиент 
t, равняется 

(С>~)) ( дF)>" v z., == ~е == - 2 -а е L. с. '1 
(22) 

dF 
где -ое - m х р -· матрица. Введем pxm - матрицу 

(23) 

1·огда последовательная схе иа оценки 

(24) 
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где 6означено 

еслv. ~ <е ~ о2 

если е ~04 ) 

- //P~2:J.mox- норма nрямоугольной матрицы Р) 

(25) 

~max - максимальвое собственвое значение ыатри~ Р'Р 
1

. 

81 )~ -заданные р- векторы, удовлетворяет условиям 
теоремы 6.4 1 5 1 и '~(В-8) ~О nри . n -> (;/;) • Могут приме-
няться как детерминированная матрица J< 'n J е/1/ ) так и "адап-

~ 

·тивная" матрица К ( n Э,.,) .. · 

5. Решение статической задачи оптимизации 

Виесто стохастической задачи (3), (5) ИСн.акоguт не~оторое 

ее приближенвое peme1me. При· постреении точиого детерминиро­
ванного эквивалента задачи неливейного nрограммирования с со­

вокупностью вероятностнЫх ограничений возникают nока верешеи­

ные nроблемы. Эдесь предnолагается, что человек способен за-

дать Q 1 & так, что получаемая система нера:9енств ( Гu )с~ 
удовлетворяется с вероятностью, близкой к t6 • Соответст­

вующая детерминированная задача проrраммирования ~орuулирует­

ся в виде условий для определения и ;о 

j =w (u'*J Y(u~.v~8" 1n) ) =min , 
Ut= ( Гu )d 

(26) 

( Гu)cJ = f И : ~ '- G ( И ~ У ( И~ V) en >n )' ~ 61 . (27) 

Сведем (26), (27) к нахождению без условного мzнимуМа следующей 
функции 

-·J =- _1 -т- х П ( 6 /2 Б ) (28) 
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где 

(29) 

Х - достаточно большое число. 

Для ыинимизаци.и (28) применяе~ся аJiгоритм Ru [ 7 ] ис­
пользующий лишь значения минвизирующей функции в дискретных 

точках сетки независимых nеремеиных (функция (28) ~ недиффе­
ренцируеыа). Поиск ведется в nостеnенно сужающейся области с 

постеnенно уыеньш:ающиыся шагом. 

Блок-схеuа ИС в целом и , ее ! связи с человеком·nриведена на 

рис. 2. Для начальной оценки на всех этаnах, где требуется 
миниuизация функции (nри начальной оценке nараuетров, при ыи­

нимизации (28)) nрименяетсЯ Rи • Последовательная оценка 
согласно (24) исходя из начальной оценки BN nри nостоянном 

л 1 

~ ведется для измеренных значений X(nJ • Получаемые 
оценки Bn И ИЗМ1еренные VCnJ исnользуются В модели ДЛЯ ОП­
ределения оnтимSJiъного режима и* согласно заданным w > ( Гu )d 
и для вычисления выходов модели Ук ддя задаваемых человеком 

ВХОДОВ Ик 

6. Система уnравления npoцeccou nроизводства 
ФОрмалина 

Процесс производства формалина как объект управления. Уп­

равляемый объект еостоит из ряда аппаратов (рис. 3), в кото­
рых в непрерывном потоке протекает процесс фазового и химиче­

ского превращения жидких и газообразных веществ. М етиловый 

спирт разбавляется водой и подогревается _ (аппарат I), смес:ь 

испаряется и смешивается с кислородом воздуха (2), пар пере­
гревается (3) и поступает в 'контактный аnпарат (5). Получае­
lJЫЙ "контактный газ•• идет в систему логлощения, где Or2 , , ас~) 
поглощается в водЕ~ - получается готовый nродукт формалин, а 

газ состоящий из а~ч), acs), ас")> ос ~) :выбрасывается.х) Процессы 

л) Веще ства обозначаются через o(n : ос.о- 02 ) ас2 > - CJ-120 , о('!>)- сн~,ОН 
О(ч) - СО:;, 0<5)- СО, Оа,>- Н2 1 0(7)- Н20 1 Ocs)- N2 . 
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в апnаратах уnравляемы заданиями регуляторов расхода воздуха 

( u1 ) , со тноmения в.ода-метанол ( u2 ) , теыnературы кон-

такта ( и3 ) и те . · nературы nерегрева ( и'~ ) • Процесс nо­
гnощения считается неуnравляекым. Выходы систем регулирова­

ния Zu,· ) t. = 1 J2, ~, 4- , а также температура и дав-

ление nостуnающего воздуха 2'i.t ) ;t;z неnрерЬtвв~ измеряются 
и фильтруются, погрешЕюстью фильтрации npeвeбperaeu : =tu,· =и.· J 

.;t..-., -='У;, ) ::t·~ - i'V"2. • В дискретmе моменты в реме ни n = 
I, 2 ,. • •• , N измеряю1!СЯ состав контактвоrо rаза и rотовоrо 

продукта, интеrрмьные расходы форuаJiива и метаиОJiа. 

Необходимость управления. Технолог цеха формапива выби­

рает и устана_вщmает режиu в моавых изменяющихся умовиях. 

Первое решение о режиме !eюroJior при :выве;ц~вии arperaтa на 

режи.u пoCJie пуска: Э'r() решение зависит О! способа приrотовле­

ния катализатора, количества массы катализатора, плавового 

задаюш, требований на качество продукта, HaJiичu сырья, на­

личия спроса, времени rода, состояния системы паrлощевив, 

т.е. от уСJiовий ведеmm процесса. Arperu .будучи выведенвый 
на реи~ может nри этом .Работать до изменения уаповий вызы­

ваемых: I) Изменением активвос'rа катапизатора в результате 
старения, 2) Изuенениt~М требований к про;цуиу, 3) Изкевевие1t 
цел:ей уnравления по эконоuичесКИII соображениям, 4) Изменени­
ем гидравлического coJlipoтИВJieииil rазовоrо трапа arperaтa, 

5) Изменением свойств катапизатора nри кратковременвых оста­
новках аrрегата. 

Цели управления. ДопустИМНII называем реЖим (решение) 

И = ( и. 1 , • •• ) ич) , nри котором не :воЗвикае'r :взрывооnасной 
смеси, вьщолняются тр1sбова.ния на . качество и ксшичество и се­

бестоимость nродукта. В зависимости от эконокической ситуации 

из множества доnустишых режимов выбирается в каждом состоянии 

объекта оптимальный режим по одному из следующих целей: 

I) максимальная средная nроизводите.пьвость, . 2) мииимаJIЬнан 
средняя себестоимость nродукта, 3) максимальный средний до-
ход, 4) миниимьный средний nроцент метанОJiа в формалине. 

Оператор ставится в каждом случае изменения условий в проб­

лемную ситуацию. В случаях 1, 5 оnератор может вообще ие за­
метить изменения ситуации, не говоря об оптиымьном решении. 
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Интуиция и OI1ЬIT nозволяют оператору процесс :в среднем вести . 

удовлетворительно, но далеко не оnтимально. Если nри измене­

нии условий nредыд~дий режим оказался доnустимым, технолог 

старается не принимать нового, хотя и может быть более эффек.;.; 

тивного решения, nоэтому на практике часто применяются мало­

эффектпные режmш •. Это связано с одной стороны неточньш зна­
нием допустимой области решений, · с другой- незнанием наилуч­

шиХ с различных точек зрения допустимых решений в изменяющих­
ся ситуациях. Информационная сист~ма призвана повысить эффек­

тивность решений, принимаемых человеком путем дополнения че­

ловеческой "концеnтуальной" модели объекта количественными 

оценками о состояшин nроцесса и эqхректе раэличНЪIХ режимов. 

Модель процесса. Центральную часть в оnисании занимает 

~одель процессов в контактном аппарате. Процесс контактного 

rре:вращения метанола в присутствии кислорода и nаров воды в 

формальдегид идет по гетерогенному оксилительно-дегидрогени­

эационному механиэму в непод:вижном изотермичном слое частиц 

пемзосеребрявого катализатора. Основные реакции сопровожда­

ются параллельными и последовательными побочными реакциями, 

часть которых идет гомогенно. В уравнениях кинетики учитыва­

ется факт, что в промытленном процессе скорости гетерогенных 

реакций лимитирую1тся скоростью массоnередачи от потока реаген­

тов к поверхности частиц катализатора, nозтому скорости реак­

ций зависят от гидродинамических условий в слое.Учитываетсв 

существенный распад продукта в подконтактном холодильнике :в 

неравномерном поле температуры. Остальные части агрегата оnи­

сываются уравнениями материального баланса. 

Благодаря авr;r.отермичности контактного nроцесса температура 

в слое определяется nараметрами исходной смеси и скоростями 

реакции. Последние :в свою очередь эа:вис~т от температуры. По­

этому выход модели '{ для фиксированных и ) v' е" ) n и 
определяется итерациями. Структура моделИ nравильно отражает 

ваЖные качественные свойства объекта (наличие устойчи:вRХ то- . 
чек, направление градиентов выходов по :входам и nараметрЭJо~) .• 
Идентификацией достигается минимизаr.illi среднего рассогласова­

ния объекта и мод 1ели. 
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ИдентиФикация. При каждом новом катализаторе nроисходит 

смещение оценок napau.e~poв. Поэтому делается начальная оценка 

е,.,1 I~ Q на N.., первых опы~ах. Согласно п. 4. Оцени-
ваются коэффициен~ы д4 > ••• , 85 в предъэксnонентах скоростей 

реакций • Поступающие в дВJiьнейmеu rpyПIIЬI Х ( n) , 2 ... < n) n-: N +1 N +2 . 7 ) ~ ) " ) 

обрабатьшаются рекурс:Пно согласно (24) для получения 8", e"t4 , :::, 

которые ра.ссuатроаю~ся фиксированнымИ при осталь­

ной работе ИС. 

Решение статических (одноmаrовых) задач определения опти-

118JIЬВЬIХ решений. Допустимая область· ( Гu)d оnределена следуюЩи-
П y.CJIOBИЯIIИ nри 

I) 9и ~И~ 9и Jи, §и - 4х uерНЬiе векторы тех­
нических ограничений, 

2) 

• 

3) 9~ (И,У( u,v,e",n)) '-9,. 

4) 9ч {..914(U, V(u,v,8n,n>) 'qч 

5) :Js '- 9s( И, 'i( U, V 1 8п,n )) 

6) ~(И, Y(U,1V,&11 ,n)) 'q, 

- условие взрывобезопасно­

сти, 

- уаповие нормальной рабо-

'fЬI nоrлощении, 

- уаповие требований на ка-

чество формалина, 

- условие задавной средней 

производительности, 

- уСJiовие задаиной себе сто-

имости. 

·Эдесь 92 - i it_овцентрация ar31B парах перед ковтактНЬIМ · аiПiаратом, 
9~ - объемная скорость веществ через слой катал~затора, 

g11 - содержание uе:танола в nродукте, q5 - производитель-

ность агрегата, 9, - себестоимость nрQдукта. 

Если решаются зада.чи I, 2, 3, 4 (см. цеnи упраmzения), то: 
задача I -gs(U,Y(U,V

1
B",n))=rrtin усnовие 5) снимается 

6) -"-
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задача 3 -g7 =q5 (..11(1'"+.12. )=min при уСJiовиях I) ... _ 6) 

задача 4 q,.,(u,v(u,v,e:,n})zmin условие 4) снима~тся 

97 чистый доход производства , 

-\)~ z. - стоимостu в выражении дохода . 

Техническая реалиэ1ация систеw управления. Изменение· ус­

ловий ведения процесса про~сходит двояко: катализатор теря­

ет активность непрерывно за два месяца, а изменение внешних 

условий 5 возникаеtт скачкообразно. Средний период между 

изменениями режима пс1 различным причинам на од,ном производ­

стве до внедрения систеи:ы равнялся 67 час8Jо(. п·оэтому вычисле­
ния в реальном масштабе времени могут в данно»r случае вестись 

''ofi-line". Темп поступления X(n), Z,<n) низок - Iб чисел в 2 
часа для одного агрегата. Данвые за сутки перфорируются на 

телетайпе цеха и пересылаются в вычислитель~_ центр с указа­

занием номера аrрега~~а. X(n), Zin) есть базоваи Информация 81 
передаваемая регулярJ!IО. В зависимости от кода режима вычис­

лений (передается каждый раз при В1 ) могут _проводиться 

следующие вычисления: 

I . Вычисление среднесуточных экономических и технических 

покаэателей. Результат (как и других видов вычислений) вы­

водится на выходной nерфоратор ВМ в коде М2 и передается на 

телетайп цеха (рис.4) ! под названием "сводка ре-
ЖИJ.tов агрегата ~ 111

). 

2. Начальная идентификация - оnределение §Nf и _Q· на N. 
делается снова для каждой новой загрузки катализатора. 

3. Идентификация параметров модели объекта делается авто­
матически каждый раз при поступлении В4 . • Результат выводит-

ся под названием "состояние процесса" (рис.4) 

(В тексте не бWI оnис:ан способ определения характеристик си­

стемы поглощения). 

4. Вычисление выходов модели Ук для зад_аmшх ul( (ве-

роятiШх выходов объеЕ:та) nри данном состоянии. Возможностью 

узнать вероятный рез~rльтат решений до его реализации на объ-
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енте че.повек поJIЬзуетса охотно. Группа задаваемых режимов 

· перфорируется в виде массива 82 noCJie в~ - • РезуJIЪтат выво­
дитая под названием •исmrrаиие заданных режимов• (рис. 5). 

5.· БычисJiения ·оПТJrша.пьноrо режиыа.)J)Iя этоrо задаются в ви­
де в~ номера задач, верхние и нижние допустимые значения 

ограничений § , 6 .;n.ля Rаждоl задачи. РезуJIЪтат :выводится 

под названием •о~а.пьвне репмн• с ухазанием R:Ритерия.ВЬmо­
,цится тапе оDдаемаs: 8фреипввосn оптима.пьньtХ режимов -"ожи­

даемые похазате.пи" ('рис.б). В3 ЯВJШется резу.льтатом формапи­
зацп 5 :и передаетса · .JII8 . изменеВ11И . внешвей ситуации ведения 

процесса. 

Реа.пизовSВВid в увеерса:IЬИQI :ВМ алrоритм слупт ДJ1fl yn-

paвJJ:eiDUI ~ecxoJIЫDП ~езавис:имых arpe.ra'l'Oв .производства фopмa­

JIJUia. 
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C!!OJIKA PEIMIIIO! М 8WX010! АГРЕr АТА НОМЕР 

2 

ЧMCJIO НОМЕР PACXOJI KOHU ТЕМПЕР ТЕМПЕР PACXO..Il 

МЕСЯU Cfi!Eitol !ОЭJУХА МЕТ AHOJI МОНТАН ПЕРЕГР МЕТ АНО/1 
4,09 82,00 2050,00 6),40 695,00 112,DG , 7,42 
5,09 85,0() 2050,00 6),70 · 6~5 ,00 11) ,00 , 7,38 
6,09 88,00 2050,00 63,)0 695 ,оо 112,00 17,66 
7,09 91 ,00 2050,00 63,60 694,00 11),00 17,32 
8,09 94,00 2050,00 6),50 695,00 111 ,00 16,59 
9,09 97,00 2050,00 6),50 694,00 110,.00 17 ,оч 

10,09 100,0() 2050,00 63,50 695,00 110,00 16,08 
11,09 10),00 2050,00 6),90 6"94 ,00 11 D ,00 14,92 

!WXOJI СЕ ЛЕК OSIAЯ РАСХ !!loiPAS ПРОU ПРОU эк он AOXO.R 
•ОР~~' ТИ! Н К ОН! КОЭ•• •оР-НА ·OP-jA "'ETAH IIIEТAH 

0,756 0,88) 0 ,856 0 ,52) J0,387 · J7,400 6,600 -0,091 251) ,010 
0,755 0,879 С1,860 0 ,52) 30,29) )7,400 6,400 -0,105 250),8)6 
0,755 0,885 0,85) 0,525 )0,674 )7,500 6,700 -0,159 2529,996 
0,748 0·,88) 01,846 0,529 29,864 37,400 7,100 -0,269 2451,801 
0,744 0,874 0,852 0,531 28,477 )7,400 6,800 -0,)2) 2)31 ,244 
0,747 0,87) (]1,855 0,529 29,)84 )7 ,400 7,)00 ·-0,266 ·2412 ,255 

0,745 0,870 0,856 0,526 ?.7,888 )7 ,100 7,200 -о ,173 2297,420 
0,740 0,864 0,856 D,5JJ 25,554 з·7 ,зор 7,100 -0,)26 2088,409 

СОСТОЯНМЕ ПРОUЕССА 

ПРЕ!hЭМСПОНЕНТW СКОРОСТЕА ПОТЕРИ · СТЕПЕ НИ П ОГ ЛОСЕНИЯ 

КОО К10 K2D KJO К40 ТЕПЛА •оР ~-дА ~ЕТ ~ НОЛ А 

)0)7 4)09 2476 185 59) 55000 

, ,000 о ,911 

Рис. 4 
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~),0 ~95 , 0 11 ) ,0 

6),5 695,0 114,0 

о о о о о 

)1,0 )1,0 )2,7 0,0 о,о 0,0 0,0 о,о 
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2597 2~82 2Ч22 о о о о о 

6,Ч · 6,8 16,6 . 0,0 0,0 0!0 0,0 0,0 

Ч9,2 Ч9,1 ЧО,6 0,0 0,0 0,0 0,0 0,0 

О,2Ч 0,09 -2,90 0,00 0,00 0,00 0,00 0,00 
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о,887 о,887 о,91Ч о,ооо о,ооо о,ооо о,ооо о,ооо 

0,20 0,20 0,24 0,00 0,00 о,ос о,оо о,оо 

),92 ),92 Ч,О2 0,00 0,00 0,00 0,00 0,00 

1,.60 1,60 O,JO 0,00 0,00 0,00 0,00 0,00 

18,0 18,0 17,1 0,0 0,0 0,0 0,0 0,0 

0,096 0,096 0,087 0,000 0,000 0,000 0,000 0,000 

0, 266 0,269 0,294 0, 000 0 ,000 0,000 0,01)0 

Рис. 5 
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) MAIIC JOXOJI 
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2 ч о о о о 
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Рис. б 


