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SIMULATION OF DISTRIBUTED SYSTEMS IN
CHEMICAL ENGINEERING

Se Bay Jorgensen and M., Klimmel
Chemical Engineering Department,
The Technical University of Denmark
Lyngby, Denmark

1. Introduction

In studies of the dynamic performance of ciritical units in
chemical plants it is often neccessary to make due regard to
the distributed nature of these systems. This involves mathema-
tical models of simultaneous partial differential equations or
for staged syétems a number of ordinary (or partial) differen-
tial equations, which must be solved for the relevant forcings.
In the case of flowforcing which involves at least dynamically
nonlinedar models limearized modéls Have been used most often.

Solution of linearized models in the frequency domain are
straight forward and has been the most commonly used method.
Solution in the time domain has mainly been accomplished by use
of lumping techniques. This has particularly been done on digi-
tal computers which are.rather slow and create stability pro-
blems which have limited the number of sections used in the
spatial dimension. Analogue techpiques have not been much in )
usel'h presumably because of the amount of nonlinear gears re-
quired for simulation of flow forcing. Many autdkors have been
interested in the solution of these models by lumping techniques
but very few have investigated the accuracy of the solution 6,7.
Although there has been published studies of the dynamics of

8,9 discuss

distributed chemical systems only a few papers
some general aspects of distributed systemse.
In the present paper a broad terminology for chemical engi-
neering systems is roughly stated and the mathematical models
fof a large group of systems are introduced. Simulation of
these models is discussed and a special analog computer presen-
ted. The error of the simulation is investigated by means of
the moments of the flow delay impulse responses and the devia-

tions in the frequency characteristics are estimated.

2, System modelling

In the present paper is focused upon systems with two conti-
nuously flowing materials which only exchanges one quantity



physically and without chemical regction. These limitations are
imposed to simplify the following presentation. The concept can
easily be generalized to systems with several changing quanti-
ties and/or materials.

In fig. 1 is shown a general modé¢l for a system where the
physical transport is assumed to take place through the bounda-
ry 2 (numbers are shown on the figure) between the flowing mate-"
rials 1 and 3., This boundary can be the boundary between two
phases as in gas absorption or it can be more complex as a wall
with two boundaries to the flowing materials as in conventional
heat exchangers. The system model can be subdividéd into th;
following elements: Flow element, which constitutes one flowing
material. There ire two of these in fig. 1 (1 and 3). Coupling
element: Through whith the quantity transport occurs. It has
one boundary in common with flow element 1 and one with flow
element 3. The quantity exchange on the boundary between a flow
element and a coupling element 4is: named the coupling process.

With this terminology it is simple to describe the system
operation in a blocdiagram. Here each element constitutes a
bloc, the vertical arrows symbolise the coupling processes and
the in- and out-flows of material are shown by horizontal ar-
rows. The flow directions in flow element 3 are shown to be
either co- or counter-current, as in fig. 1. If we use a single
pass counter current double pipe heat exchanger as an example,
see fig. 3 for numbering, the operation'principles:are simply
stated by means of the blocdiagram in fig. 2., If the capacity
of the outer wall is significant then there also occurs heat
transfer from flow element 3 to the passive coupling element 4.
This is added in fig. 2. with dotted lines. This terminology has
proved practical in connection with distributed and staged
systems, 2

Formulation of mathematical models for specific cases fol=-
lows directly from the balance for each element. The dynamic
models are formulated from the assumption that the system is
disturbed in a stationary state. This specifies the initial
conditions.

The following systems have been studied., System I: The po-
tential in one of the flow elements is assumed independent of
the potential in the7§E85 element, An example is the conden=-

sing vapor-liquid heat exchanger. For the other systems



the potentials of both flovelements/gggumed mutually dependent.
This gives two situations: System II: Cocurrent flow and system
III: Counter current flow. Examples are liquid-liquid heat ex-
changers (both II and III), gas liquid absorption (III) and gas
liquid. fluidized beds (II). Note system I is a limiting case
for both II and III.

Mathematical models for the system elements. i

The mathematical models for the coupling process, the coup-
ling element and the flow element are formulated under the addi-
tional assumptions: :

l. The coupling process is linearyor linearized.

2. The transmission coefficients are independent of the

potential and the flow velocity.,

3. The physical properties of the materials are independent

of the potential,

4, Axial molecular transport in the coupling elements is

negligible.

5. The condition in the flow element is described by at

most one space dimension.

With the coupling processes specified, the modelling problems
for the flow elements are essentially hydrodynamic. In the pre-
sent paper . . three different descriptions of the flow picture
are 'discussed: : -

The plug flow model (pFM),

the axial dispersion model (ADM),

the staged model (STM), i.e. complete mixing and con-
stant capacity on each stage and no flow delay between the stages.

The mathematical models are shown in fig. 4 together with mo-
dels for the associated coupling element, when this has a finite
capacity. The time constants Tij are defined on basis of film
transmission coefficients. When the coupling element capacity is
negligible, the dynamic médel for this vanishes and Tij in the
models for the flow elements are defined on basis of total trans-
mission coefficientse.

The inlet conditions for the flow elements are in all cases
that the balance over the inlet is satisfied at all times. For

- +
ADM is used the i?let condition Ul(0,0 ) = U (e,0 ) and the out-

:Ul 9'1)

let condition =————— = (0, Fan and Ahn9 have shown that there are
-3 -

only minor differénces in the frequency characteristics for dis-



turbances in inlet potential between these simple boundary con-
ditions and more sophisticated ones when Pe is larger than 20,
When the models for the elements have been derived the mo-
dels for the complete system are easily formulated by combina-
tion. The mathematical models for the three mentioned systems
are shown in fige. 5 for PFM, The models for ADM and STM can be
formulated by analogy. The results of the simulations will be
compared to linearized frequency characteristics for PFM and
STM. These have been computed from linearized modifications of
the mathematical models.
3. The special analogue computer

The special analogue computer is designed to simulate STM
with forcings in inlet_potentials and flow velocity. The prin-
ciple is described by Kummelh + The hardware described has been
improved. Especially the buffer amplifiers which now have 0.995
as mean voltage gain.

In preparing a simulation PFM and ADM models must be conver- -
ted to the equivalent STM models by discretization of the con-
timuous position variable., The derivatives are approximated for
PFM by a backward first order difference quotient which intro-
duces truncation errors o(1/N). For ADH Coste,. Rudd and Ammiund-
son 40 have shown that by using central difference quotients
it is possible to rearrange the model into an equation where
the first derivative is approximated by a backward difference
quotient. Here the coefficient to the second order difference
quotient vanishes by the extra dispersion introduced when
N= Pe/2 This model simulates ADM with an truncation error
o(l/N ), which is much better than for PFM,

From the equivalent STM, 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 timescale have been selected.

4., Erroranalysis
The use of this simulation for solution of other flow mo-

dels than STM introduces the mentioned truncation errors. The
nature and significance of these will be analysed on the basis
of moments of the flow delay impulse responses for the three
mentioned systems,

The investigations are carried out for all the systems trans-



port delay transfer functions. These are preferred because they
are common to all distributed systems and determining for the
system dynamics. Further . = the approximation in the simulation is
caused by lumping of the continuous delays,

The i'th moment is defined as:

J.: ot u(e,1)a0

M, = Sl e oL i

i = = o' u(e,1)de (1).
J' u(9,1)de Mo Yo (6,1)
o

where,Mo is the zero'th moment. These can be computed from the
transfer function G(s) as shown by van der Laan % « In the pre-
sent connection the following moments are used:

The zero'th moment:

M = G(o) = r u(e)de (2)

]

The first moment about the origin:

r‘ o U(e)ae

e %
X E&} r u(e)de

and the second moment about the mean:
2
= - u(e)de
2 _8(o) . [&(o & I: ( .u) (©)
g = Clo G(o =

The errors in the moments will for the static gain and the

(3)

- (%)
J' v(e)ae

mean be computed as relative errors and given as percent:

I - I
SIM ORG
e sppeaa e S I = G,u,0 (5)
ORG g
The variance, however, :ig: often close to zero for PFM, in
these cases ¢ . an absolute error is used
EA. = I - (6)

2 SIM CRG
These errors represent the deviations in the frequency cha-
racteristics for the <“arious:' forcings. The relation for
svstem I has been evaluated. For the complex systems have com=~
: s that .
putations for system II shown/z similar relation apparently
exists. The correspondence for system I between the moments and

the flow delay transfer function is: E_, is equdl to the error

G



in the static gain, Eu is equal to the error in the time delay
and Ec corresponds to errors in the amplitude characteristics
and to a smaller degree also in the phase characteristics, which
occurs at medium and high frequencies.

The correspondence between the moments and the frequehcy cha-
- racteristics for the distributed forcings:is: A negad tive Eg
lifts both the amplitude and the phase curve and reduces the
oscillations (see later) in both. A negative E displaces the
curves against higher frequencies. Ea introduces small errors
at medium frequencies and spegcially reduces éagtanplitndo in
the oscillations in both curves. This means/the medium value is
almost correct. In designing the number of sections for a spe-
cific simulation it is in conclusion necessary to reduce first-
1y EG' and Eu and secondly Ec e In this way the distributed:ttans-
fer-functions*are: simulated with nearly correct mean values,
whereas oscillations are damped and the flow delay less accurate,
5. Results from computation of the moments and discussion

First . - the coupling element capacity in system I is neglected
and the errors in simulating ADM as an equivalent STM and PFM
as an equivalent STM_investigéted. Next _... the neglection of
the coupling element capacitx}gnalysed for the PFM-STM relation.
Finally . : the coupling element capacity/ggglected in the com-
plex systems Ii and III and the errors in simulating PFM as
equivalent STM analysed.

The neglection of the coupling element capacity simplifies
the representation of each flow element to one dimensionless
& which is a modified Stanton number, where total
transmission coefficients are used instead of filmcoefficients,
multiplied by a geometrically dependeat constant. This is for
circular and square tubes .4 ° % . The range for this number

parameter c

is apparently between O and 10, where zero represents a pure
transmission system. However, for most operating equipment is
c. lower-than 5. ‘
5.1, System I,

The moments of ADM with the mentioned boundary conditions and
the equivalent STM flow delay impulse responses are shown in fig.
6. In fig. 7 the relative errors are shown as a function of

ct/Pe . The static gain is here computed in dB and Pe assumed

larger than 2C, Note E_ reaches a maximum and then decreases
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rapidly, whereas EG and Eu are monotone fﬁnctions.
The moments of PFM for systems with and without coupling ele-

ment capacity are shown in fig. 6.

' The errors in the gain and the mean for neglection of the

coupling element capacity are shown in fig. 8 for discrete values

of N, For small cy EM is rather small, but it becoyes remark-

able as cy > l, whereas EG is very small for c, less than 1 and

increases much mdre rapidly for cy larger thantl. The absolute
differences in variance are shown in fig. 8 too. Note that the dif-
ference decreases by increasing cy o« As the variance of PFM in
this case is zero the difference is completely determined by
UZSTM’ This explains why the difference is always smaller than
1/N.

The moments including the coupling element capacity are listed
in fig. 6. This shows the mean is heavily influenced by the coup-
ling element capacity whereas the static gain is independent.
However, E is independent of the capacity, because the two means
are multiplied by the same factor I + y. This shows that y repre-
sents the shift in the mean due to the capacity of the coupling
element and the error of neglecting this in the simulation can
easily be estimated from fig. 6. The difference between the ab-
solute errors in the variance for the case with wall capacity
(index cap) and for the case without is: -

ABA_ = BA_  -BA = (BA) * y(2+y(1:22(1 + ))) (7)

This shows that AEAU is lower than or at the same order of mag-
nitude as EAo for y less thag l, For small values of a AEAc
is positive. For a larger than 0.5 AEAG can be negative in
which case a conservative 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 of doubt the error can ie estimated
from eq.7. If 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

R
Boyeap =By * (li;) E% ; (EAc)
5.2, The complex systems
For systems II and III the number of parameters will make
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the interpretation of the results very tedious if the capacity
of coupling elements is not neglected. LZven then the analysis
of the simulation errors is complicated by the number of para-
meters involved. These include the modified Stanton numbers for

each flow element c and c the residence time ratio » and

’
the number of secti:is Ne T;Z computations of the erros in the
moments (EG, E, , EA, (Ec)) showed however that they are all
nearly inverse proportional to N. This statement is rather crude
especially at high Ciqv and low N, However, it is accurate with-
in about 20% for between 5 and 200 lumps, which is assumed suffi-
cient for the present purpose. The results are then presented
for N = 20,

5.2.1. System II.

The errors in the static gain and the mean value are plotted
in fig. 9. Note that the static gain EG is independent ony and
E only is slightly dependent on ». The maximum values are less
than (4/N) 100% and occur for (ctl’ ct3) = (4,0.1). The absolute
error in the variance for different x values is plotted in fig.
10 a-e. Note that the absolute error is very large for x =0.3.
For » = 0.3 and 0.1 the relative error is applicable and is plot-
ted in fig. 11 a and b. For large x values the absolute error is
approximately equal to the error for system I. For yx about 1 is
EAU nearly equal to 1/N and for lower 3 values the error inérea-
ses with Ciqe For » less than 0.5 the relative error varies
heavily as shown with Ci1 and ct3 .
5242+ System III.

The errors in the static gain are shown in fig. 12. At low

ct3 values are these comparable to the errors for system I,
E” shown in fig. 13 is only weakly dependent on y , and for large

xvvalues very similar to system I, fig. 8. The error in the
variance are plotted for the same j; values as for system II in

fig. 14 a-e. For large y and low c the EA_ is analogous to

t3
EA for system I. At higher °t3 values a maximum occurs,., This

becomes more pronounced for ; lower than 1., At the very small
» values the relative error is the most convenient to use.
This varies like system II rather much with the parameters.

6. Results from digital computed frequency responses

To illustrate the earlier considerations about the influence
of the different errors on the distributed frequency responses

a number of computations for system I have been performed. The
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effect of increasing E, ‘s shown in fig. 16 a where Ul/U are
plotted for increasing numbers of sections. Inl1l6 b an static
error on 1% for each section is introduced. By compari~gz the
two sets of curves we observe that accumulated static errors
smaller than about +20% introduce large errors in the frequency
responses. The effect of a biglEJ is shown in fig. 17" where the
freqqaggg characteristic for Ul/rl is shown for two qﬂ_values.
Note/for E = -21% is the resonnance peak shifted strongly a-
gainst higher frequencies. Finally is in fig. ‘18 the effect of
absolute errors in the variance shown for_Ul/r1 frequency re-
sponses when the capacity of the coupling «’ement is neglected.
Note?%%gtdeviations are concentrated am the peaks of the oscil-
lations.

The results emphasize the earlier made conclusion about the
necessity of obtaining small errors in the static gain and
mean value before errors in the variance should be taken into
account.

Ze Results from analog simulations.
Several simulations have been performed on the special ana-

logue computer with results which are in .satisfactory agreement
with the digital computed frequency responses. For the purpose
of illustration are the frequency characteristics Ul/U3 and
Ul/r3 for a simulated single pass shell and tube type counter
flow heat exchanger shown in fig. 19 and 20, where digitally
computed responses for the linearised version of the theoreti-
cal model (21 sections), the model with amplifier error and

PFM also are shown. These show a satisfactory agreement between
the analog and equivalent digital computations. For Ul/U3 there
is only minor differences between the models, whereas in the
flowforced case specially the phase curve differs. Note .that PFM
has a rapidly increasing phase whersas STM is limited. This .
is due to the error in the variance. If 51 sections 2Are used

the frequency characteristics are dmost equivalent to about
%1 .

As an example of system II has ADM for a gas-liquid flui-
dized bed with masstiransfer between the gas and the liquid been
simulated. The purpose of the original experiment 8 was to
obtain residence time diétribu?ions for the gasphase by tracer
techniques. The present simulation was carried.out to investis

gate the tailing effect. Fig. 21,
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8. Conclusion.

With the presented curves is it possible to estimate the accu-
racy of a specific simulation and the number of lumps.

The results show that for constant N has system I unlimited
E, and Eu at high values of Ci1e In contrast is EA° limited to

G
1/N, For system III is E, and Eu also unlimited and EAU is at

least for » larger than g limited too. For practical purposes
is'EA° unlimited at low y values, where it often is feasible to
use the relative error as a basis for the design. For system II
is it remarkable that both EG and E are limited in the region
under consideration. For y larger than 1 is EAc limited too,
but for low y values are EA unlimited at high cy values. Here
it is feasible Jﬁh&/for system III to use the relativo error in
- the variance. However, the situations with unlimited errors oc-
cur only for high Ci1 values which is unusual, That system III
has simulation erroms which for large yx and small °t3 ‘i's compa-
rable to those for system I is not surprising . asuze at these
parameter values system I is the limiting case for system III,
This limiting case was indicated by Machubuci 13 to be a good -
one any time i is larger than 3 which is in good agreement with
the present results except foi very large °t3'

These considerations show that it is possible to simulate
systems of the mentioned types in a wide region of the para=-
meters, withh satisfactory approximation to the distributed
frequency characteristics.

The results obtained with the special analog show satisfactory
agreegﬁgg with the digital computed frequency responses and .
show/it is possible to perform accurate simulations of practi=-
cal chemical processing systems with medium number of sections.
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Nomenclature
a. ratio between outer and inner gquantity transmission pr.
unit lengtﬁ, time and potential for a coupling element
2
€e8e A = T—
( g 1-23
b. ratio between the capacitance pr unit length in a :t‘low,r
element and an : associated coupling element.(e.g. b= ;13
21
(F Stanton number multiglied by a geometrically dependent
constant (e.g. c, = - )
: T12
cy %s ¢ but with total transmission coefficients (e.g.ctl=
1
723

d tube diameter

D Axial dispersion coefficient
E relative error see eq . (5)
EA; absolute error see eq. (6)
G(s) Transfer function

L System length
5 i'th moment of a distribution see eq. (1)
N Number of sections
Pe axial Peclet number (!%)
r Relative flow pertubation

Laplace variable

St Stanton number

t Time coordinate
Potential

\' Linear flow velocity

x Length coordinate

y = 1/(b(1+2)?)
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dimensionless time (t/Tp)

11/73

mean value of a distribution eq. (3)

dimentionless length. (x/L)

variance of a distribution eq. (4)

time constant

quantity transmission pr. unit length, time and poten-
tial through the boundary ij divided by quantity capa-

, city pr. unit length and potential.

residence time
dimensionless frequency
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Fig. 1. General Fig. 2. System
system model blocdiagram

Coupling process: Convection
- 1
f(Ui,Uj) = o (Ui_UJ)

Coupling element:

-a-y—2-=f(U v,) - £f(uv,,0,)
at g Gl e Lo
Flow elements: (see text for BC)
bUl bUl
PFE 3e=ime U g=% 9 f(uz,nl)
ADM b—(:—l = -V, ;lxi + Dy bT;]-' + £(v,,U,)
STM &J_ia-'.‘:lu U ) + £(U U )
dt Ax*"1,i "1,i-1 N s 9.

i1 ®m 1,2:.00000igl

Fig. 4. Models for the eiements (table)
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System I
0U1 bU
5 = Vph (Uz'ul)
U
J-—(u-u)-—(u-u)
ot T23 3 2 721 e |
U 5

3 = Us(®) :

BC: Ul = Ulo for x = O,
System II and III :
bUl U

1 1
w--vlst—*;—l;("z-"l)
#-—(U-U)-—(v u;)

.14
3 3_2 "Uz)

(- _) for system IL -x.l (+) for system IIT

%

BC: System II -
U2 = Ulo x = 0
U3 = U)o x = o
System III
Ul = Ulo x =0
U3 = U3L x = L
Fig. 5. Plug flow models for

the three systems (table)

ADM STM PFM
S 7.5 Couplinirelement capacity
N = Pe/2 Without With Without With
: Pe c, =N c, = L S0
i(0) -'r'(l \/I+ ) (1 + -l‘—t) (t + _\E) e e
1 c -1 c -1
M 1 =% 1+ 1 ¢ = 1 1+y
—Smr (e gh) (e s D)
Pe
> 2 o oe = 2 e
; ST vE by |2a 2 "ty +(ley) (1+5) 2a 2
o l‘c(l+l,_:)3 L+ ) ¥y () N o ct'y
2o

Fig. 6. Moments for system I
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ol 7 P
Fig. 7. Errors in the moments for system I (ADM)
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Errors in the moments for system I (PFM)
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Fig. 9. E; and E for system I1 (PFM). Signature:
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£3 = 1oy - = ct3 = 1 and =.- ct3 = 0.1



Fig. 10d Fig. 10e

Fig. 10a-e. EA'C for system II (PFM). Signature, as for Fig. 9
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- 400 - 100\ & ,/
\

g 0.3 l , N7

/ - 50 \J

e =04
I Cus 70 04 ] c“'
Fig. 1la Fig. 11b

Fig. lla-b. E_  for system II (PFM). Signature, as for Fig. 9
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bz, !
I
- 20 4
U
/
0 <
04 4 ¢,

Fig. 12, E, for system III (PFM). Fig. 13. E  for system III((PFM),

Signature, as for Fig. 9 Signature, as for Fig. 9

7’
Z,
EA -~ k&4,
o
»
5 e -0.05
ol TS =04
0 > 4 —
Od . €0y, o4 4¢,
Fig. 1l4c Fig. 1le

Fig. l4a-e. EA_  for system III (PFM). Signature, as for Fig. 9
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Fig. 13a-b. Ej for system III (PFM). Signature, as for Fig. 9

Parameters:
a c G
1 /0 £ 0.5
* fba + 465
N il A Ea
i |
710[42 4.8 009 -9 Fig. 16a Fig. 16b
2006 24 0049 -17
100 0.1/ 0.5 004 -63

Fig. 16. Effect of E, on frequency response for system I
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Fig. 21, Impulseresponses for a system II example (gas-liquid
fluidized bed), Left trace: inlet tracer impulse into
gas phase attennuated 1:5. Highest peak: Total measur-
ed tracer concentration, Smaller peak: Contribution
from gas phase, Smallest peak: Contribution from liquid
phase, :
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MODELS AND SIMULATION OF FIXED-BED
TUBULAR REAKTORS

E.D.Gilles, B. Lﬂbeck. M.Zeitz
Institute of Chem. Technologie, Techn.Hochschule Darmstadt
Darmstadt, Western-Germany

1, Constitution of the model

We regard a fixed-bed tubular reactor of the length 1 /fig.
1/, in which a chemical reaction A-B runs off. The reaction mix-
ture be gaseous, High turbulence may be assumed, so that no ra-
dial temperature~ and concentration gradients, exist. Thus the
temperature P and the concentration ¢ in the reactor only depend
on the axial co-ordinate z and the time t.

First of all, the already kmown diffusion-model will be di-
scussed. Then a more exact two-phase-model is set up which allows
to describe more correctly the dynamics of the reactor.

1.1, Diffusion=-model

The diffusion-model, which is in detail explained :i.zfl s COm=-
prises two balances,a balance of mass for the concentration ¢ of
the disappearing substance A and a balance of energy to deter-
mine the temperature T. This model assumes, that the temperature
of catalyst and the temperature of gas are equal. If r is the
individual reaction rate of the substance A referred to the cata-
lyst=volume Vx,. Dt' off the coefficient of axial back-mixing and
v, the axial flow-rate, we get the balance of mass:

2 3
R

"/

The relative porosity ¢ is the ratio between that part of the

cross-section rG' which is occupied by the gas flow, and the who-
le sectional area F of the reactor. The boundary conditions ars

obtained by regarding the balances at the bounds z = 0 and z = 1.
It o is the inlet concentration and To the inlet temperature of

the gas, we get by consideration of the law for ideal gas:

7 _ Dzess[Oc)
C, ) ~ ["Mr.—/af_) clot) - 4 \/”/z_o o
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For the bound z = 1 follows:
/'/d-C ) =0
{ 32/2.( /3/
With the equivalent rate r o the reaction enthalpy a Bn and
the effective thermal conductivity;l off follows for the balan-

ce of energy:

(%) F - heu G - e COAGLHth) L 0TI -0 TR) poy

The effective specific heat capacity / S’_ép/ can be calculated
with the equation:

(£8) - (&) + LE (#6), /5/

with the density and the specific heat Sp of the gas /G/ and
the catalyst /K/. The last term on the right hand side of equa~-
tion /4/ takes account of the exchange of heat with the tube
wall, where !L‘w means the wall-temperature and a the coefficient
of exchange. For the temparature there exist similar boundary
conditions as for the concentretions

L@ - Tad - ch_,), (E) ¢

/6/
=
(%z—)z-( A 17/

The lack of this diffusion model is obvious. This quasi-homoge-
neous model does not consider the normally existing temperature
differences between the two phases which take part in the reac-
tion. This lack is especially important by describing dynamic
processes. The main influence on the reaction rete has the tem-
perature of the catalyst, on which changes of the gas tempera -
ture take a very delayed effect. We f£ind similar conditions with
regards to the concentration of the reactand A especially in
diffusion controlled reactions. Here the time delays should be
considered which exist; between the concentration in the gas flow
and the concentration in the active centers of the catalyst.As .
the diffusion model cannot acecomplish those demands, we develop-
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ped a new two phase-model especially for the description of dy -
namic processes.

1¢2. Two phase-model

The free sectional area FG of the reactor, which is not fil-
led up with contact-material is splitted in two parts as shown in
£ig. 1. In the "fixed" part /R/ with the area Fp the heat- and
mass transport be effected only by means of diffusion and thermal
conduction. The remaining free sectional area Py be a pure pPlug=-
form-flow., The chemical reaction along the catalyst is included
into the part /R/ which is exchanging heat and mass with the part
/8/. The concentration in /R/ should be equal to the concentra-
tion cp at the surface of the catalyst. According to this, it is
assumed that there is no difference between the temperature in
this part and the catalyst tonperatuﬁ‘e TK. If we regard the rea-
ction rate wi 3lation to the contact-volume as done before we
come with ¢ = ) to the following balance equations:

(5%) %’ - Zren % « lat) L 7.0k ) - 2, Ox) -, () e

The effective specific heat-capacity accomplishes equation /5/,if
we replace L by £ . The guantities a, and b1 are coefficients
for the heat~ resp. mass-transfer. The boundary conditions of /R/
have a rather simple form, as it is allowed to assume, that the
axial heat- and mass flow disappears identically on the bounds
z = 0 and z = 1. Thus follows:

(dc%) P 4 {g% z=0( -0 /10/

To determinate the concentration cg and the temperature 'rG in paxt
/8/ we receive with )} =;§- the following balance equations:

G . _'dea . b (c,-c) /11/
d¢ Fa
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e Ay ! A &r - - ~lw
10’:— : (fcﬁ/o- -2 (8% _ag i, (76- 7;) b (76- r) /12/

The boundary conditions are:

C, (0¢) - Gt ]‘_/0/(}' i) - /13/

13+ The diffusion-model as _a special case of the two phase-mo-
del

If the mass- and heat transfer between the two parts /R/
and /S/ is so intensive, that the temperatures T, and Ty as iwell
as the concentrations Sq and °g correspond, the two phase-model
passes to the diffusion-model. In order to achieve this, we sub-
stitute in the balance-equations /8/ and /9/ by means of the
equations /11/ and /12/ the terms, which describe the heat- and
mass-transfer between /R/ and /S/., Thus we receive the £0llo -
wing relations between the coefficients of those two models:

- AT S N
D e fe

Vo /14/
k- kel 115/

In the particular case of an extremely quick heat- and mass-
transfer between /R/ and /S/ the boundary conditions of the two
phase-model pass to those of the diffusion-model too. This can
be shown by simple balances at the bounds z = O and 2 = 1 of
the reactor. We get at the bound z = 0 for the concentration:

Gll) - Glod)- Lw(de) L 17/
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With o; = ¢y and the equations /14/ and /15/ we receive the boun-
dary conditions /2/ of the diffusion-model. Only in case of an
extremely intensive heat- and mass transfer between /R/ and /8/
the diffusion-model can describe the dynamic processes in a
fixed-bed reactor.

2. Simulation of fixed-bed tubular reactor

On principle there are three possibilities for the analog
computer simulation of systems with locally distributed parame-
ters, which are described by partial differential equations: the
method of differences, the method of characteristics and the mo-
del simulation'. - The last method is the most suitable for the
simulation of fixed=bed tubular reactors, which represent bound-
ary-value-problems and as consequence of chemical-reactions in-
clude non-linear sources of heat and mass. This method bases es-
sentially on an integral trensformation by the means of eigen ™=
functions®. Por the genersl two phase-model a simmlation dia =
gramm is derived. Then the results of a special case are discu-
ssed.

2.1. Simulation plan for the two phase-model

In the considered equation-system /8/, /9/, /11/, /12/ we
put all differential terms to the left and short the right side
of the differential equations by Gi /1 = 1,2,3,4/:

é - 4, lg-a) + f;f"r(fmﬂ) /18/

O - gy falT-R) QRN ok) L) Mo/

¢j - M— (¢x-¢5)
vz

;,i - 4 [la,ﬂ;-@/*‘%(z;-fs)fv
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These new functions depend on the variables of state resp. the
input quantities of the reactor and can be regarded as sources
of the system., After these abbreviations the two phase-model of
the reactor is expressed as follows:

PU Y ' .
;. s r22/

k. uew k. T
%~ 68w T Al q) s

/2a/
ar . 2% .

Simplifying the initial conditions of the reactor are supposed
to be Null:

C(20) = L1700 =G lz,0) = 0 /26/

It is now provided, that the time behaviour of the reactor is do-
minatingly determined by the time delays of the system on acco-
unt of the hsat capacity of the fixed bed. The dynamic processes,
caused by the gas=flow are normally so quick, that they can Dbe
regarded as quasi-stationary. That means, we ¢an neglect the di-
fferential quotient with respect to time in the balance-equations
of the streaming phase without making a comnsiderable mistake, A-
fter beeing simplified in this way the two differential equa -
tions /24/ and /25/ can be integrated by help of an analog com-
puter without any difficulties.

The substancial idea of the model simulation is to pass the
partial differential equations with consideration of the bounda-
ry conditions to normal differential equations by using a suita-
ble integral transformation. The integration of those only time-
controlled equations leads to the transformed' system-quantities,
b % P



30

4
&) = [tttz dz 129/

The kernels \{ /z/ of this so-called model transformation are exa-
ctly the eigenfunctions of the system, which are defined by the
following differential equation and boundary condition:

L7 2

___) -
\ @z lz=0(

/28/

As solution of this eigenvalue problem we find the trigonometri-
cal cosine functions, which we will normalize:

‘f{,(z)-]ff_ stz 729/

The eigenvalues 7; are the zeros of the equation:

sintl =0 el 3;.”7? Ped2 ..o /30/

By means of {'w model transformation we pass the partial diffe=-
rential equaticons to an infinite system of ordinary differential
equations:

g';, ! ~
cil/'{ v Dze# ():;!726": - 7 v=172...0

/31/
Those equations are uncoupled and each equation can bei integra-

ted on the analog computer dependent from the transformed source-
function:

{
B¢ - f %GB bz) e

We characterize the homogeneous part of the differential equa =
tion by means of the transfer functions:

= 7
I @ = T DT

/33/

To allow the inverse transformation we expand the quantity Cx
/%,2/ into a series after the eigenfunction and receive with con-

8ideration of the orthogonal relation:
{

7 ¢ '
_’ff,/z/' %) adz ~ [a i /34/

n=m
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the transformed input-quantities as coefficients of the expan -
sion.

Celéz) "; Q: & %&) /35/

Thus the given boundary-value-problem is decomposed into the fo-
llowing partial problems, which can be solved by means of the

analog computer corresponding to the simulationplan, shown in
fig. 2:

1/ Fourier analysis /FA/ of the source-function
2/ Intergration of the time-differentiai-equation
3/ Fourier synthesis /FS/

4/ Non-linear recycling

Thus the electronical simulation of an onedimensional system re-
quires the integration of ordinmary differential equations after

time and space and the execution of a finite integral with the

Fourieranalysis. The fact, that on an analog computer the machi-
ne time is the only available quantity - what normally leads to

difficulties~ can be avoided. It is necessary to perform conti-

nuously the integration after the time and to integrate A after

the space by means of a fast-speed repetitive computation, The

technical performance of the model Bsimulation is realized in

the following way:

In the middle part of the simulation diagram of fig. 2 the com=~
putation is performed continuously. In this part the  PFourier-

coafficients of the output quantities are determined by develop-
ping them from the coefficients of the sourcefunction., By help

of a fast-speed repetitive computation the profile of the out -

put quantity is derived from the time-variable amplitudes in a

Fourier synthesis. It is necessary to multiply the Fourier coef-
ficients with the correspcnding eigenfunctions and .sum up after

that. The local profile of the output quantity cp /%,2/ traver—

ses the non-linearity and leads, connsected with the functions e
and TK to the source functiocn ¢l /cG °K TK/. The Fourier ana-
lysis ot the source function is also performed by a repetitive

operation ¢, is multiplied with the various eigenfunctions and

sequently integrated between the limits O and 1 over the time

coordinate, which correspond to the apace.iheae results are the
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Fourier coefficients of the source function. They are feeded to

the storing elements by a short shut of the switches. The great

advantage of this method of simulation is, that normally with
only few eigenfunctions a high degree of accuracy can be achie-
ved. In contradistinction to other methods the output quantity

in this case is a continuous function and can easily be obser =
ved by an oscillograph,. ‘

After these detailled remarks referring to the modal simulation
of the quantity cp the whole simmlation diagramm of a fixed-bed

tubular reactor in fig. 3 is easily to understand. The model si-
mnlation is there applied to the differential equations /22/and
/23/. The simplified equations /24/ and /25/ are to be integra=
ted only after space. The source functions #, /i = 1,2,3,4/ are

formed out of the simulated terms °G °K IG and TK by Trecyc-

ling. In order to simplify the sinnlation diagramm the flow

rate Vs is assumed to be constant.

2.2. Results of a reactor simulation

The simulation of the fixed-bed reactor is carried wmt for
a diffusion controlled exothern reaction

A+ B-=C /36/

This could be f.i. a hydration. The reaction rate shall be ex =~
pressed with the equation:

7
T s

/37

The temperature -ﬂl!x of the catalyst appears in the Arrhenius-
Term. If the mass trensfer between /R/and /S/ is very intensive,
follows Sk = a6 = Ca, Neglecting the axial diffusion we <f£ind
for the concentration c)

. £ L gl /38/

The component B is assumed to be surplus. The energy balances
for /R/ and /8/ shall accomplish the equations /9/ and /12/ of
the twophase modal. The modal simulation of this equation sys =
tem leads to the following results:
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Fig. 4 shows a stationary state of the reactor. The gas enters
the reactor with the iniet temperature T, and the inlet concen~-

tration Ci0. Along the whole length of the reactor the catalyst

temperature exceeds the gas temperature, because of the fact,

that the heat, which originates in the fixed-bed by reaction ,

can be led away only by the streaming gas. Compared to homoge =~
neous tube-reactors we constate a remarkable difference in the

performance of the reaction. Instead of an exponential in crea-
se of temperature, which we found in homogeneous reactors, the

gas temperature shows here already in the beginning a very

sharp rise. The heat transfer between the two phases has obvi-
ously an equalizing effect on the gas temperature profile. Si-
milar to a stirred tamk reactor also a fixed-bed reactor can
have three stationary states. Fig., 5a shows a stable, singular
state in a low temperature rangej fig.5b showe it in a high tem-
perature range. We must pay attention to the fact, that in
the critical case b the maximum temperature exists at the begi-
nning of the reactor.

Fig. 6a shows in a oscillogram series how the two tempera-
ture profiles and the concentration profile in the reactor fol-
low a sudden variation of inlet concentration with respect to
time. Raising the inlet concentration leads to a higher temvera-
ture range for the reaction,The accordingly encreased reaction re-.
te effect a reduced concentration of the substance A at the end
of the reactor. Corresponding effects shows a sudden variation :
of the inlet concentration /s.fig.6b./. Fig.6c shows the effect
on the reaction caused by a slow reduction of the transfer coe-
fficient a,, The maximum temperature in the reactor increases
and passes further on in flow direction, when a, is reduced.The-
refore we can suppose, that a fixed-bed reactor operating with
non diffusion controlled reaction has a tendency to "run away"
in the front part.

Frequently fixed-bed tubular reactors, f.i. hydrogenizing
plants, are operated in recycle process /s.fig.7a/. The not con=-
sumed substances A and B are separated from the product C in &
special material separating device, recooled and braught again
to the entrance. Simulating this recycle process the influence
of the separating device is taken into comsideration by various :
first-order delay components. Besides it is provided that the
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inlet temperature of the reactor is kept constant by an automa=-
tic control system. Thus the dynamical feed-back is effected
only by the concentration of the componment A4 in the recycled
mass stream. The substance B, f.i. hydration-gass, be surplus.
By recycling the concentration of the substance A at the inlet
increases and the reaction-zone shifts towards the front part
of the reactor. This has as effect, that at the reactor outlet
the amount of the substance A, which can be recycled, is dimi-
nished. Thus the reaction zone is shifted towards the opposite
direction and the recycle process may become dynamically unsta-
ble. This is shown in fig. 7b of the oscillogram series and is
also constated in practical operations.

3. Stability of fixed-bed reactors

A fixed-bed tubular reactor with exothermic reactions has
all structural qualities which may lead to dynamic instabili -
ties. The amount of heat produced by the reaction represents
the source of energy for the system. The intermal feedbacks
appear as backmixing, diffusion and heat transfer. It shall be
analysed, which are the conditions for the existence of insta-
bilities of an autonom reactor., We restrict to the case of a
very intensive mass- and heat transfer between both phases and
start from the diffusion model, equation /1/ and /4/, which we
linearize for a given stationary temperature- and concentration
profile Tg /z/ and cg /z/. If 4} and & are defined as small
variations of temperature and concentration, we can write:

¢ L4
1?'-,)/,5“2 ’ J(-}éexz ‘ 'ljh/'alfe

/39/
where
e gl -
e DIM E/?ze// /"‘0/

This assumption is allowed, if we provide, that the compensa -
tion of temperature and concentration bases upon the same trans-
port mechanism. Simplifying we regard v, = const. The small
variations of the reaction rate can be expressed in the follo =
wing way:

Tt - g L)k ]

/41/
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”

Now we get for the linearized differential equations of the re-
actor:

= 7 |

/ff/ % - -'?ze(/ %’i tpl = {~dﬂ,}¢ e /a2/
d)’? £ A =
o Ceer §Jf ke = =¥ /43/

The boundary conditions of the gquantities 2 & /2 have the form

Nog _ &
{da?-;_ . Xl"jz-a Yy o /a4/

L0 -0
[ et 745/

Now we determine the Green'’s functioms G1 /2 corresponding to
the differential operators on the left sides of the differential
equations /42/ and /43/. With s as complex variable we get in
the Laplace-space:

(=}

Gy, (a%i5) = )7 9,6 %) #l0) /46/

are the eigenfunctions. With the eigenvalues the transfer
functions g, /2n accomplish the following differential equations:

Gn(s) = (96)5 + Azey (K'+241) +Q /a7/

Ponls) = & + Dooy (P4277)

/48/
If all inlet quantities disappear, we receive for ¢:
¢
piz) = _f {-2t) 4yl2) G, (o) # i le) 6, (2%)f Pridlr /49/

It is possible, to expend b, /2 /z/ in series of orthogonal co =
sine functions. Considering the constant term hy /2n of these
series, we find as first approximation uncoupled characteristic -
equations for the various eigenfunctions. For the eigenfunction
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number n we get the following algebraical equation:

1 = l-the) m TS+ P 5 /50/

If also the high order terms of the series for h, /2 /3/ are con-
sidered, then the characteristic equations of the eigenfunction
are coupled between each other. :

In a similar way an analysis of stability can be performed
for the twophase-model. Because of the fact, that in this case
the characteristic equations of the various eigenfunctions are
coupled between oach other too, the results can only be got nn~-
meriocally by means of a digital computer.

diteratures
1  E.D. Gilles Heuers Methoden der Prozefanalyse
und Prosefregelung
Pachseminar Frihjahr 1968 Technische
, Universitiit Berlin
2 E.D. Gilles Modales Simulationsverfahren ffir Sys-
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Fig.5. Bingular profiles
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Fig.6. Reaction-profiles

a/ after jump veriation of the inlet concentration
b/ after Jjump variation of the inlet-temperature
¢/ by reducing the heat-transfer coefficient a,
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OPTIMIZING CONTROL OF HYDROGENATION
PROCESS

Keisuke 1zawa and H‘u‘éshi Okamoto

Department of Control Engineering
Tokyo Institute of Technology

Meguro-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 activity which varies in somewhat uncertain ways. In such a pro-
cess, an approach of optimizing control becomes important and the typical
objective functions of such chemical process would be the yield of products,
the conversion r#te , the purity of products, etc. It 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 ). In the
reaction process under the investigtition;

i e Y Hy e M %,
the mole fraction of the intermediate product or ethylene is considered as
the objective function and is observed to have a maximum poin't against the
flow rate of mixture of acetylene and hydrogen into the reactor, as shown
in Fig. 2. The reactor is fluidized bed type and is controlled at a constant
temperature.

In optimizing control system it is necessary to perturb the input of the
process for finding out the maximum point of the objective function experi-

mentally, In the method here discussed, the gradient of the objective
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function is calculated from the input and output data of the reactor and is 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
signal or pseudo-random signal is utilized as the input signal v.(l) In this paper,
M-sequence (Maximum length null sequence ) signal is used as the pertur-
bation signal of the inlet flow to the reactor.

The awkward calculation of the gradient of mole fraction or of the objective
function is 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-
quires so many memory elements . Since the impulse response of the process
to be discussed is not oscillatory and is rather fixed, it may be 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
as CoHy: H,=1:8 and the flow rate of the reactant is so selected that its
linear velocity is within 5 to 20 times of the minimum fluidizing velocity of the
reactor (0.34cm/sec.). This reactor may be then treated as an ideally
stirred system with first order reaction .

Simultaneous differential equat;ons of the ideally stirred first order

reaction system shown by Fig.3 are

9 = 2(1-n,) — kiny @
dl: = k|n' - ( k, +Z )'n, 1))
dns — kan, — zn>, (©))]

2



43

A
where %—:z(mm)is the space velocity, k; and k jare reaction constants

and Ny, Nz and N, are the concentration ( mole per liter ) of acetylene,
ethylene and ethane respectively. The input and output of the process @der
investigation are X andN,;. 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 N,from its steady state r_\, is ex~

@

pressed as Sl ki (1= 1) = Na(ky+Z)-N,s

(s+Z+ky)(s+zZ+ky)

(€3]

X
v

Since the dynamic characteristics of this reaction system is almost fixed

where Z =

and considered aslinear and the mole fraction of ethylene has a maximum
point against the flow rate of the reactant, this reaction process is charac-
terized by the model of Fig.4, where thje linear dynamic component Gg(s)
and the non-linear component f (;(-) are connected in series. The latter
defines the objecti;/e function in this optimizing process. From the

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

=\ kiZ
hashandis ¢ 73 3 £ -
— (ki+Z )(ka+Z) kiks-2?-Zs 6
Gols) = Kikg= Z* (s+ki+Z )(s+ky+Z) )
()]

3. Measurement of Gradient by Correlation Technique

Linearizing the non-linear component f( X) in the neighbourhood of X

the transfer function G(S, X )of the process in Fig. 4 is represented as

o(s,¥) = 2 _.go(s)

3 X €))

In addition to the input signal i(t)of the process, M-sequence signal x(t)
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is applied as the perturbation signal which has two levels of '.Q and-aQ.

Then the output Y(.t )of the process is described by the convolution integral:
@
Y(t)=Lg(u,i){i +Ri-o)) do ®
where g(t, x) is the weighting function of the process at the instant t

for-the input X . Taking cross correlation betweeny(t)of the equation (8)

and an M-sequence signal )('(t) , the value of which is O or 1, we obtain

[ote. %) Papiz- o) dox = Ppyix) - ey ©
where Yy = S'g(u.i)idu - (10)
0
R e 4 o
‘P,(?(’t) =sz:x’(t—t)x(t)dt an
1 ("% dt a2
‘P,(y(‘c) —WLX(t—t))’(t)
1 NA s 1
o Pey= ), o nd ot %

We denote the power spectrum density of CP)tg(z) , shown in Fig. 5, by

Prgw) .

(€9)
For very small W |

Pegw) = $pg(0) S ¢ V)
and the latter will be calculated as:
NA 8 N+l - -
@x'x*(o) =[°<P,{f('l)dt = ON aa as)

From equations (9),(14) and (15), the approximate form ofg(t,x)is obtained

as

1. %) & oz {Pey(® - $ey )} e



45

Although it is difficult to separate y from y , the estimation of ?{9
is successfully made as follows. Choosing N A large enough to satisfy

equation (17) for such T’ as close toNA but smaller, it is possible to

replace ?xoy by <P,(y(‘t') :

From the equations (16)and (17)

9(T, ¥) 5 g 2ir {0 - Gay (O} a8

At steady state the process gainG(o,Y): aaj’.?becomes simply as

G(O,i):Lnng(‘-z,i)d'c as

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

function is obtained as follows

oy _ of(x Li =
%)= WLL:: _J:;(‘t,x )dT

= (N+?I5N0A ‘ﬁ?xy('c)“fzy("') }dt 20)

3-1 Equipment for the Experiment

Fig. 1 shows the equipment for the experiment. The mixture of hydro-
gen and acetylene at constant ratio (CoHp: Hy=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 holds about 8 grams of the catalyst ( palladium-coated
silica almina particles with about 150 M 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 éel. .This packed
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tube acts as a gas chromatograph column. A thermal conductivity detector
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 gas 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 experimental runs are tried with different values of X and X
( see Fig. 2 ), using the same M-sequence signal withA=lminandN=31
Fig. 6 is an example of thus obtainedCPX-y(t) and shows the peak of ethylene
appears at {=15A . 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‘Pfy(t).

The area under the curve CB(Y('() for ethylene peak is actually propor-
tional to the local slope of the ethylene yield curve. But it is very awkward
to measure the area. The simplified answer to this is as follows:

Instead of ethylene peak area, the peak height is measured. The rela-
tionship between the local slope of the yield curve of ethylene against the
inlet flow and the peak height is shown in Fig. 7.

Fig. 7 may assure that the pegk height would be used as the measure

of the local slope.

3-3 Continuous Measurement of Cross=-correlation Function

Reconsidering correlation function?xvy(‘()of equation (12), as an example,

the integral operation upon t 1is only possible to X' and Y between t-NA
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and the present instant t . Thus ?,-,(‘c) should be rewritten as
t
1 °
. = — & - o8 21
xy(’z,t) NAiy:u)X( Tyd @D
-Na

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

y t t
f(%,t) = ;Jm[ [y(u)x%u-z)d o - jy(p)x"(p-‘t’)d a] dz (22

2
(N+1)a A A 55 b

Introducing y’(t):

" Y(t-NA) : t = NA
Yol ) = 23)
0 : 0<t<Na

equation (21) becomes,

t
1 ' °
?x.y('t,t)=ﬁL {yt0) -y (tx)}x (x-T)d o 24

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

by the equation (25).

u(t)

A
JW(t)dt

0

jt{y(t)—y’(t)}{x'(t-z)-x'(t- t’)}dt @25
°
The value of U(t) corresponds to a height of §(T,X) at the instant  t
Refering the experimental result‘of- f‘ig. 7, U(t) may be used as the meas-
ure of f (X ,t) of equation (22). In equation (25) X(t-7) - x°(t- T) is ~
the 3~level signal (+1 , Oand -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=15A and T =13 A 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.l and Run No. 2 of Fig. 2

respectively.
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From the Fig. 8-(a) and (b), it is observed that the signal U(t) is .
completed after elapsing N A or the one period of the M-sequence input
signal and thereafter U(t )changes very little if the process is at the steady
state showing a fixed value of f’(i . T). The output of the correlatoru(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 Conclusion

In optimizing control system, it is the most important problem to meas-
ure the gradient or the slope of the objective function. This paper propc:;ses
an approximate method of optimization based upon correlation technique.

Experimental results with a pilot equipment of hydrogenation of acetylene
assure that the output of the here progosed correlator can be used as an
effective estimating device of the gradient of the objective function for

optimizing control.
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Fig. 4. Theoretical model of controlled processes.
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Fig. 5. M-sequence signals and correlation functions.
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THE DESIGN OF A CONTROL ALGORITHM FOR
- THE PROCESS OF UREA PRODUCTION

L. SUTEK - B. FRANKOVIC
INSTITUTE OF TECHNICAL CYBERNETICS
SLOVAK ACADEMY OF SCIENCES
Bratislava
Czechoslovakia

INTRODUCTION

The intention of introducing an integrated control system in

a large plant necessitated the solution of control and the
problem of optimal control of all important production proces-
ses and production lines. In the plant the production of gra-
nulated urea figures among the production processes of para-
mount importance because of the amount of the manufactured pro-
duct and its economic significance.

The term "urea" is a conventional denomination for the diami-
de of carbonic acid CO(NH2)2 serving as the basic semiproduct
for the production of combined nitrogen fertilizers, of urea-
-formaldehyde resins /aminoplasts/, of barbiturates etc. The
basic raw materials for urea production are ammonia NH3 and
carbon dioxide C02.

THE TECHNOLOGICAL PROCESS OF UREA PRODUCTION

The synthesis of the basic raw materials Nﬂs and 002 produces
ammonium carbamate the dehydration of which produces urea. The
process of urea production is briefly described in the techno-
logical scheme of Figure 1, The synthesis of ammonium carbama-
te and its conversion to urea takes place in the reactor 1.
The pressure of the reacting compound /melt/ is being kept at
a constant value of appioximately 200 atp by a reduction val-
ve 2, Trough an expansion behind the reduction valve /pressure
20 atp./ a part of ammonia is released from the reacting com-
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pound and the unconverted carbamate, thus lowering the tempe-
rature of the compound. A further release of ammonia occurs

in the decomposing exchanger 3, heated by steam where the de-~
composition of the larger part of the carbamate takes place.
The mixture of the gaseous phase /ammonia, carbon dioxide,
steam/ is separated from the liquid phase in separator 4, from
where it is led into the absoption column 5 for absorbing the
carbon dioxide in a solution of ammonia. The influx of the am-
monia solution comes from the ammonia condenser 6 in which it
is developed from gaseous ammonia, steam and added vapour con-
densates..The inert gases with a certain content of gaseous
NH3 are being let through by a pressure control device into
the pipeline of terminal gases. The recyclin solution genera-
ted in the absorption column is being batched into the reactor
by pumps 7. In the second phase of the expansion /valve 8/ the
decomposition is finished /decomposing exchanger 8/ and in se-
parator 10 the separated urea flows into the supply tank while
the gases flow off either directly into the terminal gas pipe-
lines or into the combined absorbing condenser under condesate
addition, The solution obtained therein is being pumped after
degasifiction into absorption column 5 thus completing the sy-
stem of total recycling.

The first stage of urea thickening is being carried out in ful-
ly automated vacuum evaborators Pk very high stage of thic-
kening is attained in the surface evaporating device LUWA 12
through evaporation under atmospheric pressure. A high rate of
urea thickbning is a condition of successful urea granulation
in the granulating tower 13, A slow surface thickening or gra-
nulation allow for the decomposition of urea thus lowering its
concentration in the resulting product. It is not advantageous
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 prbcess
it is intersting to observe that part of the process in which
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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-
stable especially under the influence of setting up the par-

. tial or total cycling course. The feature of these instabili-
ties is an integrated one, frequently accompanied by unpleasent
consequences. The breakdown, for instance, inflicted by lowe-
ring the absorption efficiency of the absorption column can
create a situation that the amount of carbon dioxide entrained
into the ammonia condenser 6, increases, thus developing ammo-
nium carbamate within the condenser, that is insoluble in wa-
ter. It begins to settle down in the pipes of the condenser,
the passage of heat deteriorates and the temperature in the
condenser grows, A disadvantageous 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
fact entails a further decrease of the column’s absorption ca-
pacity, enlarges losses oy virtue of a larger quantity of ga-
seous NH3 leakage into the pipes of terminal gases, The inso-
luble carbamate settles down on the pipes and fittings and
clogs them,

By batching the recycled solutien and by supplying the raw ma-
~ terials NH, and CO,, the molar ratio betwwen NHy : COp : Hy0
should be preserved equal 4:1:1,1, corresponding to a 60 % con-
version of ammonium carbamate to urea. An increase of water
ratio, i.e. due to a change of concentration of the recycled
solution and its batching, the conversion rate in the reactor
decreases, thus detrimentally affecting the procedure., This
can result in a smaller concentration of urea in the melt, in
a larger quantity of free NHa. C0, and H20 in the gaseous pha-
se, a higher load on the absorption column and the jﬂa conden-
ser etr. The productivity of the equipment is thus lowered and
a simultaneous increase of losses of raw materials cuts the
output, thus directly affecting the entire economics of the
process,

The total solution of the control and stabilization problem of
the process is a condition for the successful application of
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steady-state optimal control systems. Its realization is sub-
ject to the utilization of a special processor supplying the
algorithm 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, concentration and temperature of NH3

b/ flow rate, concentration of CO,

¢/ flow rate of the vapour condensate into condenser of NH3
d/ temperature in NH3 condenser,

The temperatures and concentrations of NH3 and C02 practically
do not alter, the temperature of the vapour condensate cannot
be influenced and the flow rate of NH3 and 002 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 by the change in volume and concentration
/contents of Hy0/ in the recycling 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 flow rate of NH3 and CO2 is controlled in a way
to preserve to molar ratio of NH3:002:H20 for the most advanta-
geous conversion,

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

THE MODEL OF THE PROCESS OF UREA SYNTHESIS

The technological process of urea production can be divided
from the point of view of simulation into three parts, namely
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the process of urea synthesis, thickening and granulation,
There are known linkages between these three parts so that
they can be investigated independently.

A complete linear statical and dynamical model of the urea
production process was set up on the basis of the analysis of
the physical and chemical substance of the processes taking
place in the various devices 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 for small deviations from stationary equili-
brium states.,

The block scheme of urea synthesis with partial recycling is
shown in Fig. 3. Yl"'Ys and Xl... Xs are column vectors of
input and output quantities of the urea synthesis, The entire
mathematical model of the synthesis part is thus determined
by 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=-
-recycling pumps, RN-low pressure decomposing exchanger and
SN-low pressure separator/, and by substituting them into the
matrix equations valid for 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 of transflux #, temperature <A, concentrations
23) &%, a&. inert gases i2, water flowing out of the conden-

ser i3, recycling 34.

Y5 W e
A | J
i r
%= |y P Xy s zﬁv2 s Ly
1i ir
ﬁé Z2r
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in dependence on the vectors of relative changes of the coo=-
ling water ié. the vapour condensate is. the gases entering
the absorption column 62 and the output and revolution of the

pump ¥g

&, ¢,
& Py N A ﬁi i ﬁ{ Jg g Vel
T2 AT T8 o & 2 le e “o1
2p

the following equations are obtained

%, = [AK1 . KC1 . KC6 . B} + kC4] §, + [AK1 . KC1 . KC9 .

.8l sker] §, +ax2 . xc1 . Bl g, (1)

%, = [AK1 . KC2 . KC6 . B™! + KC5 ] §, + [AK1 . KC2 . KCO .

.Bl+xcs] §, +ax2 . kc2 . B7! G, (2)

;4=Ax3.cw1_xcs.a'1i2+sx3.cw1.xc9.Blia+

+[axk3 . kc3 . ak2 . Bl 4 ak4 ] G, + W2 §5 (3)

For the remaining circuit of urea synthesis the equation

iy = SV2 , RV2 j, + SV2 , RVl , RE ¥y, + SV2 , RVl . RE v, (4)

is obtained, further for 54. is, 56' and the equation for the
relative changes of the output product ;1 /solution of urea/

£) =z [1-p +0B +B][1-0 ] F +2p.Kc6.7,+

+2Z,D.KCO . §, + {Zg + 2, [oBy + 8] [1 - Dl]-l} s
+ SNl . RN2 §, + 2, [I - 91]-1 Ve ok

in which the vectors of relative changes of urea ;1' heated
steam §4 and is and input raw materi.ls il are



61

D/NH ]
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and matrices

D = AK3 . CW1 [1 - aK1 , kC3]7L;

=
]

1 DQB:;.RE-BZ;

B =1 - AK1 , KC3 ; Bl

B,
By

SV2.,RV1.RE.1.KC3.AK2 ;

SV2 . RVl , RE ., CW1 , AK4; By = RV2 , SV2 , KC3 . AK2;

RV2 , SV2 , AK4 . CWl ;

Z SN1 . RN1 , SV1 ., RV1 , RE; Z, = SN1 . REl , SV1 , RV2

1

The matrix equation (6) is the most essential because it indi-
cates the dependence of the parameter of the manufactured urea
on the input quantities. The elements of transfer matrices,
i.e. the transfery of the separate quantities, were derived in
the usual way, for some devices under simplified conditions
/e.g. for the condenser of 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 CHOICE OF THE PURPOSE FUNCTION AND THE OPTIMIZATION
PROCESS

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

1/ To control the process under most advantageous economic con=-
ditions;
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2/ To control the process from the viewpoint of maximal pro-
duction from the given raw material adhering to the pres-
cribed quality.

In the first case the purpose function will be the following:
Q) =a; V) Gy + a3V, G, - a3, Gy, = ag Vy Ggo, =
ag W - R (s)
with constraints on GNHg' Gco2 and temperature T, where

aj; j=1,...,5 is the price of the unity volume of material
and energy

Vi r=l,...,4 are quality coefficients
W energy consumption
R steady costs of the process.

The other quantities are obvious from Fig. 2.
In the second case the purpose function is

G
M . (1)

2 + G
Sy © CO2

—

Qz=

with constraints on GNH3’ GCO2 and T and required quality
0,95 = Vl =1,0

Both in the first and second case it is necessary to satisfy
the basic requirement of the most advantageous molar ratio in

the reactor, NH3 - 002 3 H20 = 4:1:1,1 gained on the basis of
many experiments. :

The quantities occurring in the purpose functions can te ex-
pressed by means of quantities put irto the computer. Hence Q
is expressed thus

/
Q = £(C, Ggu Cpy Gy Cgo Tops Gpo Tyo Gps Tou Gy §i6p0Cp)(8)

where C - molar ration as the dependence of flow rate NH; and 002.
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Constraints are the same as in the previous cases.

It follows, however, from the proceding considerations that

Gg = £(Gpp Cpp Tey) 3 Cp = £(Ggp Cp) (9)

By substituting 9 into 8 we obtain Q as the function

Q= £(C, Gprr Cgpr Tepe Gpo Tys Gao TouGys Gy Gpu €)  (10)

If the derivatives of this function according to the control
variables are put equal to zero, i.e.

aQ 2Q
— = 0 — % ) (11)
dGp, 9 Tep

we obtain the so called optimizing equations, from which the
optimal values of the control variables GBr opt and ’cn opt

are calculated. The optimal GNH3 and Gco2 are then determined
according to the amount and composition of the recycling on

the basis of the required molar ratio for the most advantageous
conversion,

The scheme of the optimal control of urea production is in
Fig. 2 and Fig. 5 shows the course of logical functions carried
out by the processor,

CONCLUSION

The suggested control system of urea synthesis along with the
optimization algorithm was experimentally verified on the hyb-
rid computer, Various modes of operation were simulated on the
basis of quantity values taken directly from the production
process, By the application of the optimization aléorithm 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 feasibie~
lity of the suggested optimal control system with the present
state.,

The results of these experiments prove that the suggested sys-
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tem of control meets the conditions of adhering to. the most
advantageous conversion in the reactor both as to the economic
effect and to that of yield. They have also shown that a more
essential effect could be achieved by surmountig certain limi-
tations /mainly that of cNHa concentration in recycling/ this
must be low with regard to the function of pumps of the applied

design.
The optimal control of this process requires a small, relati=
vely simple /cheap/ processor to secure the rentability of in-

troducing the optimal control of this process /which is tech-
nologically not most suitably arranged - a prototype equipment/.

More detailed data are not given, they are the property of the
enterprise.
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THEORETICAL ASPECTS FOR OPTIMAL CONTROL
OF AMMONIA SYNTHESIS LOOP

Burisnec Z.,Burisnové J.,BruXks M.,Siehrovsky A. - Technical
University of Chemical technclogy, Prague, Czechoslovakie.

At present synthesis reactors are designed ror so large pro-
duction capacity,that the optimal control eppeers as & neceasary
economic requirement.The level of control in this field is defi-
ned by a state that the synthesis itself is not controlled at op-
timum,but it is sesarched the optimm of major process steps inclu-
dingthe reforming of a natural gss,conversion,gas absorption,com-
pression and the synthesgis 2, The optimel computer control of a
synthesis reactor only is the object of theoretical considerati-
ons 14, The purpose of this paper is to show the possibility of
developing & model of the static and dynsmic behaviour of a malti-
stage catalytic emmonia reactor and its optimal control.

The mathematical description of the catalyst section.

In order to gimpliify the problem,2 reactor system of two cata=
lytic beds in series and a countercurrent heat exchanger will be
considered.In the space between stages ere placed cooling coils
end the heat carried awsy is used for steam production Fig.l .
The heat trensfer from the packed bed to a wall is so small that
the catalyst beds can be defined as adiabatic ones. A good reac-
tor work supposes & convenient heat-exchanger design E2.

Each section is described by the systex of differential equa-
tions (1,2,3) derived under the assumption of ges plug flow with-
out radial s=nd exial dispersion of mass and heat.

- (0,75)'*% 2@k 12(1-b,2)% (1 wbyz) ~ 4%
£ r S e 0 RIS

k=i Uit ep [ d (=hr - 1)

-

where Tl )\ ,Lz are complex functions of composition,mass velo-
city,temperature and pressure.

E-TE " ANr-1) (2)
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-:-:-! =-A(?-17) (3

This system of equations (1,2,3) must be solved numerically
where the initial conditions have to be evaluated iteratively.

This reactor model cen be used for on-line optimisation cal-
culations but = its mathematical complexity presents formidable
difficulties from the point of view of a computer time.

" There are two methods of simpifying this problem.The first
one is to modify the system of differential equations (1,2,3) im
a simpler form ( Model typ I), the other one is to use a multiple
stepwise regression technique on the simnlation results to yield
algebraic expressions ( Model typ II ) from the differential equa-
tions (1,2,3) .

Approximative steady-state model typ I.

The general-purpose applicability of this mode of tormlaf.ion
has some advanteges.Further,the limiting conditions appear as a
result of the numerical solution.The simplification can be attai-
ned by substitution of T (z,T,P) and A(2,T,P,G) by their meen
values 'C A corresponding to a defined working range. This can
be carried out by using algebraic regressionm expressions of physi=-
cal and chemical variables ( S ,viscosity,heat conductivity )as
a function of temperature,pressure and composition

Further,more significant simplification cam be attained by
substitution of a complicated mathematical form on the right-hand
side of the equation (1) by means of an empirical formulad

T 3 2
S = Ko tEK, T+ xoz.mz *+ K 5T +(x10 TS T

+ 153.13)r +(Kpg + Kpy o + KppuT? # x23.r3)12 (4)

This formula (4 ) can be employed only in a limited and defi-
ned renge of temperature and conversion.

The profiles of temperature and emmonia mole fraction z with-
in the catalyst section computed on the principle of above-menti-
oned approximation,coincide with the profiles obtained from the
solution of the system of equations (1,2,3). The error is not
greater than + 3°C end 1% z.

On the other hand,we can use verious simple quadratic plynoms
as empirical formula in a2 so simple form that the solution of the
system of simplifyed equations (1,2,3)can be easy carried out on
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an analogue computer.In this case these polynoms can be used on-
ly in a more narrow range of temperature and conversion.

Approximstive steady-state model typ II.

By the use of this model we can characterise each catalyst
section as & mltivariable controclled system,where the disturbing
and measured variasble is the ammonia mole fraction zy ,the other
disturbing variable,whose value cannot be measured directly,is
the catalyst activity; the manipulated varisbles are pressure,
tempereture end flow rate. The controlled variasble is the con-
version ammonia mole fraction at the outlet of the section and
the variable which should be optimalised is the total net profit
per time.

One cannot practically attain a sufficient number of plant
data to obtain corresponding relationship of regression analysis.
It seems to be convenient to adjust the exact or approximation mo-
del to boundary conditions and then to yield algebraic expressions
by using a multiple regression techrique from a set of computer
results.

" We will consider in this paper two catalytic sections with
following data:

Table 1.
Cross-sect. k 82/N % inerts| Pressure
[mi area [ 2] | 450 2 {atm]
Catalyst
bed 1 2000 0,5 1.60C 3 5 200
bed 2 1000 0,5 1600 3 5 200

By the use of regression snalysis we cbtain the results ex-
pressed in a form of equations(5-8) and shown in Fig. 2 = 5.
Catalyst bed Bl:

'-"1 = -4, 754.107F + 3,680. zl + 1,966. 1073.1 T, + 2,611.10'6.5 +
+ 21,6222 + 3,976.107°.72 + 2,895.10712.6% - 1,859.1072.2, .7, +
+ 2,428,10" .sl.G -'1,01.10" oI, +G (5)
Boudary conditions and working renge:
0,015 z,< 0,045 , 20000<G=70000 , 350=T < Ty .0

Ty pex = 2:702.20% + 2,47 5.10%.2, + 1,577.1072.6 - 1,219.104.2,2 +
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+1,608.1077.6% ~ 6,706.10™3.2, .G (6)

The dependence of the output conversion smmonia mole fraction
:{ of the first catalyst bed on the values of 'rl,G for 2y=
= 0,035 according to equation(5) is plotted in Fig.2. The boundary
conditions end working range according to equation (6)is plotted
in Fig. 3. .
- Catalyst section B2:
a) = =2,752.107" + 1,510.5 + 8,321.2074.1, + 1,724.107°

+ 7,865.22 + 8,307.10771.12 + 1,230.10"11.6% - 1)
- 6,998.1073.3,.T, + 1,172.107.2,.G = 1,042.107°.1,.G

Boundary conditions and working range:
0,08€2,€0,13 , 20000 < G < 70000 , 450S TS Tpp o

G +

2

Tomax = 21549.10° +1,021.10%.2, + 6,270.107.G - 3,441.10%.23 =
- 6,401.107%.6% + 5,037.1073.3,.6 @8)

The dependence of the output ammonia mole fraction z% of the
second catalyst bed B2 on the velues of T,,G for 2z, = 0,105 ac-
cording to equation(7) is plotted in Pig. 4 . The boundary con-
ditions and working range according to equation(8)is plotted in
Pig.5.

From previous results we can conclude that in the range of
low emmonia mole fraction the reverse reaction of smmonia decom-
position does not take place and .there ié not local maximum in
multidimensionsl space z'= z'(2,7,G).

It is true that the reaction rate is governed also by the ca-
talyst activity and the pressure.In this case the equations (5-8)
should be more complicated.Generally speeking,the effect of a lo-
wer catalyst activity can be eliminated by the increase of the
pressure.For example,if the catalyst activity is reduced to 50%,
one can obtain approximatively the same output conversions at a
pressure 250 atm,as at full activity af the catalyst and working
pressure 200 atm.

Optimal steady-state control.

The background of the optimal control is to determine the va=-
lues of Tl ,'1‘2 sG ,P so that the plant could be held at its opti-
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mum conditions,in our case,the profit per unit time is maximi-

- sed. We will classify the optimal control of the ammonia synthe-
sis reactor as a multistage decision process developped in this
wey in a form applicable to the design and to the optimal control
of chemical reactors by Aris 1,

Simplifying assumptions can be made in essuming both catalyst
activity and pressure constant.Further,the temperatures '1'1,'1‘2
can be adjusted without limitations and the heat carried away
from the heat exchanger is used either for steam production,or

- for edjusting the desired value of teperature T, = the inlet
temperature to the section B2. The heat generated in the reactor
is used for the preheating of fresh synthesis gas .

" New functions (9)1(].0) are formed by making use of equations

(5)end (7) : '

5= o5 (5 %, e) (9)

8-« Eg S e (10)

Let us define W = G.S [kyhour],vhero W is the total
mass flow end V, is the cost of the produced smmonia,then the
profit per unit time is defined by z

)

r = (zl('l »Ty ,.G)-sl) vV (n)

The equation (12) shows the expenses per unit time for the
circulation of the gas mixture together with the expenses per
unit time for the separsation of produced ammonia.

‘ .

Yoy ” v“p(w, za) (12)

The expenses per unit time for fresh synthesis gas depends
on the working pressure and the amount of produced ammonia.(13)

) 3
: B PR (I.Az,, P),Az=zj-zj,.]=1,2 (13)
The profit per unit time for produced steam is given by
" )
v, = v (1)= w.cp.( T =T, )eql, - (24)
where q is the ratio coefficient between the heat evolved

and the quentity of the steam and its quality, v, is the cost of
the steam.

By meking use of equations(9 = 14) we can define the objective
function R(zl 125 3Ty »Tp W)



R (2,87 ,%,,0) = Max {[(zl’ ( %,7,8) = zl).w.
. v.cp.(ri -T,)eqV, = vp(W.43,P)+ Max Kzzl(zz,rz,c) .

- 22) WV

- vn('.Az,P)}]3 [ > Yoo
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p - Veep ('.z«"‘)]
Equation (15) is the basic form of the objective funetion,

V. +

1

(x5)

which can be used to optimal steady-state control of emmonia syn-
thesis reactor.The problem of the control from the point.of view

of the totel catalyst life 13

is not mentioned in this paper.

To illustrate some numerical results the tables 2,3 were
compiled ,where the profit per umit time for various operating
conditions inlet temperatures,conversions,flow-rates of both
catalyst sections is shown. The profit from the steam production
is not included here becasuse the quantity of produced steam de-
pends upon the control strategy.For the purposes of the approxi-
mative estimation of the optimal control we should need other two
tables,where output ammonia mole fractions and temperatures are
shown.These tabkes are here not published.Nevertheless,the tables
2,3 are satisfying for the estimation of the dependence of the
profit per unit time upon the operating conditions.

Table 2. Profit per unit time [ K&s/hour)for bed 1.

z 0,015 0,025 0,035 0,045
g7t 3]l sl 2 al sh 2l ab Nt ol ol gl
1
350 |1710|1800{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| - |1340f 1635
430 - - - -] - - - - (1570 =| = 2030

In both tables 2,3 are used the same values of the cost and
The cost of the ammonia is 2 K&s per kg,the cost of
fresh syntheesis mixture is 1 K&s per kg, the expenses per unit
time for the circulating gas mixture mx® including the separation

expenses:

of ammonia are 30 K&s per 10000 kg/hour of the circulating

gas mixture.
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Table 3. Profit per umit time [Kt‘.a/hour] for hed 2.

z 0,08 0,105 0,13
g™ 3 I's I i sHFR- 13712 17
I

410 (45 (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|630 |510] 450 | 275
50 | @« (= | | =] « | =]« - [390

Dynamic model of an ammonia synthesis reactor.

To reslise the above-mentioned control algorithm,it is neces=
sary to provide the actual production equipment with either the
classical feedback comtrol loops stabilizing single paremeters or
the direct digital comtrol.Then the computed optimal values '1‘1,
T2,G will determine the corresponding controller settings.The
most difficult problem is the analysis of control system dynamics.

A theoretical design for operation of an ammonia reactor in
unsteady regime is a difficult problem because the reactor system
is nonlinear and even in the simplest case it is necessary to work
with the system of quasilinear partisl-differentiel equations

2 3 .

ﬁ v a——; = r(c,T) o
16

2 ?T 7

% + va-x' o g \C,T) L)

where r,g are generslly nonlinesr functions. If it is not
possible to negiect the influence of axial mass and heat disper-
sion,the right-hend sides of the equations (16) will be extended
of the terms involving the second derivetives of dependent varia-
bles after x . 1

The solution of the system (16),completed by a set of initial
and boundary conditions,cen be reelized on an anslogue computer
using .the method of c¢yclical spproximetions described by Gillesa.
The principle of this method is based on the well-known method of
straight lines when one divides & space coordinate x .from the
interval <0,1) in n subintervals ,so that the system (16) will
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be approximated by the equivalent set of equations (17)

-3 = P (g = eyy) - rley,Ty)
e (17)
-5 - (Ti - Ti-l) - B(Ci,'!i) .

i = 1,2,3,....11 .

" Then the method of cyclical approximations consists of divid-
ing the computing network of the system (17) into n integrators
for each dependent variable equivalent the left-hand side of the
system (17) and a central block realizing generally nonlinear al=-
gebraic operations equivalent the right-hand side of the system
(17). The block of algebraic operations is cyclically switched to
the singular integrator sections. Thus each integrator calculates
the corresponding integral after 1/n of the full computing time
only, in the mean time it works in a memory state. The calcula-
tion accuracy depends on the choice of the value n which is
limited by technical feasibility of switching mechanisme and the
capacity of the computer used. Let us define the general solution
of the system (16) as S(c,T) and the solution of the equivalent
system {17) as S (c,T), and then

S(e,T) = lim S (e,T). (18)
n—co
It is possible to prove the validity of the relation (19)
for some finite n

Sp(e,T) = s(e,?,D), (19)

where the right-hand side of the equation (19) signifies symboli-
cally the solution of the system (16) the equations of which con-
tain the terms on the right-hand side involving the influence of
axial dispersion of mass and heat. One may mske use of this fact
in modelling sbove-mentioned system by the method of cyclical ap=-
proximations.

Since the section number n is not only & function of dif-
fusivity D as follows from the relation (19) but it depends
also on the choice of the time scale k, = t/t; (t, is machine
time unit) it is necessary to select for a given value D and
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the constant n which is determined by the construction of the
switching equipment, the time scale so that the relation (20) is
fulfilled

k =2 (n,d), (20)
while the system is simulated as if it were described by a first-
order system only. Owing to a limiting extend of this information
it is not possible to describe in detail the derivation of the
function f and its expression in the varisbles n and D,
this matter will be discussed while reading the paper.

The analysis of the system (16) shows that an input change of
a single variable e.g. T(0,t) affects profiles of the second
veriable c(x,t) along the whole interval (0,1>. There exists
a possibility of smoothing the disturbances affecting the input
¢(0,t) by some suitsble function of the input variable T(0,t) so
that e.g. the output velue c(l,t) may be held at a given con-
stant value. For this reason it is useful to introduce the ex-
pression "feedback model"™ for a veriable having to fullfil the
function of a control variable. In this case the feedback model
is defined for the variable T(x,t) by the equatiocn

. %’ = Brg -15,) + eley .7y b

is= 1,2,3,0-.- n .

It is possible to characterize the resulting effect in such a
defined chennel so that the tremsfer of the information on a
steady state is realized inversely with regard to the orientati-
on of the space coordinate x.

The whole adjustable system is built up after the block sche-
me in Fig.6 where the analogue model with the feedback-defined
channel of the adjustable variable T represents the controller
function. A disturbance of the input variable c(0,t)y is trans-
formed to a corresponding electric signal ?(O,tm) which acts as
the input of the analogue model. This model calculates now the
value of the correcting variable T(0,t) in a short time. Assum-
ing that the ratio kt was chosen sufficiently large it is possib-
le to consider the stead '-states of the variables 'E(]m,tm) and
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T(O,g‘) like the instant states of the corresponding original
variables. The adjustable process itself will pass tkrough ac-
cording to this assumption at least one order quicker than with
usual feedback control features. In Fig.7 is shown the time be-
haviour of both the variables T(O,t) and c¢(l,t) after a step
change of the input variable c¢(0,t) if the ratio of the time
coordinates t./1:m is 10.

The next approach to this problem consists of using the ex=-
perimental method when dynemic characteristics are determined
from measured data. The classical methods of the dynamic identi=-
fication - the methods of the step response and the freguency
response are not convenient for identification of industrial
equipments 7 , the methods of dynamical statistics are more
suitable. One of these methods makes use of the system response
to pseudorendom binary signal /PRBS/ where from that response ti.
impulse characteristic may be determined 3,9 , this method has
been applied in two industrial cases 6,10 |

Brisn et al. * have simulated the dynamic behaviour of one
reactor catalyst bed. The model has assumed the heat removal from
the bed, the nonlinear differential equations has been linearized
befor the solution. The calculated step responses have been ap-
proximated by means of the first-order tranafer function with
a time lag. It may be expected that even a multibed reactor will
have the similar response, derived under above-mentioned approx-
imation.

A five-bed Fesuser-Montecatini industrial reactor was chosen
for the determination of dynamic behaviour where the transfer
between the circulation rate of gas mixture and the output ammo-
nia mole fraction were traced. The below-mentioned result is a
part of the work of one of the autors 1 « The identification
was realized by PRBS with the period N = 63 and the bit inter-
val t = 1 min. The signel amplitude was 1,75 % of the nominal
value of the mass flow. The measuring consisted of the five-mul=-
tiple spplication of PRBS on the reactor input, the resulting
averaged impulse characteristic is shown in Fig.8. By integrating
this characteristic, the step response in Fig.9 was obtained.

The dynamic properties of a single catalytic bed can be ep-
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proximated after existing experimental measurings on industrial
reactors by the transfer functions

i
Fply; = —Ll exp (- T P) (22)
Tp +1l
i=1,2,3
=12,

where ki:j is the system gain for the singular input variables
/Laplace transform/ T.(p), .J ®), G(p) in the region of the
corresponding steady states I., P 2, G°. The conversion at the
end of one catalyst section will be the Laplace transform z. (p).
It is necessary to obtain the time constants T, Ty from ex-
perimental results since they are the function of a reactor
construction and working conditions.

The gains of the transfer functions may be estimated by the
linearisation of the static model equations (5) and (7)

(= G)
k= _.%J_.]’__ j=1,2 (23)
ot
322 (2:,T.,8)
P el Ll Lo R i=1,2 (24)
3:;5 j"j’go

i a3} (z;i,rj,c)
J ’bza-

i=12. (25)

o 0
'!J J,G

Conclusion.

There have been worked out two models of the catalyst beds
of ammonia synthesis reactor. These models can be used as a
basis of optimal control algorithm by means of the method of
dynamic progreamming. In the other part of this paper there have
been derived theoretical and experimental models /dynemic/
vhich may be applied to the analysis of feedback control loops.
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Symbols.
a «++ hydrogen mole fraction in completely synthesis gas mix-
ture
A ... activation energy for emmonia decomposition [kcal/gmole]
bl 2 oo constants
?

«se concentration
e diffusion coefficient [m /h]
e 8pecific heat of gas [kcal/kg °C]
= £(2)... fractional conversion
«++ general function of reaction rate
«+s mass velocity [kg/mzh]
response to unit impulse
+se time scale ratio
reaction rate constant at 450°C [atmp h'l]
ees activity coefficient
1 «+ lenght of catalyst bed (m]
Lz «se function of ammonia equilibrium mole fraction
«++ number of subintervals
«+s gas pressure
eee Tatio coeffitient
«s+ general function of reaction rate, gain per unit time
(k3s/n]

J\‘D‘Qm'-bauo
~— -
Lo ”
~
S
L ]
L]

H o 9B

+++ gas constant, objective function

e+ cross section of the catalyst bed [nZ]

ees time (h]

«se temperature

eee unit function response

.. gas flow velocity [m/h]

cost of the material [Kés/kg]

ees cost per unit time for the separation [KEs/h]
ees cost per unit time for the fresh synth. mixture [Kca/h]
.+ mass flow [kg/h]

s exial reactor coordinate [m]

ammonia mole fraction

constants

«ss coOOling constant [m’l]

E\HRU)N
Ko

4 <<
.
.

sep

B‘

-
.
.

> & RN N =
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12

13

14
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ees gas density {k:g/n33
eoe adiabatic. temperature increase [°c 1, time-constent (h].
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Fig. 1 Fig, 2

Fig.l. Schematic view of the smmonia synthesis reactor.
Catalyst beds Bl, B2; heat exchangers El, E2; direc-
tion of mass flow M; electrical heating H.

Fig.2. The dependence of the output ammonia mole fraction zi
of the first catalyst bed on the values of T,, G
for the input ammonia mole fraction z, = 0,035.
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Fig.3. fhe working range and boundsry conditions of the first
catalyst bed.

0161
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Fig.4. The dependence of the output ammonia mole fractiom si

of the second catalyst bed on the values of T G
for the input ammonia mole fraction z, = 0,105.
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Fig.5. The working range and boundary conditions o
catalyst bed.
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Fig.6. Schematic diagram of the reactor control systen.
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Fig.7. The time behaviour of the varizbles corresponding to
Fige6.
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Fig.8. The everagsd impulse characteristic for the Fauser-
Montecatini reactor.
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Fig.9. The unit function response corresponding to Fig.8.
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AJANT/IBHAA CUCTEMA BW-YEJOBEK I{IA
JIIPABAEHUA XUMUYECKIM TPOLECCOM
P.P.TABACT

UHCTUTYT KUGCEDHETHXKU AKazeuusm HayK DCTOHCKo# CCP
Tannue, ScToHCcKas CCP

1. BBegenue

CucTeMH ONTHMU3ALWY, 3aMKHYTHE Yepe3 UelIOBEKa, pPacCuaTpUBa-
OTCHE OOHYUHO JHUNB KAaK 3TAl HA NYyTH K CO3JaHMD HOMHOCTHD aBTOMA-
TAYECKOll CHCTEeMH. B TO #e BpeMA B CIyYasX: BHCOKO# OTBETCTBEH-
HOCTM pemeHuit (B3PHBOONACHOCTH, BHCOKAA IIEeHA NepepaCaTHBaEMHX
MaTepuanoB), WIM CYLECTBEHHOTO BIUAHMA He(dopUaNM3YEMHX (aKTo-
pPOB, YEJOBEK AOMEEH OCTABATHCH B CHCTEME YNDABICHWA KaK 3BEHO
ODUHATHA OKOHYATENBHOI'O pemeHNd. Toraa Zia iCBHUEHUA dJHeKTHB-
HOCTHM DemeHHui YelOBeKa Da3paCaTHBAETCS WHOOPMALMOHHAA CHCTEMA
(UC) c Bwumcamreneu (BM), mpuueu QyHkmuM UC cormacynTcs ¢ Tpe-
GOBaHMAMM UeNOoBeKa. Bl BHOONHAET poXb MHPOPMATOpPA, BHIOIHAS
TPYLOEMKIE ONEDANUK aHaJIW3a OO0BEKTa ¥ pemeHNs (HOpPMANTN30BAHHHX
3a7a4 ynpaBlIeHud. [I0CTyIupyeTcs, YTO YEJOBEK IPH BHOOPE OKOH-
9aTeNBHEOTO DelmeHWs YIDABIGHHA HYXEAGETCA B crezybmeil mHPopMa-
man ( HeOGXOZUMOCTH STUX YCHOBMIl MCXOZS K3 HHEEEHEDHO-ICHXONIO-
I'UMYeCKOr0 ACNEXTa 37eCh He OGCyZzaeTcd):

- COCTOfIEME 00BerTa, ONpeZeaseMoe 0 KOCBEHHHM W3MEDeHUAM,

- NpeZeNsHHE TEXHUUSCHUE ¥ SKOHOMUYECKNE BO3MORHOCTH Ipolecca
NP ZAEHOM COCTOSHNH,

- KaK 706uThCH npenensaofl 3QOEKTHBHOCTH HCHOAB3YA ZOMYyCTHMHE
pemeHus (KaKOBC ONTHUMATBHOE DENEHMe), :

- ZAKOB 37JEXT 3aLAEHOTC UENOBEKOM DELSCHWS NDH ZAHHOM COCTOA-
HUN, ABIAETCHA I¥ DelieEne ZONYCTHibM, Kaxie YCIOBUR ZOMyCTH-
MOCTY HapymanTCs.

Taruu o6pasom, UC gonEHE MACETUQUIUPOBATH OCBEKT B YCIOBHK-

AX HOoMeX, PSmaTh 337auV ONTEMNM3&NIMM C DA3NNYHHUM KDUTEPUAMH U

YCIOBUAME ¥ MMUTMDOEATE padoTy OOGheKTa. [l0aToMy npu paspaboTKe .
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apropurMoB [IC ZOMXHH DacCMaTPUBATBHCA CTOXACTHYECKUE 3azaduu
yIpaBIeHUA C CenapaTuBHO#l OLEHKO! MapaMeTpoOB MOZENH C HOCIEe—
Ayboue#t onruMusanueit.

B padoTe naeTca MOCTAHOBKA 337auyl YIPABICHHAA AASA TUNNY-
HOrO Ipouecca XMMUYECKOl TEeXHONOTMU M CHOCO0 ee pemeHud. [Ipu-
BOZMUTCA KOHKDETHHH mpumep NpUMEHEHUA METOAMKM ZAA yIPABISHUS
HEIpe PHBHHM garaniddeckmu mpoumeccoM mpou3BOACTBA QopManuHa U3
MeTaHoNIAa.

2. Onucanne OpoCiIeMHON CUTyaluu, CTOsled mepex CucTeMoi.

O6BeKT ynpaBleHUA QYHKNUOHUDYET HENPEPHBHO HA UETEDBANE
BpeMesn / 0,7 _J. OGBEKT uMeeT BEKTODHHE yIpaBiAeMuil
U=(U,,---,U,)" u Heynpasamemuit V=(’0;,...,fw,)’ BXOZH
( ' - 3HaK TPAHCHNOHUPOBAHWA), SHAUEHUS KOMIOHEHT KOTODHX
U3BECTHH TOYHO. HOMIOHEHTH BEKTODHOTO BHXOZd Y=(y,...,u, )’
U3MEPANTCA B QUCKPETHHE MOMEHTH BPEMERU N=1,2,...,N
C NOTPENHOCTAME £y . U3MODAGMHMN BeINUMHAME ABIADTCA

Zy=lprey , j=1,...,m . (1)

Ynpasnapmei# cucTeMe U3BECTHO B JNGOK MOMEHT BpPEMEHM N 3
I) Um,vin), Zg(n), j=1,...,m ,
2) TUNOTETHYECKAs MOZENb O0BEKTa C HEM3BECTHHM BEKTODOM
IapamMeTpoB

9j=fj(U,V,é,,,n),j=1,...,m, (2)

3) HEKOTOpHE CBeZeHHMH O BHemHell cpeze (CIpoc Ha HIPOZYKT,
[eHH, ONHNT APYT'MX AHaJOIWYHHX [POU3BOZACTB, [LIAHOLHE
3a4aHAA ¥ T.Z.) KOTODHE M3MEHAWTCA. OGO3HAYMM 3TU CBE-
neHus yepeda S . Or S 3aBucaT BHGOP KPUTEPUS ONTH-
uu3amuy ¥ (YacTHMUHO) BHOOD AONYCTHMOW 06.acTM yIpaBiIeHMi,

4) KOHEUHH} HAGOp KPUTEpPUeB YyIpaBieHUs Wy ooy Wy s

5) 4acTh KOMIOHEHT BEKTOPOB TEXHUYECKMUX OrpPAHMYEHUH, BXO-
AALUX B ONPEAENEHNe ZAOMYyCTUMO OONaCTU YIpaBIEHUM.

3azava cucreMmr BM-uenoBex 3aKnIDYAETCA B BHOODE yIpaBiIeHUA
(pemeHna) B COOTBETCTBUM C U3MEHADWMAMACH XAPAKTEPUCTUKAMA
06BbeKTa ¥ M3MeHeHMeM BHemHelt curyamm S . [pn (uxCHEpPOBAaHHOM
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S pemeHue ynpasnswiiedf CUCTEMH 3aKINYAETCA B BHOODE TOYKM
U* us uHOZecTBa [, » 2BRIUZOBA mpOCTPaHCTBA £” mpu ycio-
BUM MMHMMYMa BHOpaHHO# memu J.

JomycTumMoe MHOEECTBO /, ONDEAENAETCH B BMAe BEPOATHOCT-
HHX YCIOBHi

b={v:®l6(Yuv,6,6)¢0] 35} -

@WrAl - BEPOATHOCTH COOHTHA A , Js - NONOXMTENBHAS KOHC-
TAHTA, 0,5 < o<1 . 1-Ys TpexcTaBIfgeT CyOBEKTHBHYO AOmyc-
TUMYD BEPOATHOCTH HAapyNeHHs TPeGOBaEMA G <0. G(V,U;V’Q,G)éo
03HAUaeT COKPAaleHHYD 3aNUCh CHCTEMH HEpPaBEHCTB

_94 "94(\7’L’)49~1

' gﬁ 4_9#(7,U) égp)
(4)

T7i€ YaCTh KOMIOHEHTOB §,=(g,,...,gp)‘,6=(§4,.. .,q’,)’ 3azaHo,
YacTh ONPEAENAETCH UCNOBEKOM HA OCHOBE O , YUUTHBAR Y,
Kakzas QyHKIMA LEXM €CTh MATEMATHUECKOE OXWJAHWE KDUTEDUA HA
eAMHUYHOM Hare

Je=6 w (YUY ,i=1,...,0 (5)

B kaxzgoit cuTyamum S  UENOBEK MMEET HEKOTOPYD CBOGOZY BwOOpa
KpUTEpUA W; U OorpaHudYeHuit IL (B mpezenax TeXHMYECKUX N
SKOHOMWYECKUX ZOMYyCKOB). ITYy CBOGOZY OH MCHONB3YyET ANA MaKCU-
MU3aIUM HEKOTODPOH MHTYUTUBHOR (QYHKOWM MOJNE3HOCTH. POpPMYIAMPOB—
kKa W; u [, c yuerom S - mepsas 3azava UeNIOBEKA B CHC-
TeMe ynpaBneHus. AC COZepEUT azanTHBHYD MOZENH O00BEKTA, KOTO-
pas UCIOIB3yeTcA YEeIOBEKOM A Ce30MaCHHX M OHCTDHX ONHTOB C
HeNbl BHOOpA OKOHUYaTEenbHOTOo pemeHus U, : I) Onpezernexue

U j=t,... . st: JiUY=mip A% PasIMIEEX Wj,[y  mpH 3&-
ZAHHOM COCTOAHMM OOGBEKTa fn‘b.zxenn). B KauecTBe OKOHYATEIBHOT'O
BHOOpa YENIOBEK MOXET BHODPATH UK-=Uj" COOTBETCTBYRIEE LENN
’Ij UIY KOMIDOMHCCHOE MEXZY HEeCKONBKUMU LENAMU DEelleHne.
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2) Pemenme U, MOReT ONTH ucnuTaHo Ha UC 70 peanusammu Ha
00BEKTE.

Takux o6pa3oM ynpasianiad cucTeMa [C-YenroBeK aganTUPYETCsH
K M3MEHEHWAM BHENHWX YCHOBUIl Uepe3 UelOBEKa B K U3MEHEHHAM
o6sexra - uepes IC (puc. I). B npomecce NPUHATUA OKOHYATETEB~
HOI'O pemeHMs YelOBEK MHOT'OKPATHO ucmoaxsayeT UC.

3. CrpykTypa Mozenu odnexra B 1C

PaccuarpusaeTcs 00BEKT C pacnpezejleHHHMM apauMerpamu, Co-
CTOfHAE KOTODOI'0 B CTATUYECKOM pEeXuMe XapaKTepU3yeTcs pacmpe=-
AeNeHneM HEKOTODHX (W3MYECKMX BETUYMH (reuneparyp, KOHIEHTpa-
maii BEWEeCTB, AABICHUR U Tels) 0=(q,,...,clt)’ o HpocT-
PaHCTBEHHO#l KOOpAUHATE n . MHPopMamusa 0 COCTOAHUU Q(rz)
MOZEeT OHTH NONYyUeHA B Pe3yabTaTe HACADZEHUS MOCIEZOBATEIBHO-
CTH CIyYailHHX BEIWYUH Zw(n) , KOTOpHE TI'eHepUPYOTCHA Cle-
AyomuM 00pa3oM

Zy(hn) = Yi(n) ) =hj(a(rz4,. ) EgN), =1, m, (6)
O R @uKECHPOBAHHHE NPOCTPAHCTBEHHHE TOUKM B Ipeze-
Iax o0BeKTa, hJ - U3BECTHHe QyHKIMM OT cocTosHua @ ,
Ey(n)=(éq4(n),...,5’m)) - NOCIENOBATEIBHOCTH HE3a8UCHUMHX CIy-
43iiHNX BEKTOpOB C OZUHAKOBHMM MHOT'OMEDHHMM HODMAIBHHMEA Daclpe-
AeneHAAME N(0,5 ) ang aoéoro n -,

0O0BeKT He nMeeT HaMATH B TOM CMHCNE, UTO MEPEeXOZHHE Ipo—
OeccH 8 O0BEeKTe 3aTyXabT 34 BpeMsd, HEeCOM3MEepHuMO MEHBIEeS Bpe-
MeEm At

Hueercs paAx rumores O 3aKOHOMEDHOCTAX MEXaHM3MA MPOLECCOB
B 00BEKTEe, KOTOPHE (QOPMANIM3YOTCH B BHUZE ONEpaTopa

DIQUY,U,V,6) =0 (7)

Oneparop D  MQEeT COZEPEATH MPOM3BOZHHE MO MPOCTDPAHCT-
BEHHO# KOOpAUHATE n,i=1,...t ¥ BEKTOpP HEU3BeCT-
HNX mapamerpos O=(§,, ..., 5{3) g HO HE COZEDEUT IPOU3BOA-
HHX [0 BpeseHM (ypaBHEHMA CTANUMOHADHOTO DEENMa TEILIONEpezauu
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ouQpysun, XUMUYECKOH KMHETMKN U T.Z.) Bupazesue (7) COBLUECTHO
C T'PAHUYHHMU YCIOBUAMI,

B(@(,),U,V) =0 , (8)

rIe Mg — KOODAUHATH NPOCTPAHCTBEHHOH IPaHMIM OCBEKTa, Ol-
penenfieT peleHne :

%= PlUV,E) k=1, 0t (9

npw QuxcupoBammEx U, V, @ . Hogcrasnsaa (9) B u3BECTHHE
(QyHRIMN fy nonryvyaeM runeTeTHveckuit craruuecruft omeparop
00BEKTa B BUAS MOZEIH

yj':fj'(U;V,@))j=4’...’m. (IO)
Oyurmuu (I0) AMmB B DEAKMX CIAYYAdX MOT'YT OHTH NMONYUYEHH B FBHOM
dopuMe, BO BCeX MPAKTUYECKUX CIYyYadAX TpelyeTcdA UMUCIEHHOE peme-
mue (7), (8). _

Mapamerps @ B (9) uMenT onpezencEHH# (uamyueckuit cumen,
HanpuMep, Ko3(QQUUUEHTOB TEMIONPOBOZHOCTU, Auddysuy, I'UAPaABIA—
YECKOI'0 CONPOTUEBIEHNA, CKOPOCTEH XUMHYECKMX DEAKIUl U Tefe
HexoTopHe U3 HMX MOTYT IO ¥X CMHCIY MEZIEHHO (4acTo MOHOTOHHO)
M3MEHATHCA BO BpeMeHM. Ecmum no coszanmp mozexneft (7), (8) ansa
NPOLECCOB XUMUUECKOl TEeXHONIOTUU MMEeTCH OOWMpHAA JUTEpaTypa
(orcrnaem, Hampuuep, K / 3 /), TO KOHCTDYUDOBATH MOZENM MEA-
JIEHHOT'O Apeiifa mapaueTpoB OOBEKTOB HA OCHOBE M3yUYEHHA MEXAHU3-
Ma SABIEHUA yZAETCA DEAKO. 3Z6Ch NpUMEHAeM (QOpMANbHHE MOZENH,
Hau6ojee YNOGHHE C TOYKM 3peHnd ux npuMererms B [C. [Ipezmoma-
raeTcsi, YTO M3MEHEHUEe MNapaMeTPOB OE3HHEPINOHHO

6=C(n,8) , (1I1)

rze € - P - BEKTOD HEM3BECTHHX NapaMeTpoB. [IpOCTHE UaCTHHE
ciyuan (II)

8(n)=6 (12)
2 { s .
@(n)=}4(n) » H-lpx2iarpuna HeusseCTHHX NapaMeTPOR(I3)
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MOTyT OHTH M3BECTHH p -BexTOpH &, ,d, B HEDABEHCT-
Bax 4, <O <3, o Juurusas (II) n ( 10 ), uMeeM MOZENs OOCBHEK-
Ta
9j=f,'(U,V,9,n),j‘=1,... m. (1%)

)

4, OneHKa MapaMeTpOB MOZENHX C MHOTOMEDHHM BHXOZOM

PaccormacoBaHne MEexny J —THM BHXOZOM OGBEKTE W COOT-
BETCTBYDIUM BHXOZOM MOZENM ZIA (MKCHDPOBAHHEX (/,V,&, N
pasHfieTcH :

€N =2y (M- §(U,V,8,n), j=1,...,m n=t,.. N (I5)

)

B HauanbHN{l MEpUOX OUEHKE uMeerca N, omuToB ( N, COBO-

kynocre#t Bexropos U,V,z;, n ). BBezeu cuezypmue 0Go3-
HAYeHHA
X=(u v n),
Y )
z (zyj_(f),...,z%.(/\l,l),,
: ‘ij:(eju),...,aj(/v,))) :
i =({J.()§m,e), o fi(X(N),8)),
Z = g3y i :
€ WEE T A
1) Y m )
F'—‘(Fd’)-'-)F;")” (16)

TOr'Za MOAYYUM (0lee KOMIAKTHO

&=L~ F(e) (17)

1 NPUXOZUM K NpolieMe HeluHEiiHO# cuMynrsTaHHOK (BEKTODHHH# BH—
xo4 Y ) OmeHKM Bexropa napaMerpoB © . OZUE M TOT Ee BeR-
T0p X  BXOAUT BO BCe QYHKMM f;, j=1,...,m ; OAHA KOM-
NMOHeHTa BekTopa O  MoweT BXOZHTH BO BCe QyHKIM fj‘.

Byzeu ucraTh MapKOBCKYD OLEHKY &  BeKTOpa mapaMerpoB
€ , UMHMMUBMPYDLYD KBAZPATUYHYD HOpMY
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0,(0,2)=[Z-FOIX'[2-F®], (18)

rme & - OmeHKa HeusBECTHO! KOBADMALMOHHOW MATpUIH & pac-
COrnacoBaHuil & . 3
PaccuOTpUM BO3MOEHOCTM NONYYEGHHMA OmeHKM S Ha N, omu-
TaXx. COrNacHO NpeANONOXREHWAM, CZENaHHHM paHee, &  uMueer
CIEAYDIYD CTPYKTYPY. €;(n)  HE3ABUCUMO M OZUHAKOBO DACIpE-
Ze1CHHHE CIyYaiiHHe BEKTODH C HYNEBHM MaTeMATHYECKUM OXMZARHUEU
® KOBapUAIMOHHOH MaTpuneit é(éj&’)-zﬁjjl v G(EER) =il ,
Gk s pK=1,...,m ~  BNeMEeHTH MaTpUuH X

rre I- NXN, SINHUYHEEe MaTPULH, T.€, NpeznoraraeT-
cf, YTO DAacCOTZIacOBaHMUA PA3JUYHHX BHXOZOB B OZUH U TOT X€& MO~
MEHT KODPEeNMpOBaHH. KoBaprauuOHHAA MaTpPHI8 CIYYaiiHOI'O BEKTO-
pa & cornaceo onpezeneHuaM (I6) GyzeT

Q=58 (19

® - 0003HAYaeT oNepamu NPAMOTO NPOM3BEZEHUA MATDUI.
OGosHaumu OLEHKY BEKTODA MapaMeTpoB MONYISHHYD U3 yCIOBUA

unAnuyMa Qymxmmt Py, (6,82) yepes O, (9.‘) . Torza
MOEHO PACCMOTDETH Caexyoummit WTe paIOHHHH nponecc.
I. HauanpHam OneHKA G pasa @' =3, @ &

2. wimmusamms @y (0, %°) nogyuerue 8, ( Q°),
3. BHUYNCIEHUE ouemcn 9JIeMEHTOB

A £ € e alh £ !
GJ,K —JW'( 3 CJ' = ( 1(1), )&j(Nq)) ) (20)
£(n) = (8, (£, xm)

4, noBTOpenue I.

JdTa mpouezypa TpeOyeT Ha KaXZoM Ware UTepanun oGpaulenna
Nym x N,m vMaTpunH. Caexyomu#t MeToZ 3Toro He TpelyeT.
JYUTHBAA CIOXHOE NEepeleTeHne ClIyuyaiiHHX He3aBUCHMHX (HAKTODOB
3 0Opa3CEBaHUM OWMOKM CzeraeM NPeANOJOXeHNe O HOPMAaJIBHOCTH pac-
OpeNeNeHNA KAXXOTO  &;(n) . Torza oneHKa HAMMEHBOAX KBaA-
paroB @YW CIenaHHaA AIA J =roro ypasHenus (I3)
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0yzeT cocToATenbHO#. B / I / MOKa3HBAETCA, YTO €CIU DIESMEHTH
Q2 swumcnapres kax B (20), rae é}(n) =zyjm)—f(@7<ﬂ) X(m)

TO NMONYYEHHAA TAKUM 0o0pasoM &2  CXONUTCH MO BEDPOATHOCTH K
G2 . Torza Q HyXHO o0pamaTh IUWB OZUH Da3 MDH MOACTAHOB-

e B (I8) anA BHUNCIEHMA CUMYIBTAHHON ONEHKU @,,,4 » KOTopasg

TaKxe OyZeT COCTOATENBHOM.

Oafg MUHUMEA3anuu ¢,,4(6,.Q.) [enecoo0pasHo MpUMEHEeHUe ajro-—
DUTMA HEMOKAIBHOTO MOMCKA MUHUMYMA., TAKUM AITODUTMOM SBIAET-
ed  Ru /7 ], KOTOpHi#t KpaTKO CyZET OMMCAH HUKE B M. S.

O6HYHO N, HEBEIMKO ¥ NP NOCTYMIEHUM TEKYUUX Z8HHHX
X(n), Z4;(N), j=4,.-,M,N=N,+1 N#2,.. ROLEHH BHUACIATECA TEKY-
uue OUEGHKH On , Onagy - -

ECTECTBEHHO NDUMEHATDH AJAA 9TOi HEAu CXeMH CTOXacTuueckoil am—
npoxcuMauuu /4 7, /57, [ 6], g i ;

PaccuOTPUM PEKYPPEHTHYD CXEeMy ONpezeneHus omeHKu 6,(L)
omuaxot k¥ @ B cuucime (I8) MpE yBEAMUEHMU N , N+, .. .

IMf CIyuas BEKTODHOTO BHXOZa o0Bexra Y . OYHKIOUA MOTEPh HA
SANHNYHOM mare GyneT

Z=¢62¢ (21)

rme &  COOTBeTCTByeT ompezenenun (I6) mpm N,=1 . TpagueHt
& paBHfIETCA

Y- W) a
o (B -2( %)% ¢ @
T8 %g—mxp - uarpuua. BBezeM  PXm - MaTpULy
1 ] '
K(n) = ( SEf- & (23)
" 0k
,{_Zq// (9—(5)(3,‘” : )e,,

LoTza NMOCIEeZOBAaTeNbHAA CXelMa OLEHKU

: A 5 (24)
Onee = [6,+ KM ]Gt

1
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rAe 0O0O03HAUEHO

d, , ecim €24,
¥ i A

i € , ecax §,<6<3g, (25)

@>
\
]

d, , ecau 6 <3, |

[P|2=Amax = HOPMA NPAMOYTONBHON MaTpuIH P,
Amax =- MAKCHMAIBHOE COCCTBEHHOE BHAUEHMe uarpumy P'P,
3,,3, - 3ananEHe P - BEKTODH, JZAOBIETBOPAET yCAOBUAU
TeopeMH 6.4 / S5 / u &(6-8)=>0 nmpm n-—->co o Horyr mpuue-
HATHCA KAK ZEeTepMUHMDOBAHHAA MATpHLA J((n,éﬂq) TaK ¥ "azan-
TuBHAA" uarpuma K(n @,).

5., Pemenne cTATUYECKON 3a73Y¥ ONTUMU3 LUK

Buecro croxacruueckoit 3agauu (3), (5) UCHOXOguT HekoTOpoe
ee NpUONNKEHHOE peleHue, [IpM DOCTPCEHUH TOYHOI'O ZETepPUUHUPO—
BAHHOT'O SKBUBAJIGHTA 387auYM HEIMHEe{HOTO NpOrpaMMmpOBAHUA C CO-
BOKYNHOCTED BEPOATHOCTHHX OTIpAHWYEHH! BO3HMKANT NOKA HEpemeH-
HHE mpolieMH. 3ZEChk IIPeANnoNaraercsa, YTO YeIOBEK CIOCOGEH 3a-
1aTes 6,6 TaK, 4T0 MONyYaeuas CUCTEMa HepaseHCTB (1 )y
JAOBIETBOPAETCA C BEDOATHOCTHD, Onu3Koi K Y, . CoorBercr-
BybIas ASTEPMUHMPOBAHHAA 3a75a9a NPOTPAMMEDOBAHRUA (OPMYIMDyeT-
cAd B BUZe ycuoBuil zansi ompezeneruds U~

J= W(VU*" \/(U’J‘.V:én )n)) =min 3 (26)
Ue(lo)y -
(G)d'—'{U-'@&G(Uf\/(U’,V)(;,._._ﬂ}\.5675 : (27)

Csezen (26), (27) K HaXOKZSHHR 023yCIORHOTO MZHNMYMa cuezypmelt
DyEKINR

7 =1+ XN(6,8,5). (28)
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rae

= Z (ﬁ ‘-+/9;—_cz;[+lq(- -q_.[ ; (29)

(=1 =

X = ZoCTATOYHO GOABIOE YUCIO.

Ina uueuMusanuu (28) npuMeHseTcA aaropurd Ru [/ 7 7 uc-
noapa3yonuil Tump 3HAYEHUA MUHUMU3UPYHEd QYHKUNM B ZUCKPE THHX
TOYKSX CETKW HE3aBUCUMHX nepeMeHHHX (QyExmus (28) - Hexudde-
peHnupyemMa). [I0MCK BeZeTCA B IIOCTENEHHO Cyxammeics o6IacTH ¢
NOCTENeHHO YMEHBIADMUMCH MaroM.

Brok-cxema /IC B memoM m €€l CBA3M C YEIOBEKOM -IpMBEZEHA Ha
puc. 2. Jlnf HauaupHO#t ONEHKM HA BCEeX aTamax, I'ze Tpedyercs
MuHUMMBANMA QYHKOMu (OPUM HAYANBHO! OLEHKE MapamMerpoB, Npu Mu-
HuMP3anmu (28)) NpEMEHAETCH Ru . Hocnezxonamennaﬁ OLEHKA
corjlacHO (24) MCXOZf W3 HAUANBHOR OLEHKH 8 IpW NOCTOSHHOM

% BEASTCA ANA W3MEPEHHHX 3HaueEmit X(n) . [lonyuaeune
OLEHKH 8 U W3MEepeHHHe V(n) HUCHOAB3YNTCA B MOZEIW AAS ON-
pefeNeHUA ONTHMANBHOT'O DeXmMa (/* COINACHO 33JaHHHM W, (fj)y
U ANA BHUMCIGHMA BHXOZOB MOZAeNd VY, M 3878BAEMHX YENOBEKOM
BXOZOB U, .

6. CucreMa ynmpaBieHWs NPOLECCOM POM3BOACTBA
uaInHa

Tpouecc Mpou3BOZCTBA (fopManyMHA KAk OGBEKT yNpaBleHHUd. JI-
paBnAeMHi OGBEKT COCTOMT U3 pAZa annapatoB (puce. 3), B KOTO-
DHX B HENPEPHBHOM HOOTOKE IPOTEKAaeT mponecc $as3oBOT'0 U XUMHAYE-
CKOT'0 IpeBpalleHNd RUZKUX ¥ I'a3000PA3HHX BelleCTB. MeTuUnoBHi
CIUPT pa30aBnfeTcs BOZo# u mozorpesaercsa (ammapar I), cMecs
UCMApAETCA U CMEWMBAETCA C KUCIOPOZOM Boszyxa (2), map mepe-
rpesaerca (3) W MOCTymaeT B KOHTAKTHWi ammapar (5). lomyuae-

up#f "XOHTAKTHHE ras" uzeT B CUCTEMY NMOTAOWEGHUA, ILE O ) Ir3)
MOTJIOWLAeTCHA B BOZE — IIOAYyY8ETCSA T'OTOBHM MPOZYKT (QOpManuH, a

ra3 cocToaumuit U3 Owy, s, ey , Cct) 3HGpacHBaeTCH, TIpoueccH

X)BeuecrBa 0603HAYANTCA 4YEDPE3 Oy : G1) =0y 5 Qrzy ~ CHy0 , Opay =~ CHOH
9u)=C0 , O(5)-CO, Ay =Hy , Qra) = Hy0, Oy~ N, -
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B annapaTax yIpaBifeMH 3a73HUAMY DEryAATOPOB pacxofa BO3Ayxa
( u, ), coorHomerms Boza-ueTanon ( U, ), TeMmepaTypH KOH-
raxra ( U, ) u Te.umepaTypu meperpesa ( w, ). [Ipomecc mo-
THACLEHUS CYUTASTCHA HEYNPAaBAAEMHM., BHXOAH CHCTEM peryamposa-—
HUR . Zy > (=1,2,3,4 » @ TaKEe TeMneparypa u ZaB-
NEHNEe MOCTYMalWEero BO3ZAYXa <y, , X4, HEeNnpepHBHO U3MEeDPADTCH
U QUIBTPYWTCH, NOTPENHOCTHD UIbTpanum NpeHesperaeM : Z. . =u,,

=Ty , Zay=Tp . B AuCKpeTHHE MOMEHTH BPEMEHH N =
I, 2, eeeyN UBMEDANTCH COCTAB KOHTAKTHOT'O Iasa ¥ I'OTOBOTO
IpOZYKTa, MHTErpalbHHE pacxXofH (QopMajiMHA ¥ MEeTaHoIa.

HeoGxozuMocTs ynpapieHus. TeXHONOT NEXa (opuanvHa BHOH-

PaeT M yCTAHABIMBAET DEXUM B CHOKHHX W3MEHADIUXCH YCIOBHUAX.
[lepBoe pemeHWe O pEeXuMe TEXHONOr NpM BHBEZGHMM arperara Ha
PeXMM IOOCIE OyCKa: 3TO DPeleHue 3aBMCUT OT CIHOCO0a HPATOTOBIE-
HUA KaTalusaTopa, KOAMYECTBA MAacCH KaTajiEsaTopa, IIAHOBOI'O
33zaHnd, TpeOOBaHMI HA KAYECTBO HPOAYKTa, HAIMYMA CHPHA, Ha-
INYMA cOpoca, BPEeMEHH I'OZa, COCTOAHMSA CHCTEMH MOIJIOuWeH:s,
T.6. OT yCHOBUil BezeHMA mpopecca. Arperar GyZydud BHBEZCHHHi
Ha peXHUM MOXET IpU 3TOM paGOTaTh A0 N3MEHEHHMA YCUOBHHl BH3H-
BaeMux: 1) /3MeHeHMeM AKTHBHOCTH KATAIM3ATOPa B pPesyIsTaTe
crapeHma, 2) laMeHeHueM TpeGoBaHHH K NPOAYKTY, 3) UsMeHeHmeM
nene#t ynpaBneHMA IO 3KOHOMUYECKEM COOCpDaxeHUAM, 4) H3MeHeHH-
€M T'HZPaBINYECKOT'0 COIIPOTHBIEHMA IasoBOr'0 TPaKTa arperara,
5) l3MeHeHUMEM CBOHCTB KaTaiWsaTOpa NpE KPATKOBPEMEHHHX OCTa-
HOBKax arperara. '

[lenw ynpaBneHus. JAOMyCTHMHM Ha3HBaeM DEXuM (pemeHue)
U=(u,,...,uy) , NPE KOTOPOM HE BOSHHKAET B3DHBOONACHOH
CMeCH, BHIIOXHANTCA TPeOOBAHUA HA KAYEeCTBO M KOIMYECTBO M Ce-
6eCTOMMOCTS MDOAYKTA. B 3aBHCHMOCTH OT 3KOHOMUYECKOH cuTyanuu
I3 MHOXECTBA ZONYCTHMHX DEXMMOB BHOMpDAeTCA B KaxZOM COCTOSHMUH

00BEKTa ONTHMANBHHE DEEMM MO OZHOMY M3 CIEZYDHUX Hexeit:

1) maxcuManpHaf CpEZHASA NMPOM3BOAUTEABHOCTH, 2) MMHMMANBHAS

CpeZHAA CeGeCTOMMOCTH MDOAYKTA, 3) MAKCHMANBHHH cpepHuit zo-

X0Z, 4) MUMHUMANBHHI cpejHMH NDONEHT MeTaHOIa B (opMaluHEe.
OmepaTop CTAaBUTCA B KAEAOM Clydae M3MEHEHMs yCIoBu#i B mpoO-

JeMHYDL CHTyamup. B cayyasx I, 5 omepaTop MOEeT BOOOie He 3a-—

METUTH U3MEHEHUT CHUTyalld, He TOBOPA 00 ONTHMAIBHOM DEMEHUN.
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VHTyMOMA ¥ ONMHT NO3BOAANT QMNEpPaTOpy MPOLECC B CPEZHEM BECTH
JAOBIETBOPUTENIBHO, HO ZAJNEKO HE ONTHMANBHO. ECIM MpH n3MEeHE-
HUY ycaoBuit nmpezHzymu# DeEMM OKA3aJICHA AOMYCTUMHM, TEXHOIOT
crapaercd He NPUMHMMATH HOBOTO, XOTH ¥ MOXeT OHTE Oonee adder-
TUBHOT'O DENeHUA, MOITOMY HA IPAKTUKE YaCTO NPUMEHANTCH MaJo-
30PEKTHBHHE DERMAMH, ITO CBf33aHO C OZHO# CTOPOHH HETOYHHM 3Ha-
HUeM JomycTuMo#t o6nacTH pemeHui#t, ¢ ZPyroif — He3HaHWEM HAWIyd-
IMX C Da3JMYHHX TOYEK 3PEHMs AOMYCTHMHX DENeHHt B U3MeHFOMHX—
cd curyanuax. AEopManmoHHAs CHUCTEMa NIPU3BaHA MOBHCUTE 3PPex-
TUBHOCTH DEHEHMl, NMPUHUMAECMHX YEJIOBEKOM OyTEeM ZONONHEHHUA Ye-
J0BEYECKO#l "KOHNENTyausHOA" MOZexM OO0BEKTa KOXUYECTBEHHHMHA
OLEHKAMU O COCTOsIHMM Iponecca U 3@PexTe DA3NUYHHX DERUMOB.

Mozens mponmecca. LeHTPalbHYD YaCTh B ONNCAHUM 33HUMAET
MOflend MpOLeCCOB B KOHTAKTHOM amnmnapaTe. [Iponecc KOHTAKTHOT'O
[IpeBpaleHuA MEeTAHOJNa B IPUCYTCTBUHE KUCIODPOZA ¥ [13POB BOZH B
QODPMAaIBAETUL MZET IO I'eTEepPOT'eHHOMY OKCUAUTEIABHO-ZETUZPOreHu-
3aIUOHHOMY MEXaHW3MY B HEMOZBUXHOM M3O0TEPMUYHOM CI0€ YaCTHUL
neM30cepeOpAHOr0 KaTanusaTopa. OCHOBHHE DEaKIUM COIPOBOXZa—
OTCA NApayIeABbHHMU ¥ [OCIEZOBATENBHHMA MOCOYHHMY DPEAKIUAME,
YacTh KOTODHX HUZET I'OMOT'eHHO., B ypaBHEHUAX KUHESTUKM YYUTHBA-
ercd QaKT, YTO B IPOMHIISHHOM IIPONECCEe CKOPOCTH I'eTePOTeHHHX
DEAKIU TUMUTHPYDTCA CKOPOCTHO Maccolepezauu 0T MNOTOKA peareH-—
TOB K TOBEDXHOCTHM UYaCTUI[ KaTalu3aTopa, MO3ITOMYy CKOPOCTH pEeaK—
Uit 3aBUCAT OT THAPOZMHAMUYECKUX yCIOBUA B ciloe.YUNTHBAETCH
CyWeCTBEHHH] paclnaz NpOZyKTa B MOZKOHTAKTHOM XONOZWIBHUKE B
HEePaBHOMEDHOM II0Ne TeMmmnepaTypH. OCTaabpHHEe YacTH arperara onu-
CHBanTCA YPaBHEHUAMM MATepPUANIBHOI'O 0ajlaHCa.

Brarozaps aBTOTEpMUUYHOCTHM KOHTAKTHOI'O IpoIecca TeMIeparypa
B CI0€ ONpezeNAeTcH napaMeTpaMu UCXOZHON CMeCH M CHOPOCTAMH
peaxuuu. [ocrezHne B CBON OYEpEAb 33BUCAT OT TeMIepaTypH. [lo-
STOMY BHXOZ Mozen# Y  zaA QUKCHPOBAHHEX U, \/, 6, i n
onpezensaeTcd uUTepauuAMud. CTPYKTypa MOZENN NDPABUIBHO OTDPAXKAET
BaKHHE KaYeCTBEHHHE CBO{CTBa 00BEKTa (HaIMuMe yCTOMUYMBRX TO-
YeK, HalpaBIeHME I'PALUEHTOB BHXOZOB II0 BXOZaM U MapauMeTpaM).
dxenruduranueit gocTUraeTCa MUHUMM3AIAA CPEeZHEI0 DAaCCOINIAacOoBa-—
HUA OOBEKTa U MOZeNH.



99

UneHTUpUKamMA. [Ip¥ KaZZOM HOBOM KATaIU3aTOPE NPOHCXOZUT -
CMEljeHHe OLSHOK NMapaMeTpoB. [03TOMY ZenaeTcs HAYaNbHAA ONEHKA
6, ® S Ha N, nepsux omurax. COrmacHo H. 4. Omeru-
BamTCA KO3(QfumuenTH 6,,...,6€s; B NPEABIKCMHOHEHTAX CKOpOCTeil
peakuuit . JocTynanpuue B AanbHelmes Tpymms X(n) ,zy(n)‘n=M‘+4’M42)
06paGaTHBANTCA PEKyPCHBHO COTAACHO (24) Zns MOMydYeHus e',,,é,,m.'.'.')

KOTOpHE DAacCCMATPUBANTCHA (UKCHPOBAHHHMM IPY OCTAIL-
HOit padore HC. :

Pemenue crarTmieckux (OZHOMATOBHX) 387aY ONpEeZENeHNA ONTH-
ManpHHX pemeHmit. JomycTmmas o6nacTs (/y)y onpezeneHa clezyomu-
MM YCIOBHAMH IIDH

1) 9Qus U <q, ~ 9u,Gy - 4X MepHHe BEKTODH Tex-

3 HUYECKUX OTpaHmdeHuft,

2) 92 £9,(u, V(U.V,é,‘,h)) - ycIoBMe B3pPHBOGE30NACHO-
4 CTH,
3) . Cja(U,Y(U,V,é,,,ﬂ))‘Q-; - yciaosue HopMaipHO#f paGo-

TH [OOIVIOLEHHd ,

4) Gu sg.,(u,\/(u,v,é,,,n))‘q,, - ycmosme TpeoBammit Ha Ka-
: 4YecTBO (opMayuHa,
5) 9s £ 9s(U,Y(U,V,8,,n)) - ycuoBue 3ajamEHOR cpexHel
IPOU3BOAUTENLHOCTH
6) g},(u, Y(U,v,8,,n)) sé‘ - ycumoBue 3azaHHoO# ceGecTo-

HMOCTH.

31eck g, - KOHOEHTpPauUMA J,B Dapax nepez KOHTAKTHHM -aIMapaToM,
9s - oGheMHaA CKOPOCTH BelecTB Yepe3 cloif xaraamsaTopa,
9y - cozepEaHye METaHONA B NPOAYKTe, (s - OPOM3BOZMTENB~
HOCTH arperara, Je = CE0ECTOMMOCTS MDOAYKTA.
Ecam pemamrcs 3azauu I, 2, 3, 4 (cM. OeIM yupasieHus), TO:
3agaua I ‘gs(U,V(U,V,é,,,n))=min yCIOBME 5) CHUMAGTCH

sazaua 2 G, (U,Y(U,V,6,,n))=min ="-  6) =



100
sagaua 3 -G, =Qs(3,G+1,)=min TPi yCAOBUAX I) -6)
sagaua 4 Gu(U,Y(U,V,8,,n))=min ycmosue 4) CHUMAQTCA

9, - umCTHIA 70XO0Z MPOM3BOACTEA

,,, = CTOMMOCTU B BHDaXGHMU ZOXOZAA .

TexHWYECKAA DOANN3ALNA CHCTEMH YNDaBNeHUsd. [3ueHeHwe yc-
nOBUil BeZeHMA MpoLEecca MPOACXOZUT ABOAKO: KATaNU3ATOD TEpfA-
eT aKTUBHOCTH HENDEDHBHO 3a ZBa MecAlla, 4 H3MEHEHHME BHEMHMX
yonosuit S ~ BO3HMKAeT CKAYKOOODPa3HO. CpeaHuil mepuoz MExZy
M3MEHEHUSAMYU DEXMMAa N0 DA3AUYHHM NPUYMHAM HA OZHOM MDPOM3BOZ-
CTBE 70 BHELDEHMA CUCTEMH DaBHANCA 67 4acaM. MoaTouy BHYUCIE-
HUA B DEaTBHOM MacuTale BpPeMEHH MOTYT B /J8HHOM: CIyiae BECTUG -
"off-line™. TEMI MOCTYIIEHUA X(n),Z,(n) Hu3ox - I6 uucem B 2
yaca 4id OZHOTO arperata. JaHHHE 3a CyTKU Hepdopupynrcs Ha

Teneraliine nexa ¥ NEPECHIANTCA B BHUMCIMTEIBHHA LEHTDP C yKasa-
3aHueM Homepa arperata. X(n),Z(n)ecrs GasoBaf MHfopuamua B,
neperaBaeMas peryiafipHO. B 3aBUCUMOCTH OT KOZa pEXUMA BHYUC-
nennit (mepegaeTcA Kamzuit pas npu B, ) MOT'YT NPOBOZUTHCH
clexyviue BHYUACICHUA:

1. BuumcleHne CpejHeCYTOYHHX JKOHOMUIECKUX U TEXHUYECKUX
noxasareneit. PeaynpraT (KaK M ZPYPMX BUZOB BHUMCAEHUR) BH—
BOZUTCA HA BHXOZHO# nepdoparop BM B xoze M2 u mepezaercs Ha
Teaerain nexa (puc.4) o7 Ha3BaHUeM "CBoZKa pe-
XUMOB arperara k "), =

2. HavanpHaa uzeHTUUEAOUA - ONpezescHue éL, n & nHa N,
AenaeTcd CHOBA ZAJNA Kamxo#f HOBO# 3arpy3xu KaTaimsaTopa.

3, UzeHTuduranusa rapaMeTpoB MOZENN OOHEKTa AEeNaeTcd aBTO-
MaTUYECKM KaxzHi pas npu mocrymnenuu B,. . PeayapraT BHBOZUT-
cA NOZ HasBaHueM "cocTosHUE mpomecca" (puc.4)

(B TercTe He GHNI OMNCAH CIOCOC ONpEZENEeHUA XAPaKTEDPUCTUK Cl-
CTEMH MOTJIONEHUA) .

4, BuuMCHGHME BHXOZOB MOZENM VY, AAA 337AHHHX U, (Be-
POATHHX BHXOZOB OGBEKTA) IDU JAHHOM COCTOSHUM. BO3MOKHOCTEHI0
y3HATH BEDOATHH{ pe3ynbTaT pemeHU# 70 ero peanmsanuum Ha 005~
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€KTe YEeJOBEK NOJb3yeTCA OXOTHO, I'Dynna 3ajaBaeMHX DEXIMOB
nepfopupyeTca B BUje MaccuBa B, Imocae B, ., PesyibTaTr BHBO-
JATCA NOX Ha3BaHWMEM "HCIHTaHME 3aIaHHHX pexumos" (pmc, 5),

5, BuuYnMCJeHMA ONTEMANLHOT'O pexmma, /i 3TOTO 3aJaKTCA B BH-
Ie B8, HOMEpa 338784, BepPXHEE I HNXHEE JONYCTHEMHE 3HAYEHHA
orpaHmveHE#t G , & 1A RKagmoi 3amaud, PesyahTaT BHBOIMTCA
Noj HasBaHMEM "ONTUMAIbHHE DEXMMH" C yKa3aHmeM KPHTepHs,BHBO-
IATCA Takxe oxmjyacMasg 3PPeKTHBHOCTP ONTEMAJHHHX PEXHMOB -"OXH-
IaeMue noxasarem" (puc.6), B, ABIfeTCA Pe3yAbTaTOM (GopMaim-
3amue S M nepenaeTcCH OpPH. A3MEHEHNMEM BHENHe# CHTyaluH BeIeHHA
Ipomecca,

PeamEsoBaEHHR B yEmBepcansHOR BM aiITOpHTM CIAYXHT A4 yo-
PaBJeHAS HECKOJBKAX HE3aBHCHMHX arperaToB IPOMSBOACTBA (Hopma-
JHHA,

JurTepaTypa
1. Beauchamp J.J., Cornell R.G.  Simultaneous nonlinear esti-
mation. Technometrics, V. 8, & 2, May, 1966.
2. Amzepcor T. BBejieHEE B MHOTOMEDHH CTATHCTHYECKHl aHams,
M, 1963, - -
3. ApEc P, AHaims mpomeccoB B XMMHYECKEX pearropax. J., I967.

4, Ipmrer 1,9, Apanrams, o0ydeHEe X camMoo0yJeHNe B aBTOMa-—
THYECKAX CHCTEMaX, ABTOMATHRA H TeJemexamura, T, XXVII,
B I, 196.

5. Albert A.E., Gardner L.A., Stochastic approximation and.
nonlinear regression. MIT Press, Cambridge, Mass., 1967.

6. Zhivoglyadov V.P., Kaipov V.Eh, Identification of distri-
buted parameter plants in the presence of noises. Prepr.
of the IFAC symp. Identification in automatic control sys-
tems, Prague, 1967.

7. Pyyéem X.B. [IOHCK TOUKE MAHEMYMA JyHKIME, B CO. IDOIDamM-
ME maa IBM "Munck-2", BEH. 7 (B meuarm),

TaBacT paynb POMaHOBHMY, MI. HayuH. COTp. [HCTHTyTa KuGEpEHETUR:
Araziemvn Hayr 3croHckoil CCP.Cays azpec Scronckas CCP, Tanme
6yapsap llemuna IO, reaed. 605-783,
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YNCAO HOMEP PACXOR
MECAU CMEWM BO3IAYXA
82,00 2050,00
85,00 2050,00
88,00 2050,00
91,00 2050,00
94,00 2050,00
97,00 205€,00
100,00 2050,00
103,00 2050,00

4,09
5,09
6,09
7,09
8,09
9,09
10,09
11,09

105

CBOAKA PEXWMOB # BMXONOB ArPETATA HOMEP

2

KOHU TEMNEP
METAHON KOHTAK
63,40 695,00
63,70 695,00
63,30 695,00
63,60 694,00
63,50 695,00
63,50 694,00
63,5¢ 695,00
63,90 694,00

BWXONQ CENEXK OBEAR PACX BWPAE NPOU

, $0PM
0,756
0,755
0,755
0,748
0,744
0,747
0,745
0,740

THBH
0,883
0,879
0,885
0,883
0,874
0,873
0,870
0,864

HOHB
0,856
0,360
0,853
0,846
0,852
0,855
0,856
0,856

0,523
0,523
0,525
0,529
0,531
0,529
0,526
0,533

30,387 37,400
30,293 37,400
30,674 37,500
29,864 37,400
28,477 37,400
29,384 37,400
27,888 37,100
25,554 37,300

COCTOAHNE NPOUECCA

TEMNEP
NEPErP
112,00
113,00
112,00
113,00
111,00
110,00
110,00
110,00

PACXOZ

METAHON

17,42
17,38
17,66
17,32
16,55
17,08
16,08
14,92

nPOU  3KOH Q0XOR
HO30¢ S0P-HA $OP-A METAH METAH

6,600
6,400
6,700
7,100
6,800
7,300
7,200
7,100

-0,091
-0,105
«0,159
-0,269
-0,323
-0,266
-0,173
-0,326

2513,010
2503 ,836
2529,99¢
2451,801
2331,249
2412,255
2297 ,42C
2088,409

NPEALIKCNOHE HTH CKOPOCTER NOTEPK - CTENEHM NOT NOWE HUR

KOO K10

30

37

K20
4309 2476

K30 Kyo
185 593 550

Prc. 4

00

1,000

TEMNNA S0OPM-[IA METAHONA

0,917



1, 2050,0 63,0
, 2050,0 63,5

3, 2100,0 £4,0

BUPABOTHA
31,0
PACX KO3
0,512
a0xon
2597
COREPM METAH
6,4
CONEPR #0PM
49,2
IMOHOMUA
0,24
BUXON ®OPM
0,767
CENEKTUBH
0,887
rA30 02
0,20
A co2
3,92
AHA co
1,60
M3 W
18,0
KoMy 02
9,09
HOHIl CHIOH
0,266

1

06

WENNTAWME 3AZAHIBIX PERMMO®

595,0

113,0

695,0  114,0

45,0 110,00

31,0
0,517

2582

49,1
0,09
0,760
0,887
0,20
3,92
1,60
18,0
0,09

0,269

32,7 0,0

0,609 0,000

2u22 0
16,6 . 0,0
4,6 0,0

-2,90 0,00

0,645 0,000

0,314 0,000

0,24 0,00

4,02 0,00

0,30 0,00

17,1 0,0

0,087 0,000

0,294 0,000

Prc. 5

0,00

0,000

0,00

0,00

0,000

0,000

0,00

0,000

0,000

0,00

0,00

0,c00

6,000

0,0

0,000

0,0

0,00

0,000

0,000

0,00

0,00

0,0

0,000

0,0n0

0,0

0,000.

0,00
0,000

0,000

0,000



1 MAMC BNPAGOTHA
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PENOMEHIYEMUE PERMMY

2050,0 61,0 692,0 129,0
2 MAH PACY K030 )
2050,0 63,5 72,0 12%,0
3 MAKC a0xon
2050,0 61,5 69,0 120,0
4 MAH COREPM MET
2050,0 64,0 T8,0 115,0
PE3YALTAT ONTHMARLHMX PERWMOB
1 2 3 4 o o [ o
BUPABOTKA
.31, 30,4 3,0 %, 00 00 0,0 0,0
PACX KO3ee -
0,519 0,506 0,508 0,491 0,000 0,000 0,000 0,000
roxon
2587 2568 2612 2587 0 o o L]
CONEPR METAM
7,2 50 60 3,2 0,0 00 0,0 0.0
CONEPR &OPM
46,6 51,2 w8,y 53,9 0,0 0,0 0,0 0,0
IMOHOMUA
0,02. 0,43 0,39 0,88 0,00 0,00 0,00 0,00
RUX0A 60PM
0,757 0,777 0,774 0,80% 0,000 0,000 0,000 0,000
CERENTHRH
0,8%1 0,870 0,887 0,861 0,000 G,000 0,000 0,000
raso o2
g,21 0,19 0,20 0,99 0,00 0,00 0,00 0,00
L coz
3,99 3,86 3,92 3,82 0,00 0,00 0,00 0,00
AHA co
1,41 2,37 1,60 2,80 0,00 0,00 0,00 0,00
m3 H2
17,8 18,5 18,0 18,8 0,0 o0 0,0 0,0
NOHY 02
0,093 0,098 0,095 n,101 ¢ ,000 0,000 0,000 0,000
HOMIL CHION
0,762 0,264 ©, * 6,260 0,000 ©,000 0,000
Prc. 6




