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The result of the study reported in this paper is the proposed
mathematical model of technological processes occurring in the
reactor for acetic acid synthesis. The initial parameters of the reac-
tor considered were the value of the concentration of acetic acid
at the reactor outlet, temperature, the level of reaction mass, and
pressure in the reactor. The input parameters included the amount
of methanol and carbon monoxide supplied. Material and thermal
balances of reactor technological processes were used to construct
the mathematical model of the reactor. Fisher criterion was applied
to test the mathematical model for adequacy. At the specified 5 %
level of significance, the value of Fisher criterion for the concentra-
tion of acetic acid, temperature, and the level of reaction mass in the
reactor does not exceed its critical value for a stationary mode. The
reproducibility of the modeling results was tested using the Cochran
criterion. The value of the Cochrane criterion, at the predefined 5 %
level of significance, for the concentration of acetic acid, tempera-
ture, and the level of reaction mass in the reactor does not exceed its
critical value for different modes. The relative error for the modeled
output parameters was calculated. The relative error of the initial
parameters did not exceed the level of 10 %. The model built makes
it possible to calculate with satisfactory accuracy the value of the
concentration of acetic acid at the reactor output, the tempera-
ture and level of the reaction mass in the reactor under a stationary
mode. The resulting model could be used to automate the control of
technological processes in the acetic acid synthesis reactor under a
stationary mode. The study results open additional opportunities to
manage the stationary mode of the reactor
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1. Introduction

2. Literature review and problem statement

The production of acetic acid has acquired great impor-
tance for people. Acetic acid and its derivatives are widely
used in a variety of industries. Acetic acid is utilized in
large quantities in the production of acetyl cellulose, when
obtaining semi-finished products in fine organic synthesis
as an acetylated means, in the textile industry, as well as
to obtain its derivatives. Acetyl cellulose is used to make
acetate fiber, plastics, varnishes, non-combustible film, and
so on. Acetic acid is applied in pharmaceutics to produce
various medicines. Acetic acid salts are used in printing. The
most common techniques for obtaining acetic acid in the
industry are the oxidation of n-butane in the presence of a
cobalt catalyst and methanol carbonylation in the presence
of a rhodium catalyst. For modern large-scale production of
acetic acid to be cost-effective, it is necessary to use auto-
mated control systems.

To manage such complex systems, it is necessary to
build a model that adequately reflects the properties of
the control object. The presence of a mathematical model
makes it possible to use optimal and predictive systems for
control, which improves production efficiency and enables
resource-saving. In many cases, the parameters for such a
model are determined directly during the operation of the
object, that is, identification by input and output signals is
carried out.

It seemed relevant to construct a static mathematical
model for the stationary mode of the acetic acid synthesis
reactor because it interconnects all the technological param-
eters of the control system.

The development of improvement of the process of pro-
duction of acetic acid is described in [1]. To reach the re-
quired concentration of acetic acid, it is necessary to control
the supply of reagents from which the reaction mixture in
the synthesis reactor [2] is formed. However, the issues of
optimizing the process of adding a catalyst to the reaction-
ary medium remained unresolved. The option to overcome
the difficulties is to add a rhodium-based homogeneous
liquid-phase catalyst to the reactor reaction medium. There-
fore, to produce acetic acid, Monsanto uses a rhodium-based
homogeneous liquid-phase catalyst, which contributes to the
formation of acetic acid as a result of methanol carbonylation
with high selectivity and at low pressure [3].

The general stoichiometry of acetic acid synthesis was
investigated in [4]:

CH,OH+CO— CH,COOH.

There are the results of studying the methanol carbon-
ylation kinetics, catalyzed by rhodium in the presence of a
promotor, which have a number of interesting and unusual
properties. The first reaction order was established at a high
water content (more than 8 %) in the catalyst concentration
and the concentration of iodide methyl [5]. For catalyst
components, it was found that the reaction rate was directly
proportional to concentrations of thodium and iodide [6]. It
was shown in [7] that the kinetics of methanol carbonylation
are identical to the rhodium complex on a solid basis and
homogeneous liquid-phase catalytic systems. Therefore, one




can get a heterogeneous analog of a homogeneous catalyst.
This suggests that, despite the obvious physical differences
between these catalysts, a similar reaction mechanism is
likely to work. The stage of oxidative addition of methyl
iodide to the rhodium complex is decisive, while other stages
are performed much faster [8].

Similar technology is applied in production at many
enterprises of the world at present. Such production of acetic
acid is characterized by a relatively high degree of automa-
tion with complete absence, however, of any model support,
which, under modern conditions, is considered a significant
drawback.

It is the presence of sufficiently reliable and complete
models of technological processes of complex chemical pro-
ductions that makes it possible to perform with maximum
efficiency the necessary periodic modernization of existing
automation tools. That also makes it possible to maintain at
a predefined level the quality of products and the profitabil-
ity of production in the face of increasing wear of equipment
and the effect of other perturbing factors.

The results of actual measurements of the object under
study and the results of calculations were compared in [9].
The authors of work [10] prove the need to introduce correc-
tions given the discrepancy of the above results. Then they
check the adequacy of the calculated mathematical model.

The authors of [10] modeled the oxidation of depleted
mixtures of methane-air and hydrogen-air in catalytic and
non-catalytic reactors with a compacted layer. The possibil-
ity of applying a single-stage reaction to describe the pro-
cesses occurring in the reactor was investigated, provided
that the relevant kinetic data were obtained from sufficient
experimental data. Acquired data should be available for the
same reactor and operating conditions. However, the use of
kinetic data for different working conditions could lead to
significantly false results. Work [12] described the dynamic
modeling of the reactor of catalytic oil reforming using ma-
terial and thermal balance. With the help of modeling, two
transitional regimes were studied: start-up and temperature
disturbance at the inlet. It was found that the temperature
takes longer to achieve a quasi-stationary state than the
concentration of each compound. The disadvantages of that
study include the lack of research for the level of reaction
fluid in the reactor. The authors of [13] developed and
considered the methodology of online optimization of the
operation of two connected capacitive reactors of continuous
action with a stirrer. The concepts of automatic detection of
the stationary state, coordination of data, detection of gross
errors, assessment of a dispersion-covariational matrix, the
evaluation of parameters and optimization were presented.
However, the disadvantages of that method include a com-
plicated procedure for detecting the presence of a stationary
state in reactors.

Constructed mathematical models of processes are used
to interpret data from sensors, to select sensors for con-
trolling chemical processes, to forecast the temperature
regime of technological processes.

However, these mathematical models of reactors do not
reflect the real processes that occur in the reactor of acetic
acid synthesis. Neuro-fuzzy systems and neural networks
can be used to build control systems. Fuzzy control uses a
preset standard or fuzzy open path of the control object to
derive a set of fuzzy rules “if-then” that are part of the cor-
responding fuzzy controller. The authors of work [14] con-
sidered the problem of multicritical optimization of process

control with a deterministic approach and in a fuzzy setting.
When solving a multicritical problem in a fuzzy statement,
the adequacy of the solution improves but the disadvantages
of the proposed method include the need to use only highly
qualified personnel to manage production. With a small
amount of data from a passive experiment, the construction
of control systems is complicated. In [15], a problem of eval-
uating the parameters of the regression equation for a small
sample of the source data was solved when the observation
conditions are fuzzy.

Several attempts are known aimed at building a mathe-
matical model of the acetic acid synthesis reactor based on
methanol carbonylation with a rhodium catalyst. Paper [16]
outlines attempts to construct a model of technological
processes in the reactor using the DIVA modeling envi-
ronment. However, the cited paper lacks a static model of
the occurring processes. The authors of work [17] tried to
build a holistic static mathematical model of technological
processes occurring in the reactor. The model was calculated
with certain assumptions with rather large errors in the im-
plementation of calculations. The model did not adequately
reflect the processes occurring in the reactor. Experimental
and statistical models for the acetic acid synthesis reactor
during the start-up period [18] were calculated; neural net-
works were modeled to control the reactor during the start-
up period [19]. None of the proposed models made it possible
to determine the connection between the technological
parameters of the acetic acid synthesis reactor for a station-
ary mode. Accordingly, the proposed models did not make it
possible to improve the operation of the automated reactor
control system for a stationary mode. In this regard, there is
a task to devise the appropriate model support.

3. The aim and objectives of the study

The purpose of this work is to build a mathematical model
of technological processes that occur in the reactor of acetic
acid synthesis based on methanol carbonylation in the presence
of arhodium catalyst. The mathematical model to be construct-
ed could be subsequently used to improve the operation of the
automatic reactor control system under a stationary mode.

To accomplish the aim, the following tasks have been set:

— to derive equations of the concentration of acetic acid,
temperature, the level of reaction mass, pressure in the reac-
tor of acetic acid synthesis;

— to build and analyze a system of equations that form
the mathematical model of the reactor of acetic acid syn-
thesis. Based on the results of the construction of a static
mathematical model, additional opportunities open up for
managing the stationary mode of the reactor;

—to incorporate the mathematical model into a com-
puter-integrated control system for the acetic acid synthesis
reactor.

4. The study materials and methods

Material and thermal balances of reactor technological
processes were used to construct a mathematical model of
acetic acid synthesis reactor. For quantitative and statistical
evaluation of mathematical model parameters, calculations
were performed in the software Microsoft Office Excel for
Microsoft Windows (USA).



As a control object, the reactor of acetic acid synthesis
based on methanol carbonylation in the presence of a rhodi-

um catalyst was considered (Fig. 1).
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Fig. 1. Acetic acid synthesis reactor based on methanol carbonylation

in the presence of a rhodium catalyst

To ensure the normal progress of the technologi-
cal process in the reactor of acetic acid synthesis, the
norms of technological regulations are observed. To do
this, they regulate the input parameters and control the
output and perturbing parameters, using control-regis-
tering equipment with linear static characteristics and
a short time of transition processes. The output coor-
dinates of the synthesis reactor as a control object are:

— pressure in reactor P;

— level in reactor L;

— the temperature of the synthesis reaction T:

— the concentration of acetic acid in the reaction
fluid Q.

The input coordinates of the synthesis reactor as a
control object are:

— methanol consumption Fyy;

— carbon monoxide consumption Fco.

Perturbing coordinates include:

— methanol temperature Tyy;

— carbon monoxide temperature Tco;

— the flow rate of reactionary fluid at the outlet of
separator Fj;

— the flow rate of the light phase of condensate after a
decanter of the distillation column of light fractions Fy;

— the flow rate of the heavy phase of condensate after
adecanter of the distillation column of light fractions Fj,;

— the temperature of the bottom fluid Ts at the inlet to
the reactor from the separator;

— the temperature of the flow of the light phase of
condensate after a decanter of the distillation column of
light fractions Ty

— the temperature of the flow of the heavy phase of
condensate after a decanter of the distillation column of
light fractions Typ;

—the concentration of methanol supplied to the reac-
tor Qur;

— the concentration of carbon monoxide supplied to
the reactor Qco.

—

It is accepted during the calculations that:

— the target component (the component formed
in the reaction of methanol carbonylation) in the
input flows of methanol and carbon monoxide is
absent;

— the reaction mixture in the reactor of acetic
acid synthesis is perfectly stirred;

— the reactor content is in the liquid phase;

— all gas entering the reactor is instantly mixed
with the liquid;

— the heat capacity of the walls and other compop
nents of the reactor is neglected.

The structural-logical scheme of the synthesis
reactor is shown in Fig. 2.

The structural-logical scheme of the reactor of
acetic acid synthesis (Fig. 2) shows the input, out-
put, and perturbing coordinates.

To check the adequacy of the model, experimental
data from a passive experiment were used, obtained in
the study of the stationary mode of operation of the
acetic acid synthesis reactor based on methanol carbo-
nylation in the presence of a rhodium catalyst. When
obtaining passive experiment data, parallel measure-
ments were carried out at each experimental point.

The values of input, output, and perturbing co-
ordinates for the stationary mode of the reactor are
given in Table 1.
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Fig. 2. Structural-logical diagram of the reactor

Table 1

Values of input, output, and perturbing coordinates for the

stationary mode of the reactor

Input, output,
and perturbing Numerical values
coordinates
Fy, kg/h19,175]9,050(8,950(9,000(9,125|8,975(9,125|8,950|8,950
Fco, kg/h 19,620(9,350(9,404(9,610(9,470(9,425(9,350(9,350(9,420
F,, kg/s 32.21321(336|34.1|33.6|33433.4|33.2]|33.1
Fyp, kg/s 1.10 | 1.10 | 1.10 | 1.10 | 1.10 | 1.10 | 1.10 | 1.10 | 1.10
Fipn, kg/s | 6.00 | 6.00 | 6.00 | 6.00 | 6.00 | 6.00 | 6.00 | 6.00 | 6.00
Tw, °C 110 | 118 | 115 | 100 | 117 | 140 | 105 | 120 | 140
Tco, °C 40.6 | 40 | 38 |38.5]42.3|39.8| 40 |37.5| 40
T, K 401.2(404.0(387.3|384.6|387.2{388.2({391.1|390.1|391.2
Ty, K 313.0(313.0{313.0(313.0|313.0{313.0({313.0|313.0{313.0
Typny K 323.0(323.0{323.0(323.0|323.0{323.0{323.0|323.0{323.0
Oum 0.9910.99(0.99(0.99|0.99(0.99|0.990.99 | 0.99
Qco 0.97 10.97 1 0.97 [ 0.97 | 0.97 | 0.97 | 0.97 | 0.97 | 0.97
Q 0.668[0.648]0.660{0.652|0.654|0.668]0.667|0.657|0.657
T,°C 187.5(187.5/185.9(186.1|186.2|186.2(186.3|186.4|186.5
L% 75 75 | 77 | 77 | 77 | 77 | 77 | 77 | 77
P, MPa 28 |1 28 [ 28| 28|28 |28 | 28| 28| 28




Data regarding the tools to control the input, output,
and perturbing coordinates, and to measure the input, out-
put, and perturbing coordinates for the stationary mode of
the reactor are given in Table 2.

The following data were used to calculate the static
mathematical model of the acetic acid synthesis reactor:

— pis the density of acetic acid, p=987.5 kg/m3 [17];

- S, — the cross-sectional area of the reactor,
S,=10.51 m? [20];

— K, — reaction rate constant, Ky=0.037 1/s [20];

— F — reaction activation energy, F=7,830 J/mol [20];

— R — universal gas constant is equal to 8.31 J/(mol'K);

— 8§ — cross-sectional area of the regulating body (valve
hole), §=0.00129 m2[20];

— g — free-fall acceleration 9.8 m/s%;

— Cy — specific heat of methanol entering the reactor,
Cy=3,070 J/(kg'K);

— Cco — specific heat of carbon monoxide entering the
reactor, Cco=1,050 J/(kg'K);

— Cy — specific heat of the flow of bottoms from the sep-
arator to the reactor, C,=2,870 J/(kg'K);

— Cpp, — specific heat of the light phase of the condensate
after a decanter of the column distillation of light fractions,
Cipi=4,180 ] /(kg K);

— Cpn — specific heat of the heavy phase of the conden-
sate after a decanter of the column distillation of light frac-
tions, Cppp=578 J/(kg'K);

— r — specific heat of reaction, r=2,325 J/kg;

— C — the specific heat of the reaction mixture in the
reactor, C=2,230 J/(kg'K) [16];

— G — Henry constant, G=12,977,157.67 Pa;

— Bp — mass transfer coefficient,

Br=0.25 kg/(m*s(kg/m?)) [21].

According to [22], « is the coefficient characterizing the
degree of opening of the drain channel hole: a=0.6.

Data regarding the tools to control the input, output, and perturbing
coordinates, and to measure the input, output, and perturbing coordinates for

the stationary mode of the reactor

For the studied initial parameters of the static math-
ematical model of the acetic acid synthesis reactor, three
criteria are checked and analyzed:

a) Fisher criterion (model adequacy check);

b) Cochrane criterion (verification of the reproducibility
of experiments);

c) relative error.

Fisher criterion was used to determine the adequacy of
the resulting model.

S?
=2, ()

repr

F

where 2, is the variance of inadequacy; S’ is the vari-

ina repr
ance of reproducibility.
The variance of reproducibility was calculated according

to the formula:

g _ g(yz _;)2 ,
repr _f’ ( )

where y; is the sample data, y is the mean, f is the number
of degrees of freedom.

The variance of inadequacy was calculated according to
the formula:

n

o _& (yexp_ycalc)z ;
inad — f ’ ( )

where y.,, are the data from a passive experiment; .. are
the data from calculations by model; / the number of degrees
of freedom.

According to the table of critical points of Fisher and the
predefined level of significance «a=0.05 and the number of
degrees of freedom, the critical value F,, was determined. If
F,ps<F,, a decision about the adequacy of
the calculated model was made.

As a criterion for the reproducibility of
experiments, the Cochrane criterion was
used. To do this, the ratio of maximum

Table 2

I variance to the sum of all variances was
nput, determined
output, 'fmd Control tools Measurement means
perturbing
coordinates
Fy disk diaphragm, controller Diffmanometer 5. Results of St.Udymg the constructl(.)n
Feco disk diaphragm, controller Diffmanometer ofa mathe}l(}atlcailm(')del for the acetic
F; disk diaphragm, controller Diffmanometer acid synthesis reactor
Fipn dTSk d%aphragm, controller D%ffrnanomctcr 5.1. Deriving equations for the con-
Fipi disk diaphragm, controller Diffmanometer centration of acetic acid, temperature, the
Ty controller Calibration thermocouple «E» level of reaction mass, pressure in the ace-
Tco controller Calibration thermocouple «E» tic acid synthesis reactor
T, controller Calibration thermocouple «E» In order to build a general mathemati-
Tii controller Calibration thermocouple «E» cal model of the acetic acid synthesis reac-
Tipi controller Calibration thermocouple «E» tor based on any initial coordinate, partial
Qur controller Chromatograph Inathgn}afcical models were constructed for
Qco controller Chromatograph each lnltla.l coor dm.ate' )
To derive a partial mathematical model
Q controller Chromatograph .
— - based on the concentration of the target
T controller Calibration resistance thermometer RT100- . .
: component, the equation of material bal-
L controller Diffmanometer . . .
. ance of the acetic acid synthesis reactor
L controller Diffmanometer was built for the target component.




The balance equation takes the following form:

dm,+dm,+dm, +dm, =dm, +dm, “%)

where dm; is the mass of the reacting component entering
the reactor with a methanol flow, dms is the mass of the
reacting component entering the reactor with a stream of
carbon monoxide, dm, — the mass of the target component
formed in the reaction, dms; — the mass of the target com-
ponent discharged from the separator to the reactor, dm,—
the mass of the target component that accumulates in the
reactor of volume V; dm — the mass of the target component
discharged from the reactor;

dm, = F,,-Q,dr, )

where F); is the mass consumption of methanol into the re-
actor, Qy — the concentration of methanol supplied to the
reactor, dt — time.

dm,=F,.,-Q..dt, (6)

where Fcp is the mass consumption of carbon monoxide in
the reactor, Qcp is the concentration of carbon monoxide
supplied to the reactor.

dm, =VKp(Q,,, —Q)dt, (7)

where Vis the reactor volume, K is the speed of the chemical
reaction, p is the density of the reaction mixture, Qnay is the
maximum concentration of the target component, Q is the
concentration of the target component.

E
K=K, exp(—ﬁj, ®)

where K is the constant of the rate of chemical reaction, E is
the activation energy of the reaction, R is the universal gas
constant, T is the reaction temperature.

dm = FQdt, )]
dm, =VpdQ, (10)
dm, = FQdt, (11)

where Fis the consumption of the reaction mixture, F; is the
fluid flow from the separator to the reactor.

After substitution of the specified expressions of mass in
the equation of thermal balance (2), one obtains:

F,,Q,,dt + F.oQcodt + FQdt +

+VpK (Q, ~Q)dt = VpdQ + FQt. (12)

max

For further research, it is necessary to take into consid-
eration that [13]

F=posS /2gL+£,
p

where a=0.6+0.8 is the coefficient of fluid leakage through
the regulatory body, S is the area of the cross-section of the

(13)

regulatory body (valve opening), L is the level of the reaction
mixture, P is the value of excess pressure in the reactor, g is
the acceleration of free fall.

If one replaces the expression of the amount of F coming
out of the reactor using formula (13) and divide the left- and
right-hand sides of equation (12) by d¢, the expression takes
the following form:

FQy + FooQeo + FQ+S5,LpQ,,,., X

xK, exp(—%) -S.LpOK, exp(—i) =

RT
= SaLp—dQ +QpaS, [28L +£,
dt \ p

where S, is the cross-sectional area of the reactor.

Equation (14) is a nonlinear mathematical model of the
acetic acid reactor for the concentration of the target com-
ponent.

After linearization of the nonlinear partial mathematical
model of the reactor for the concentration of target compo-
nent (14), the equation for a stationary mode or a static par-
tial mathematical model of the reactor for the concentration
of a target component is built:

(14)

E
FQy + FeoQeo + FQ+pS LK, EXP(_H)QMX -

-pS,LOK, exp(—i):oncS 2gL +£. (15)
RT p
Hence, the expression for concentration:
E
FMQM + FCOQCO + pSaLKOQmaX exp(_ﬁ)
Q= (16)

P E
pocS\/ZgL+p -F +pS LK, exp(—ﬁ)

In order to build a partial mathematical model of the
reactor of acetic acid synthesis based on temperature, the
equation of thermal balance was constructed.

dq, +dq,+dq,,. +dq,+dq,, +dq,, =

= dqzr + dq + dqexhg’ (17)

where dgy is the amount of heat entering the reactor with a
methanol flow, dg, — the amount of heat entering the reactor
with the flow of carbon monoxide, dgreac — the amount of
heat released as a result of the reaction, dg, — the amount
of heat accumulated in the reactor of volume V, dgq — the
amount of heat emanating from the reactor with the target
component, dqe.,e — the amount of heat released with ex-
haust gases, dgs; — the amount of heat entering the reactor
with the flow of bottoms from the separator, dg, — the
amount of heat entering the reactor with the flow of the
light phase of condensate after the light fraction distillation
column decanter, dgp,, — the amount of heat entering the
reactor with the flow of the heavy phase of condensate after
the light fraction distillation column decanter;



dg1=FyCyTydt,

(18)

where F) is the methanol flow rate, Cy; — the heat capacity
of a methanol flow, Tj; — the methanol flow temperature at
the input of the reactor
dqs=FcoCcoTcodt, 19)
where F¢g is the flow rate of carbon monoxide, Cco — the
heat capacity of the carbon oxide flow, T¢p — the tempera-
ture of the carbon oxide flow at the inlet of the reactor.
dqreac=rpVKQdt, 20)
where 7 is the reaction specific heat; V=S,L — the volume of
fluid in the reactor.
dq,=mCdT=pVCdT=p S,L CdT, (21)
where m is the mass of liquid in the reactor; C — the heat
capacity of liquid in the reactor; dT — a temperature change
in the reactor.
dq=FCTdt, (22)
where F is the flow rate of liquid from the reactor, deter-
mined according to (13), T — the temperature in the reactor;

dq =poS f2gL+£CTdt, (23)
p
dCIexhg:F exhgcexhgnxhgdt; (24)

where Fyg is the flow rate of exhaust gases, Ceyjg — the heat
capacity of the flow of exhaust gases, T,z — the flow rate of
exhaust gases

qu:FcCCTcdt, (25)
where F¢is the flow rate of bottoms from the separator to the
reactor, C¢ — the heat capacity of the flow of bottoms from
the separator to the reactor, T¢ — the temperature of the flow
of bottoms from the separator to the reactor

Aqpn=FipnCpn Tipndt, (26)
where Fy,, is the flow rate of the light phase of condensate af-
ter the light fraction distillation column decanter, C,, — the
heat capacity of a flow of the light phase of condensate after
the light fraction distillation column decanter, Tj,;, — the
flow temperature of the light phase of condensate after the
light fraction distillation column decanter

dqnpn=Fnph Crpn Thpndt, 27)
where Fj,, is the flow rate of the heavy phase of condensate
after the light fraction distillation column decanter, C,;, — the
heat capacity of the heavy condensate phase flow after the
light fraction distillation column decanter, Ty, — the flow
temperature of the heavy phase of condensate after the light
fraction distillation column decanter.

Considering the above, the equation of thermal balance
in technological variables takes the form:

FCTdt+ Ephclph]-;phdt +F hphchphThphdt +
F,C,T,dt+F..C.oloodt +

+rpSaLK0Qexp(—£)dt=F Coo T dt+

RT exhg ™~ exhg™ exhg

+pS LCdT +posS /ZgL + ECTdt.
p

Divide the left- and right-hand sides of equation (28) by
dt and neglect the flow of exhaust gases. Taking that into
consideration, the equation of thermal balance in technolog-
ical variables takes the form:

(28)

I?SCSY‘.; + Ephclpthph + EtphchphThph + F M CM TM +

E
+FoCooleo +1pS, LK Qexp (— ﬁ) =

= SaLCd—T+ pos, [2gL +£CT,
dt \/ p

where S is the area of the cross-section of the regulatory
body on the line of selection of reaction fluid.

After linearization of the nonlinear partial mathematical
model of the acetic acid reactor for temperature (29), the
equation for a stationary mode or a static partial mathemat-
ical model of acetic acid synthesis reactor for temperature
is built:

(29)

FszTv + Ephclpthph + Elphch[)h];l])h + FMCMTM +

+F.oCeolco +7pS,LKQ exp(—%) =

=pas /2gL+£CT.
p

To calculate the temperature, special methods were used
for solving nonlinear equations.

To construct a mathematical model for level, the equa-
tion of material balance was built.

(30)

dm, +dm, +dm,,, +dm,, = dm, +dm, (31)
where dmy is the mass entering the reactor with a methanol
flow, dmy — the mass entering the reactor with a flow of liquid
from the separator, dmo — the mass that accumulates in the re-
actor of volume V, dm — the mass of reaction fluid discharged
from the reactor, dmy,;, — the mass entering the reactor with a
stream of the light phase of condensate after the light fraction
distillation column decanter, dmy,, — the mass entering the
reactor with the flow of the heavy phase of condensate; after
the light fraction distillation column decanter.

dm=Fdt, (32)
where Fis the mass flow rate of a methanol flow.
dmo=Ft, (33)

F; is the mass flow rate of bottoms from the separator to the
reactor.



dm,=pS,dL, (34)
where S, is the reactor cross-sectional area;
/ P
dm = Fdt =pasS, |2gL+—dt, (35)
p

where F is the flow rate of liquid from the reactor, deter-
mined from (11).
dm,, = F,,dt, (36)
where Fy,j, is the mass flow rate of the light phase of conden-
sate after the light fraction distillation column decanter.
dm,, =F,,dt, 37)
where Fjpy, is the mass flow rate of the heavy phase of con-
densate after the light fraction distillation column decanter.
By substituting the specified mass expressions in the mate-

rial balance equation (31), and dividing the left- and right-hand
sides of the equation by dt, expression (31) takes the form

FM+F;+Eph+thp=pSadif+paS 2gL+£’
\ p

where S, is the cross-sectional area of the reactor.

Equation (38) is a nonlinear mathematical model of the
acetic acid reactor for level.

After linearization of the nonlinear partial mathematical
model of the acetic acid reactor, the equation for a stationary
mode or a static partial mathematical model of the acetic
acid synthesis reactor for level was built:

F,+F+F,+F, =pas /2gL+£.
P

Hence the expression for the reaction mass level in the
reactor:

(38)

(39)

(FM+R+F1ph+thh)2 P

2gp’a’S? 2gp°

(40)

To derive a partial mathematical model of the acetic acid
synthesis reactor for pressure P, the equation of material bal-
ance was built for the component that creates the pressure.
Pressure in the acetic acid synthesis reactor is generated by
carbon monoxide entering the reactor. The gas accumulates
in the reactor in free volume and reacts.

dm, = dmy, +dm,,,. +dms, (41)
where dm, is the mass of carbon monoxide entering the reac-
tor; dmyg — the mass of carbon oxide accumulated in the free
volume of the reactor; dm,,. — the mass of carbon monoxide
reacting; dms — the mass of exhaust gases.

The components of equation (41) were determined
through the technological parameters

dm, = Fydt, (42)
where Fco is the carbon monoxide flow rate,
dm, =V,dp, (43)

where V; is the free volume of the reactor taken by gas; dp
is the change in gas density caused by a change in pressure

dp="Lap,
RT

44)
where M is the molar mass of carbon monoxide, R is a univer-
sal gas constant, T is the temperature of carbon monoxide, P
is the pressure of carbon monoxide.

dm, =B,S,Q,dt, (45)
Bp is the mass exchange coefficient, S, is the area of contact
of gas with a liquid phase, Q, is the equilibrium concentra-
tion of gas dissolved in solution;

dm,=F

exhg

dt, (46)

where F,,g is the exhaust gas consumption.

Chemical conversion in the reactor could occur only
after the gaseous reagent dissolves in the solution inside the
reactor. Given that the reaction rate is much higher than the
rate of dissolution of gas in the liquid, it can be argued that
the speed of the process in the reactor would be determined
precisely by the speed of gas dissolution. This process is sub-
ject to Henry’s law [12]

Qﬁ%ﬂ?@ 7)

where Pis the pressure in the reactor, Qg is the concentration
of the reagent in the gas phase, G is Henry’s constant, Q is
the concentration of the target component, % is the coeffi-
cient, Q, is the concentration of gas dissolved in the solution.

Taking the above into consideration, the equation of ma-
terial balance takes the form

|2 P
F.odt= R—;dp +B,S, Edt +F,,dt.

(48)

Equation (48) is a nonlinear mathematical model of the
acetic acid reactor for pressure.

As a rule, the concentration Q,=1, that is, the gaseous
reagent is fed in its pure form. If one neglects F,yg the
consumption of exhaust gases, that is, assuming Fy,,—0 and
dividing equation (48) by dt

_VodP P

=—=—+B S, —.
O RT dt ByS

c (49)

After linearization of the nonlinear partial mathematical
model of the acetic acid reactor, the equation for a stationary
mode or a static partial mathematical model of acetic acid
synthesis reactor for pressure is built:

P
Feo=B,S., 5(’ (50)
Hence the expression for pressure:
pofedl (51)
B,S.

The expressions derived relate the initial parameters of
the reactor to the input and perturbing parameters.



5. 2. Construction and analysis of the system of equa-
tions that form the mathematical model of the reactor of
acetic acid synthesis

Having built equations for the concentration of acetic acid,
the temperature and level of reaction mass, as well as pressure in
the reactor, a system of equations is constructed, which represent
a static mathematical model of the acetic acid synthesis reactor:

E
FQy +FeoQco +pS,LKQ,.. eXp(—ﬁ)

Q=

)

P E
p(xS\/QgL+p —F; +pSaLK0 EXP(—EJ

‘FsCsTs + I:lphCIphT}ph + thhchphnph + FMCMTM +

+F.oCeoleo +1S,LK,Q exp(—i) =

RT
=pos f2gL+£CT;
p

(E,+E+E,+E,) p
2gp’a’S? T 2gp’

F..G

B,S,”

(52)

P=

The results of studying the initial parameters of the
constructed mathematical model of the acetic acid synthesis
reactor based on methanol carbonylation in the presence of
arhodium catalyst in accordance with the criteria by Fisher,
Cochrane, and relative error are given in Table 3.

Table 3
Initial parameters that are evaluated to test the static

Fap is the Fisher criterion calculated for the model under
study; F,, is a tabular value of the Fisher criterion at 5%
significance level.

At the predefined level of significance under a stationary
mode, F,, is 3.44. Inequality (53) holds for the studied mod-
els of the concentration of acetic acid at the reactor outlet,
reactor temperature, the reaction mass level in the reactor.
Consequently, the constructed models are adequate to the
actual technological process of acetic acid synthesis. In-
equality (53) does not hold for the examined pressure model.

The results of the studies performed under the same con-
ditions were checked for statistical reproducibility according
to Cochran’s criterion G.

GG, (54)
Giap is the Cochrane criterion, calculated for the model
under study; G, is a tabular value of the Cochrane criterion
at 5 % significance level.

At the predefined level of significance under a stationary
mode, G, is 0.68. Inequality (54) holds for the studied models
of the concentration of acetic acid at the reactor outlet, reactor
temperature, reaction mass level in the reactor. Thus, the pro-
cess is reproducible. Inequality (54) does not hold for pressure.

The relative errors for all models under study do not
exceed 10 percent.

The comparison of data from a passive experiment with
data from actual production, calculated using the examined
model, is illustrated in Table 4.

Table 4

The average values of reactor output parameters calculated
using the mathematical model under study

mathematical model of the acetic acid synthesis reactor Estimated Average
- — The method of obtaining the output data 8
Estimated Criterion Criterion nu- parameter value
parameter merical value Experimental data from the acetic acid syn-
Fisher's criterion 1.64 thesis reactor based on methanol carbonyla- | 0.659
' Coneen- | o in th f a rhodium catalyst
Cochrane’s criterion 059 tration ion in the presence of a rhodium catalys
Relative error 0.000005 calculated using the mathematical model 0.662
Concentration - - under study '
The variance of the errors of the — -
experiments 0.000054 the reactor of acetic acid synthesis based
- - on methanol carbonylation in the presence | 459.51
The variance of inadequacy 0.000083 Tempera- ) h otalue
- ers critesi ture. K of a rhodium catalyst
Fisher Sy crlt.erl(?n 0.004 ’ calculated using the mathematical model 459,51
Cochren’s criterion 0.51 under study :
Temperature Relative error 0.00001 the reactor of acetic acid synthesis based
The variance of the errors of the 0.344 on methanol carbonylation in the presence |  5.26
experiments, K2 ' Level, m of a thodium catalyst
The variance of inadequacy, K? 0.0013 calculated using the mathematical model 596
Fisher’s criterion 0.0000002 under study '
Cochren’s criterion 0.67 the reactor of acetic acid synthesis based
Relative error 0.000003 on methanol carbonylation in the presence | 2,800,000
Level - Pressure, of a thodium catalyst
The variance of the errors of the Pa
experiments, m? 0.0037 calculated using the mathematical model B
The variance of inadequacy, m? 7-10°10 under study
Fisher’s Crit.eri‘?n - As follows from the data in Table 4, there is a satisfactory
Pressure Cochren’s criterion - agreement between the experimental and calculated data.
Relative error —

The adequacy of the model under study is to be per-
formed using the Fisher criterion. Adequacy is justified if the
following inequality holds

Eaui(E, (53)

)

5. 3. Incorporating the mathematical model into a
computer-integrated control system of the acetic acid
synthesis reactor

Fig. 3 shows the functional scheme of automation; Fig. 4
depicts the mnemonic circuit of the control system of the
acetic acid synthesis reactor [23].
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Fig. 3. Functional diagram of automation of acetic acid synthesis reactor control system
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Fig. 4. Mnemonic circuit of a computer-integrated control system of the acetic acid synthesis reactor

According to the presented mathematical model, it is
possible to improve the operation of the automatic control
system of the acetic acid synthesis reactor under a stationary
mode.

6. Discussion of results of constructing a mathematical
model of the acetic acid synthesis reactor based on
statistical analysis

To improve the operation of automatic control systems for
the acetic acid synthesis reactor under a stationary mode, it is

necessary to derive a static mathematical model that binds the
input, output, and perturbing reactor parameters. The proposed
mathematical model makes it possible to determine the value
of the concentration of acetic acid at the reactor outlet (16),
the temperature of the reaction mixture (30), the level of the
reaction mixture in the reactor (40), and the amount of pres-
sure in the reactor (51). Equations describing the value of the
concentration of acetic acid at the reactor outlet, the level of the
reaction mixture, and pressure in the reactor are linear algebra-
ic ones. The equation describing the temperature determination
of the reaction mixture in the reactor is nonlinear. Static math-
ematical model (52) adequately, with satisfactory reproducibili-



ty and accuracy, describes the technological processes that take
place in the reactor of acetic acid synthesis. This is evidenced by
the statistical analysis of the model (Table 3). Fisher’s and Co-
chrane’s criteria, investigated for the output parameters, accept
values less than their critical ones. The Fisher criterion’s tabu-
lar value at a 5 % significance level is 3.44. For the concentra-
tion of acetic acid, the Fisher’s criterion F(0.05)=1.64<3.44, for
the temperature of the reaction mass — F(0.05)=0.004<3.44,
for the reaction mass level — F(0.05)=0.013<3.44. The tabular
value of the Cochrane criterion at a 5% significance level is
0.68. For the concentration of acetic acid, the value of Cochrane
criterion G(0.05)=0.59<0.68, for the temperature of the reac-
tion mass — G(0.05)=0.51<0.68, for the level of reaction mass —
G(0.05)=0.67<0.68.

For a stationary mode of the acetic acid synthe-
sis reactor, the range of change in the input data is: for
Fy=(8,950+9,175) kg/h, and for Fco=(9,350+9,620) kg,/h.
However, for the mathematical model of pressure in the re-
actor, the criteria of Fisher and Cochran exceed their critical
values. This circumstance indicates an obvious drawback of
the proposed model. The direction of further research relat-
ed to its elimination should be focused on a more accurate
study of the physical processes occurring in the reactor when
bubbling methanol with carbon monoxide. Such a study
could clarify the static mathematical model of pressure in
the acetic acid synthesis reactor. For the process under study,
one can say that the pressure adjustment is secondary.

that affect the system. Analytical description for the concen-
tration of acetic acid, the level of reaction mass, the pressure
in the reactor was obtained in the form of linear algebraic
equations, and for the temperature in the reactor — in the
form of a nonlinear equation. The system of composed equa-
tions is a static mathematical model of the reactor of acetic
acid synthesis.

2. It is shown that the model makes it possible to calculate
with satisfactory accuracy the value of the concentration
of acetic acid, the temperature and level of reaction mass in
the reactor under a stationary mode. Data from a passive
experiment were used to check the adequacy of the model and
reproducibility of the obtained results. The relative error of
the calculated output parameters of the static mathematical
model of the acetic acid synthesis reactor did not exceed
10 % of the value. The statistical analysis showed satisfactory
adequacy and reproducibility for the investigated output pa-
rameters of the static mathematical model of the reactor. The
results from constructing the mathematical model used for
statistical analysis based on the criteria of Fisher and Cochran
showed their less values than the critical ones. The developed
static mathematical model of technological processes could be
used to improve the operation of the automatic control system
for the acetic acid synthesis reactor under a stationary mode.

3. Based on the calculations, it is possible to incorporate
the mathematical model constructed into a computer-inte-
grated control system for the acetic acid synthesis reactor.

7. Conclusions
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