Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies.
2026;21(2):143-156 ISSN 2686-7575 (Online)

Theoretical basis of chemical technology

TeopeTnyeckne 0CHOBbI XUMUNYECKON TEXHOI0I N

UDC 66.011
htips://doi.org/10.32362/2410-6593-2026-21-2-143-156 S)sy |
EDN VSRQYI

RESEARCH ARTICLE

Steady state analysis of the flow continuous
stirred tank reactor on instance exothermic
dimerization reaction

Natalia A. Korol’kova, Sergei L. Nazanskii*%, Michael A. Solokhin
MIREA — Russian Technological University, Moscow, 119454 Russia

™ Corresponding author, e-mail: nazanski@yandex.ru

Abstract

Objectives. Due to the complexity of their behavior, chemical process flowsheets are characterized by steady state multiplicity, in other
words, the presence of multiple steady state operating modes having the same set of parameters. The steady states differ from each
other in terms of their reagent conversion, selectivity, product flow composition, and stability. Therefore, in order to be able to identify
the steady state having optimal technological indicators, the objective of searching all steady states of a chemical process flowsheet
is relevant. The aim of the study is to research all possible steady states for a continuous stirred tank reactor (CTSR) according to the
exothermic dimerization reaction and investigate the influence of different operation parameters on the technological indicators of found
states.

Methods. Mathematical simulations of material and energy balance equations for reactor were used. The quantity of steady states was
estimated by the number of energy balance discrepancy function intersection with the Ox axis. The Newton method in Microsoft Excel
was used to solve nonlinear material balance equations of the reactor. The initial value of productivity was in range from zero to feed
rate value of reagent of 100 kmol/h.

Results. It is shown that up to three steady states may exist for the reactor in dependence on the reaction volume, composition, and
temperature feed flow, as well as the heat carrier flow rate. The results of this study correspond with earlier obtained results, which were
obtained for irreversible reactions in adiabatic conditions. These states differ in productivity, internal reactor temperature, and stability.
Steady state stability analysis of small parameter deviations was carried out. The analysis demonstrated that real characteristic values
are in all found steady states of the reactor. Therefore, no oscillations in stable steady states of reactor and asymptotical operating time
dependencies are implemented.

Conclusions. The technique of steady state analysis of a continuous stirred tank reactor developed over the course of this study, which
reveals all steady states of the reactor with heat exchange, can be used to perform steady state analysis of recycled chemical process
flowsheets, including continuous stirred tank reactors and separation blocks.
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AHHOTaUuS

]_Ie.Jm. XHUMUKO-TEXHOJIOTMYECKUE CUCTEMBI B CHITY CJIOKHOCTHU CBOCTO IMOBCACHUS BO MHOI'MX CIIyYasX XapaKTCPU3YHTCs MOJIUCTaluO0-
HapHOCTBIO, TO €CTh HAJIMYUEM MHOKECTBCHHBIX CTAlUOHAPHBIX PEKUMOB paGOTI)I Ipyu OTHOM U TOM K€ Ha60pe paGO‘{I/IX rnapamMeTpoB.
Z[aHHI)Ie CTAallMOHAPHBIC COCTOAHUSA OTIIMYAIOTCs KOHBepCHeﬁ, CCJIEKTUBHOCTBIO, COCTaBaMU MPOAYKTOBBIX ITIOTOKOB U yCTOfI'IHBOCTBIO.
B cBsizm ¢ 9TUM, aKTyaHBHOﬁ 38.,[[8.‘16171 SABJSICTCS BBISIBJICHUE BCEX BO3MOXKHBIX CTAllUOHAPHBIX COCTOSIHMM XMMHKO-TEXHOJIOTHUECKUX
CUCTEM JId TOIO, 4TOOBI B z[am,HeﬁmeM ObljIa BOBMOYKHOCTD BLI60pa COCTOsAAHHS C HAWITYUIIUMHU TCXHOJOI'MYCCKUMU ITOKa3aTC/IAMU.
HCJ'II) pa6OTBI — IOUCK BCEX BO3MOKHBIX CTallHUOHAPHBIX COCTOSIHHIA MPOTOYHOI'0 pE€aKTopa UACaJIbHOIO CMCIIECHNS Ha IPUMEPE peaK-
WU JUMEPU3AlU U aHAJIN3 BIWSHUS PAa3JIMYHBIX [TapaMEeTPOB Ha TEXHOJIOTUYECKUE I10KA3aTeIn peaKTopa 1Jist HaWJICHHBIX COCTOSIHH.

Metoapl. PaboTra BEITONHSIACE METOOM MaTeMAaTHIECKOTO MOIEIHPOBAHMS C MCHOJIB30BAHUEM MaTepHAIbHBIX OANAHCOB IO BEIle-
CTBaM ¥ DPHEPreTHYECcKoro Oamanca peakTopa. KonmmuecTBO cTaMOHAPHBIX COCTOSHMI OIEHHBAIOCH IO YHCITY TOUYEK ITePecedeHHs
(yHKIUY HEBSI3KH SHEpreTrdeckoro 6amanca ¢ ocsio Ox. Hennnelinble anrebpandeckue ypaBHEHHI MaTepUaIbHOTO OaTaHca peakTopa
pemrannck MetonoM Heiotona B cpene Microsoft Excel. Hauansroe mpubmmkeHye 1Mo Mpon3BOANTENFHOCTH BEIOMPAIOCH B IHATIa30HE
OT HyIIs1 10 KonmdecTsa peareHTa 100 KMOJIB/4 B TUTAaHUH PEaKTOpa.

Pe3yabrarsl. B Xozme paboTel yCTaHOBIEHO, YTO B 3aBUCUMOCTH OT 00BEMa PEaKToOpa, TEMIIEPATyphl U COCTaBa BXOMSIIETO IOTOKA
1 pacxofia TEMIOHOCHUTENS B MPOTOYHOM PEaKTOPEe MIACATBHOTO CMEIICHUSI MOXKET PEaln30BBIBATHCS 0 TPEX CTAlMOHAPHBIX COCTO-
SIHUH, KOTOPBIE OTIMYAIOTCS IPOU3BOANTENFHOCTBIO PEAKTOpa U TEMIEPaTypoil B HeM. Pe3ynbTarsl HacTosMmIeH paboThl COIIACyIOTCS
C IUTEepaTypHBIMU JAHHBIMH, TTOTyUYEeHHBIMH paHee I CTydacB HEOOPATHMBIX PEAKIHH, IPOTEKAIONINX B aAnabaTHIECKOM PEKHME.
Kpowme sTor0, mpoBezieH aHaN3 yCTOWINBOCTH CTAIMOHAPHBIX COCTOSIHUH IIPH MaJIbIX N3MEHEHHUSIX TAPAMETPOB, KOTOPHIT TIOKA3al, 4TO
XapaKTepPUCTUUECKHE KOPHH B CTALOHAPHBIX COCTOSHUSAX JEHCTBUTENBHEI, CIIEOBATEIbHO, KOeOaHUs IpH paboTe peakTopa HEe pea-
JIU3YIOTCSI, ¥ B OKPECTHOCTH YCTOHYMBOTO COCTOSTHUS XapaKTep N3MEHEHHs TapaMeTPOB aCHMITOTHUECKHUIA.

BbiBoabl. PazpaboTrana MeTo/Ka, KOTOPasi MO3BOJISIET BHIIBUTH BCE BO3MOXKHBIE CTALIMOHAPHBIE COCTOSHUS POTOYHOTO peaKkTopa uie-
AJILHOTO CMEIIEHHS C BHEIIHUM TEeIUI00OMEHOM. MeToMKY, TPUMEHEHHYIO B IaHHOH paboTe, MOKHO MCIIOJIB30BATh JUIS aHAJIM3a CTa-
LIMOHAPHBIX COCTOSHUH PELUPKYIISLIMOHHBIX XHMHKO-TEXHOJIOTHYECKUX CHCTEM, BKIIIOYAIOLINX PEAKTOP HACaTbHOTO CMEIIeHHs U OJI0K
paszeneHus.

KnioueBble cnosa Moctynuna: 27.07.2025
PEaKTOPBI, IK30TEPMUUECKHE PEAKINN, CTAI[OHAPHBIE COCTOSHHS, HAopa6oTaHa: 09.09.2025
YCTOIYINBOCTD CTAIIMOHAPHBIX COCTOSHHMN, MATEMATHIECKOES MOICTHPOBAHIE NpuHsTa B neyats: 17.02.2026
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INTRODUCTION

Any chemicotechnological system, regardless of its
scale and product range, consists of a sequence of
technological processes linked by direct and reverse
connections. These processes include receipt and
preparation of raw materials, chemical conversions,
separation of the reaction mixture to obtain the target
product, and formation of recirculation flows for
unreacted raw materials. Experience in operating
chemical plants shows that the main contribution to the
economic efficiency criterion is made by the costs of
chemical conversion processes (reactor subsystem) and
reaction mass separation (separation subsystem) [1]. In
addition to general economic indicators, an assessment
of the efficiency of individual stages of the process also
includes efficiency criteria that more fully reflect the
chemical and physicochemical phenomena occurring
in individual units of the technological system. One
of the most important quantitative criteria reflecting
the efficiency of a chemical reactor is the specific
productivity and selectivity of the process.

In the case of kinetically reversible reactions,
the overall reaction rate decreases as the chemical
transformation proceeds due to an increase in the rate
of reverse processes; as a result, a state of equilibrium
is eventually achieved. Such a chemical equilibrium
state comprises the main thermodynamic limitation
that prevents the complete conversion of reactants into
products in a single pass through a chemical reactor [2, 3].
In practice, many reactions require a long contact time and
large reactor volume to achieve chemical equilibrium due
to kinetic difficulties (low reaction rate). Under industrial
conditions, the process should be carried out in such
a way as to prevent the achievement of an equilibrium
state of the chemical reaction, which would result in
a lower yield of products. These kinetic difficulties and
thermodynamic limitations of the process necessitate the
use of chemicotechnological methods to overcome these
difficulties. One such chemicotechnological method
involves the organization of a recirculation flow of
unreacted raw materials into the reactor. This reduces
the residence time of the reagents in the reaction zone
and consequent conversion in the reactor, which leads
to an increase in the concentration of the reagents and
corresponding chemical reaction rate, resulting in
improved productivity [4]. However, in order to organize
the recirculation flow, the chemical reactor must be
supplemented with another separation unit, in which
unreacted raw materials and reaction products will be

1

separated. Using such an independent recirculation
system, which is inherently more complex than a basic
chemical reactor, it is possible to achieve a conversion
higher than chemical equilibrium due to the absence of
thermodynamic limitations on the maximum conversion
value. In the case of reversible chemical reactions,
recirculation canbeused toachieve adegree of raw material
conversion that exceeds the maximum permissible value
for any type of reactor up to a theoretical maximum of
100% conversion. Thus, despite a low degree of reagent
conversion in a single pass, the use of recirculation
significantly increases a reactor’s productivity. Similarly,
with the proper organization of recirculation flows, it is
possible to reduce the rate of side reactions to increase the
overall selectivity of the process [5].

The presence of recirculating flows in the system
causes feedback, which can lead to the emergence
of multiple steady states under the same operating
parameters of the system! [6]. In certain cases, steady
state continua can be realized in recirculating reaction-
rectification processes, which however disappear when
transitioning from infinite separation capacity to a finite
number of plates [7, 8]. In this regard, it is relevant
to study the evolution of steady states of a given
chemicotechnological scheme subject to changing
design and operating parameters. Furthermore, in the
presence of multiple steady states, the task of analyzing
the stability of these states arises. The solution of
this task in turn determines the strategy for starting
the chemicotechnological process and the ability to
maintain the operating parameters set for the desired
steady state.

In view of the above, the present study set out to
analyze the steady states of the reactor, taking into
account heat exchange and changes in design and
operating parameters, as well as the composition of the
feed stream.

MATHEMATICAL MODEL
OF THE REACTOR

In the first stage of the computational part of the
study, research was conducted of the steady states of
a continuous stirred tank reactor (CSTR) in which
a liquid-phase reversible exothermic dimerization
reaction 2A B takes place. The reaction was considered
hypothetical, with the thermophysical properties of the
components (heat capacity, density) used for the reaction
under study corresponding to acetone (A) and diacetone
alcohol (B).

Blagov S.A. Razrabotka metoda analiza statsionarnykh sostoyanii retsirkulyatsionnykh reaktsionno-rektifikatsionnykh processov (Development of

a method for analyzing stationary states of recirculation reaction-distillation processes). Cand. Sci. Thesis. (Eng.). Moscow: MITHT; 1999, 195 p.
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Figure 1 shows a flow diagram of the CSTR for this
process.

o, ny, T, np, ng, T
B EN
/\V/\
] QCX
7y

Fig. 1. Flow diagram of CSTR (all designations are given
at the end of the article)

The physicochemical properties of the reaction
mixture components, such as heat capacity, were taken
from reference literature [9]. The thermal effect of the
reaction under consideration was calculated taking into
account the change in the heat capacity of the reaction
mixture [10]:

AHyp =AHJ 15 +AC, (T ~298.15), (1)

where AH . is the heat effect of the reaction, kJ/kmol;
AHgg& 15 1s the standard heat effect of the reaction at
T = 298.15 K, kJ/kmol; ACp is the change in the heat
capacity of the reaction during the conversion of acetone
to diacetone alcohol, kJ/kmol'K; T is the absolute
temperature, K.

The standard heat effect of the reaction at
T = 298.15 K was calculated based on the values of
standard heat effects of substance formation available
in the NIST TDE? Aspen Plus database and is equal to
—95000 kJ/kmol.

The change in heat capacity during a chemical
reaction is calculated using the formula:

AC,=Cp ~Cp @)
where Cp and Cp,  areheat capacities of components A
and B, respectively, in the liquid state, kJ/(kmol-K).

The dependence of heat capacity on temperature is
expressed by a power series:

C,=a+ bT +cT? + dT3, (3)

The coefficients a, b, ¢, d of Eq. (3) are presented in
Table 1.

Table 1. Coefficients of the temperature dependence (3)
of heat capacity for components A and B

Component a b G d

A 135.6 -0.177 |2.837 - 1074 6.890 - 1077

B 59.7 0.542 0.00 0.00

For the dimerization process, it was assumed that the
chemical reaction rate obeys the law of active masses
and, thus, the reaction rate / has the form [12]:

W=k*-C3 -k -Cg, “4)

where k" (m3/(kmol-h)) and &~ (h™!) are rate constants
for the forward and reverse reactions, respectively;
C, and Cy (kmol/m?) are concentrations of
components A and B, respectively.

The dependence of reaction rate on temperature obeys
the Arrhenius law, according to which the following
expression is valid for the reaction rate constant [11]:

Eq

k= Ae RT, (5)

where 4 is the pre-exponential factor; £, is activation
energy, J/mol; R is the universal gas constant, J/(mol-K);
T is absolute temperature, K.

At the preliminary calculation stage, velocity
constant values were selected to ensure a sufficiently
high velocity in the range of 300—400 K. The parameters
of the temperature dependence of the constants (pre-
exponential factors 4 and activation energies E) are
given in Table 2.

Table 2. Arrhenius law parameters

A" E* A 15

5.00 - 10° 60000 2.67 - 1010 63200

The mathematical model of the CSTR shown in
Fig. 1 consists of material balance equations:

n} —n, —2P=0, (6)

ng—nB+P=0, (7)
where are feed rates of raw material into the reactor,
kmol/h; n, and ny are product flow rates, kmol/h; P is
reactor performance, kmol/h.

Reactor productivity depends on the volume V' of
the CSTR and the chemical reaction rate W. Thus, using
formula (4) for W, we obtain the kinetic equation for
productivity [12]:

P=w-V=(kt-C} -k -Cg)-V, (8)

where Vis a reactor volume, m?; k" and &k~ are constants
of the forward and reverse reaction rates, respectively.

In order to reduce the problem to a single unknown
parameter, we will relate the molar concentrations in the
reactor to the molar fractions and molar flows using the
molar volume of the mixture.

2 NIST Standard Reference Data (SRD); © 2022 by the U.S. Secretary of Commerce on behalf of the United States of America.
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Let us assume that the molar volume of the mixture
obeys Amaga’s law [9]:

V=V,X, T Vg, 9)

where v, and vy are the molar volumes of components A
and B, respectively, in the mixture, m3/kmol;
x, and x5 are mole fractions of components A and B,
respectively.

The molar volume of a component depends on
temperature and is calculated using the formula:

:i.b{“[l‘fﬂ

,i=A, B. (10)

The coefficients a, b, ¢, d in Eq. (10) are given in
Table 3.

Table 3. Coefficients for the mole volume calculation by (10)

Component a b G d
A 1.2298 0.2576 508.2 0.29903
B 0.6727 0.2603 606 0.2511

Molar concentrations in the reactor are related to
molar fractions by the ratio:

X
C, =4, 11
AT, (11)
X
C, =B 12
B=T, (12)

Molar fractions are related to molar flows in the
reactor by the following ratios:

N
X, =—, 13
ATy (13)
n
B
xg =—2, 14
B~y (14)
N=n, +ng. (15)

From Egs. (6) and (7) of the component material
balance of the reactor, we express the product molar
flows through the known input flows and the unknown
reactor productivity P:

ny =n3 —2P, (16)

ng =nY + P. (17)

Thus, using (9), (11)—~(17), we obtain relations
reflecting the connection between molar concentrations
and molar fractions and molar flows in the reactor
through one unknown quantity P:

N
VAxA+VBxB A+ nB
VAT VBT
n nd —2p
= A = A (18)

—2P)+vB(ng +P)’

g
C., = xB _ N

VAXy +HVpXg . N ng
ATATTBTB oy A+VBA
N N

3 ng nB+P (19)
- VaRp T Vghg vA(nA 2P)+VB(nB +P)‘

To find the reactor performance, we will transform
Eq. (8) using the obtained expressions for the chemical
reaction rate (4) and molar concentrations (18) and (19).

As a result of the transformations, we will obtain
a nonlinear equation expressing the material balance of
the CSTR through one unknown quantity P:

k* -(ng —2P)2
(va (nS ~2P)+ vy (nd +P)) o0
k= '(ng + P)
- VA(ng —2P)+VB(I’11% +P)

The mathematical model of CSTR also includes the
reactor heat balance equation (AQ is the heat balance
discrepancy, kJ/h):

P-V

AQ:(ng-cg; +ng~cg}13)Tin—

@n
~(na +Cp, +15-Cp )T = At P+ 0, =0

where are heat capacity of components A and B at inlet
temperature, kJ/(kmol-K); 7} is the temperature at the
reactor inlet, K; Q_, is the amount of heat supplied by
external heat exchange, kJ/h.

To simplify the study, let us assume that the CSTR
has a cylindrical shape with a flat bottom enclosed
in a jacket. The flow structure in the reactor jacket is
assumed to correspond to ideal mixing. The amount of
heat supplied by external heat exchange is calculated
based on the temperature difference between the reactor
and the jacket [13].

The equation for calculating the amount of heat
supplied by external heat exchange is as follows:

O =K, F(T—-T"), (22)

where K, is the heat transfer coefficient, kJ/(h-m?K);
F is the heat exchange surface area, m?; T is the reactor
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temperature, K; 7" is the refrigerant temperature in the
jacket, K.

To solve the problem of analyzing steady states under
conditions of external heat exchange, it is necessary
to specify the design characteristics, comprising the
diameter and height of the reactor, the heat exchange
surface, as well as the amount of refrigerant supplied to
the jacket, its inlet temperature, and its thermophysical
properties.

The heat balance equation for the refrigerant is
expressed as follows:

Grer “Cp T'=Gop Cp . T"+K,-F(T-T")=0, (23)

T

where G, is the refrigerant consumption, kmol/h;
C P is the heat capacity of refrigerant, kJ/(kmol-K);
T is the refrigerant inlet temperature, K.

When calculating the material balance of the
reactor and the thermal balance mismatch, the input
parameters were the feed flow rate, its composition
and temperature, as well as the refrigerant flow rate
and its inlet temperature. The influence of the feed
flow input parameters on the steady-state conditions
when varying the temperature and composition of the
feedstock, as well as the influence of heat exchange,
were studied. The following parameters were set:
reactor volume, refrigerant quantity, and refrigerant
temperature.

Thus, we obtained a problem in which the known
parameters are: reactor volume V; feed rate of the
raw material n% and n3; inlet flow temperature T P
standard heat effect of reaction AH 898.15; refrigerant
consumption G, refrigerant inlet temperature 7"
The unknown parameters are: the temperature in
the reactor and the composition of the product
stream.

To solve this problem, the current temperature value
in the CSTR was set and Eq. (20) was solved to find
the reactor performance value. Then, using Egs. (16)
and (17), the material balance of the reactor was
calculated at a given temperature. To solve Eq. (20),
the Newton method was used, which is implemented
in Microsoft Excel in the Solver module. Next, based
on the information obtained, the reactor heat balance
discrepancy (21) was calculated. By graphically plotting
the dependence AQ = AT) according to the number
of points of intersection of this dependence with the
Ox axis, the number of steady states of the reactor
was determined. For this purpose, the thermal balance
discrepancy was calculated in the temperature range of
200-500 K. When selecting the temperature range, the
possibility of lowering the temperature in the reactor by
removing heat with an external heat carrier, as well as
heating the reaction mass due to the thermal effect, was
taken into account.

Analysis of steady states of a flow adiabatic
CSTR at different inlet temperatures
of reagents

Let us consider the influence of the inlet flow temperature
on the steady-state parameters. To do this, we will
specify the design parameters of the reactor and the
composition of the reagent flow, and its temperature will
act as a variable.

Initial data for the calculation were as follows: reactor

volume V = 14 m3; feed rate of raw material
ng =100 kmol/h; ng =0; no external heat exchange,
0, =0.

Next, we obtain the dependencies of the thermal
balance discrepancies of the adiabatic reactor on
temperature at various values of the inlet flow
temperature. The calculation results are shown in Fig. 2.

T, =313K
AQ, kI/h e T, =293K
4000000 ; T -263K
3000000 e T, =243K
20000001
1000000 ;

0 N 3 N N N
50 200 250" 300 350 400
~1000000 4

OY) 550 T,K

Fig. 2. Reactor temperature dependencies of the energetic
balance discrepancy for adiabatic reactor with different feed
temperature

—2000000 4

—-3000000

Based on the data obtained from the thermal balance
discrepancies from the temperature, the parameters of
the reactor’s steady states were determined, the results of
which are shown in Fig. 3.

500
490
480

s 470

T
460
450

440

430

220 240 260 280 300 320 340 360
T K

in>

Fig. 3. Feed flow temperature dependence of the internal
reactor temperature

148 Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2026;21(2):143-156



Steady state analysis of the flow continuous stirred tank reactor
on instance exothermic dimerization reaction

Natalia A. Korol’kova,
Sergei L. Nazanskii, Michael A. Solokhin

The results shown in Fig. 2 indicate that when the inlet
flow temperature decreases below a certain value (below
248 K), three steady states become possible, differing in
reactor temperature and productivity. For example, at
T. =243 K, three steady states are realized: 7, =244.70K,
P, =0.229 kmol/h; T, = 274.79 K, P, = 4.545 kmol/h,
and 7, =432.46 K, P, = 37.263 kmol/h. The calculations
showed that the temperature in the reactor increases
with an increase in the inlet flow temperature, while
the productivity decreases. The decrease in productivity
is due to the fact that as the temperature in the reactor
increases, the reverse reaction rate constant begins to
prevail, which leads to a significant increase in its rate.

Analysis of steady states of a flow
adiabatic CSTR at different values
of its volume

Let us consider the effect of the CSTR volume on the
steady-state parameters. This can be achieved by setting
the input values for the reagent flow (its composition and
temperature), while the reactor volume will vary.

Initial data for the calculation were as follows: inlet
flow temperature 7} =263.15 K, feed rate of raw material
nQ =100 kmol/h; nd =0; O, =0.

Next, we will obtain the dependencies of the
thermal balance discrepancies of an adiabatic reactor
on temperature at different values of its volume, m>.
The calculation results are shown in Fig. 4.

From Fig. 4, it can be concluded that, with a decrease
in the reactor volume, three steady states can be achieved.
At high volume values, one steady state is achieved with
a high temperature in the reactor (approximately 450 K).
At low volume values, two more steady states appear
with lower temperatures and, accordingly, lower reactor
productivity.

AQ, kl/h
2500 000

2 000 000
1500 000
1000 000
500 000
0

AQ=/(T)

AO, kI/h
3000 000 e v—0n
2 000 000 14
1 500 000 V=18
1 000 000 V=22
500 000
O 7~’l*
50 100 150 200 250 00 350 400 450 500 550
500 000
7,K
~1 000 000
1 500 000
2000 000

Fig. 4. Reactor temperature dependencies of the energetic
balance discrepancy for adiabatic reactor with different
reaction volumes

Analysis of steady states in a flow adiabatic
CSTR at various inlet flow compositions

Let us consider the influence of the inlet stream
composition on the steady-state parameters. This can be
achieved by setting the design parameters of the reactor
and the inlet stream temperature, while its composition
will vary.

Initial data for calculation: reactor volume V'= 1.4 m3;
inlet flow temperature 7; = 263.15 K; O, = 0. The
calculation results are shown in Fig. 5.

The data obtained (Fig. 5) show that, as the content
of component A in the input stream decreases, the heat
balance discrepancy curve decreases relative to the Oy axis
and straightens. The temperature and productivity of the
reactor decrease as the molar fraction of component A
in the initial mixture decreases. Furthermore, when the

—— x(A)=1.0 mol. fr.
- x(A)=0.9 mol. fr.
- x(A)= 0.6 mol. fr.
—— x(A)=0.8 mol. fr.
—o x(A)=0.5 mol. fr.
- x(A)=0.7 mol. fr.

50 100 150 200 250°Q(
-500 000 \

—1 000 000
—1 500 000
—2 000 000
—2 500 000
-3 000 000

—— x(A)= 0.4 mol. fr.
00y 450 500 550
T,K

Fig. 5. Reactor temperature dependencies of the energetic balance discrepancy for adiabatic reactor with different composition of feed

flow. x(A) is the mole fraction A in the feed flow
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ratio of reagents changes, there is a range of values
(0.65-0.80 molar fractions of component A) in which
three steady states are realized.

Analysis of steady states in a flow
isothermal CSTR at different amounts
of heat removal

The results of the analysis of the steady states of the
adiabatic reactor demonstrate the possibility of three
points of intersection of the AQ(T) curve with the
Ox axis and consequent likelihood of three steady states
of the reactor. The achievement of multiple steady states
in the presence of heat removal Q_ can be assumed,
since the presence of an additional negative term in (21)
will lead to the appearance of new points of intersection
of the mismatch curve with the Ox axis. In this regard,
calculations of a mathematical model of a reactor with
heat removal were performed.

Letus consider the effect of the amount ofheat supplied
to the refrigerant jacket on the steady-state parameters.
This can be achieved by setting the design parameters of
the reactor, the temperature and composition of the inlet
flow, while the refrigerant supply rate will vary.

Initial data for solving the problem were as follows:
inlet temperature of the reactants 7, = 263.15 K; reactor

volume 7 = 1.4 m?; reactor diameter d = 1.2 m; reactor
height # = 1.24 m; feed rate of the raw material
n% =100 kmol/h; nf =0.

The heat transfer coefficient K, generally depends
on the hydrodynamic conditions in the reactor and
jacket and the composition of the reaction mass. To
simplify calculations, we will assume K, to be constant
in accordance with the recommended parameters [13]:
K, = 5400 kJ/(h-m?-K); heat capacity of the refrigerant
C Py = 83.4 kJ/(kmol-K). Refrigerant inlet temperature
7"=250.15 K.

We can calculate the heat exchange surface area F
knowing the diameter d and height /4 of the reactor:

2 .
F=ndh+%=3.14-1.2-1,24+w

=5.80 m?.

To calculate the outlet temperature of the refrigerant and
the amount of heat removed, we will use Egs. (22) and (23).
Using the reactor model, we will obtain the dependencies
of the heat balance discrepancies of the isothermal reactor
on the temperature at different refrigerant flow rates. The
calculation results are shown in Fig. 6.

Based on the obtained dependencies of heat balance
discrepancies on temperature, the parameters of steady
states of an isothermal reactor were determined as given
in Table 4.

Table 4. Steady states of the isothermal reactor with different flow rates of heat carrier

G, kmol/h T.K P, kmol/h O, KI/h T K
0 445.07 37.06 0.00 -
267.60 2.48 1.90-10° 261.53
200 271.22 3.40 2.29-10° 263.90
388.78 38.01 1.51-10° 340.59
260.75 1.30 1.71-10° 255.28
400 282.60 7.98 5.24-10° 265.86
369.94 37.95 1.93-10° 308.14
AQ, kl/h
2500 000 AQ =f(T)
2000 000
1 500 000
1000 000
500 000
0 50 100 150 200 256 300 350400 430 500
500 000 T,K
—1 000 000
1500 000 { —+ Gpep= 0 kmol/h
2000000 { = Gor=200 kmol/h
—~2 500 000 Gref: 400 kmol/h

Fig. 6. Reactor temperature dependencies of the energetic balance discrepancy for isothermal reactor with different flow rates of heat carrier
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The results show that, in the case of heat exchange
with an increased quantity of refrigerant, three steady
states of the reactor occur, differing in temperature
and performance. The presence of several steady
states is realized at refrigerant flow rates above
200 kmol/h.

Thus, numerical modeling of the reactor made it
possible to identify its possible steady states. If we
assume that the reactor under consideration is an
element of a recirculation system, then the reactor
feed flow is formed by mixing some external flow
with the recirculation flow. Thus, it can be assumed
that the recirculation system, including the reactor
and the separation unit, can also implement several

steady states with different reactor capacities
and, consequently, conversion throughout
the system.

Stability of steady states
in a dimerization reactor under small
parameter changes

For a CSTR, whose mathematical model is a system
of ordinary differential equations, the concentrations
of reactants and the temperature in the reactor play
the role of variables. The behavior of the object
is described by a system of first-order differential
equations [14]:

dC, nQ -qC
A PATTA _op+ed 42k Cy = ),

dt 14

dCy % —qCq

—B_-B "B CE —kCy=f,,

@ ATEG =L (24)

ar (8o +miCo )T yr Ay (K CE -k Cy)

d - y(cyCp +CyCp,) ¥

= £
CACp, +CChy

where ¢ is the volume flow rate of the mixture, m3/h,
which is calculated using the expression:

q = (Vpax, T vpxp)L, (25)

where L is the flow rate at the reactor outlet, kmol/h.

The coefficients of system (24) are the values of
partial derivatives from the right-hand sides of the
equations corresponding to the equilibrium position
coordinates, namely matrix B:

I
aC, oCy oT
B= % % % (26)
oc, aCy oT
o o %
aC, aCy T

The equation of system (24) with respect to
characteristic roots A has the form of a third-degree
polynomial [15]:

MP+ol2+AL+0=0, 27),

whose coefficients are calculated in accordance with the
following expressions:

0 0 0
o= N, P U] 28)
oc, oCy oT
AR AR
oc, oC
N Ll \h &L %
oCg 0Cy| |or or or  oT
o o o
oc, 0oCy oT
0 of, 0
9=_i i é (30)
oC, 0Cy oT
o o U
oC, 0Cy oT
Q =—c2A% + 4530 + 4A% — 186A0 + 2762, €2))

To solve system (24), we express the partial
derivatives of matrix B in analytical form:

9
L9y, (32)
oc, v
d
=/ =2k, (33)
oCp
o, okt ok~
—L-_2c2 +2C, —, 34
oT Aoar Boar (34
o,
—=£ =2k*C,, 35
oC, A (35)
9
i:_i_k—, (36)
oCy V
o, ok+ ok~
L2 Cp—, 37
or “or Bor 37)
_Ea
G{AeRT} .
Ok _ L J_ ot B (38)
or or RT?
We express the derivative functions f; as:

U A
8C, AC,

(39)
) £3(Cag #0008 Co T )~ 13 o5 g 75

0.001 ’
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o M _
aCy  ACy
(40)
_f3(C $5Cag #0005 Ty )= /5(Cp 3 Cp i T )
0.001 '
P B _
oT AT
(41)
_f3(C $$CagsTs +0.001) = f5(Cp 3 Ca i T )
0.001 '

Here, C Ag and Cy ~ are concentrations of
components A and B at steady states, respectively,
kmol/m?; T, g 18 the reactor temperature at steady
states, K.

We will analyze the obtained steady states of the
adiabatic reactor for stability; the parameters of the
steady states are given in Table 5.

Table 5. Steady states of the reactor

For these values, we will analyze the stability of
steady states in the small. We will calculate the values
of the derivatives using formulas (32)—(41) and find the
values of the coefficients of the characteristic Eq. (27)
using formulas (28)—(31). The results are presented
in Table 6.

From the Routh—Hurwitz conditions, it follows that
the equilibrium position under investigation is stable if
the following inequalities are satisfied [15]:

6>0;A>0;0>0;,6A-06>0. (42)

From this, it can be concluded that systems
characterized by a single steady state are stable. For
example, steady states 1, 2 and 3, which when occurring
in isolation (as shown by qualitative analysis), are
characterized by stable reactor operation. However,
when several steady states are realized, not all of them
correspond to a stable reactor state. In a reactor with
a volume of 0.2 m3, three steady states are realized, two

No. 7, m3 T,,K e mol. fr. T, K P, kmol/h
1 1.4 253.15 1.0 439.89 37.18
2 1.4 263.15 1.0 445.07 37.06
3 1.4 273.15 1.0 492.98 35.72
4 265.22 0.30
5 0.2 263.15 1.0 302.73 6.31
6 444 .22 36.88
7 266.85 0.75
8 1.4 263.15 0.7 299.77 7.90
9 344.27 18.99

Table 6. Coefficients of the characteristic Eq. (27)

No. c A 0 oA - 0 Q
1 6020 2.11-10° 1.19-107 1.27-1010 -1.16-10%
2 7270 3.07-106 1.75-107 2.23-1010 —3.64-10%0
3 8800 4.47-10° 2.58-107 3.93-1010 -1.14-10%!
4 119 4670 59900 498000 —224000
5 15.3 -4510 -136000 67300 —4.13-1010
6 6990 1.76-10° 5.99-107 1.23-1010 —6.14-10%
7 20.3 135 293 2440 -22.9
8 478 -157 -925 172 —5.98-10°
9 52.8 —1340 —10400 —60300 -3.11-1010
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of which (Nos. 4 and 6) are stable, and one (No. 5) is
a saddle [15]. When a mixture of components A and B in
aratio 0of 0.7/0.3 is fed into the reactor, it is also possible to
implement three steady states, where one state is a stable
node (No. 7) and the other two are saddles (Nos. 8 and 9).

DISCUSSION OF RESULTS
AND CONCLUSIONS

By calculating the thermal balance discrepancies,
possible steady states of a CSTR were identified. The
influence of the inlet temperature and composition of
the reagent flow, reactor volume, heat exchange, and
inlet flow composition on the parameters of steady
states was considered along with a determination of
their type.

As the inlet flow temperature increases, the steady-
state temperature also increases along with a decrease
in their productivity. This is due to the fact that, as the
temperature in the reactor increases, the reverse reaction
rate begins to increase.

A decrease in the reactor volume leads to the
realization of three steady states (when the reactor
volume is less than 0.6 m?), which can lead to unstable
operation or low productivity values.

Asthe product content in the feed stream increases due
to the composition approaching chemical equilibrium,
the reactor productivity decreases, and two more steady
states appear in the range of 0.65—0.8 molar fractions of
component A.

The analysis of the steady states demonstrates that
the realized steady states are stable nodes and saddles.
It follows that oscillatory modes for the reaction under
consideration are not realized in a CSTR.

Symbols

A, B — reaction mixture components;

C,, Cg — concentrations of components A and B,
respectively, kmol/m3;

C $ CBs — concentrations of components A and B
at steady states, respectively, kmol/m?;

C X C P heat capacity of components A and B,
respectively, kJ/(kmol-K);

C Py heat capacity of refrigerant, kJ/(kmol-K);

E, — activation energy, J/mol;

F — surface area of heat exchange, m?;

G,.p— refrigerant consumption, kmol/h;

AH [ — change in enthalpy during the reaction, kJ/kmol;
k — speed constant;

K, — heat transfer coefficient, kJ/(h-m?K);

L — reactor outlet flow, kmol/h;

nQ and n} — feed rate of raw material into the reactor,
kmol/h;

n, and ng — product flow rates, kmol/h;

P — reactor performance, kmol/h;

g — volume flow rate of the mixture, m3/h;

Q.. — heat removal from the reactor, kJ/h;

AQ — energy imbalance, kJ/h;

R — universal gas constant, 8.314 J/(mol-K);

T, — inlet flow temperature to the reactor, K;

T" — refrigerant inlet temperature, K;

T" — refrigerant outlet temperature, K;

T — reactor temperature, K;

Ty — reactor temperature at steady states, K;

V — reactor volume, m?;

v — molar volume of mixture, m3/kmol;

v, and vy — molar volumes of components A and B,
respectively, in the mixture, m3/kmol;

x, and x5 — molar fractions of components A and B
in the mixture, respectively;

W — chemical reaction rate.
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