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Objectives. The problem of optimizing chemical flow sheets according to energy costs associated
with recycling flows is at present quite relevant. The current article investigates the influence of
temperature conditions on the recycle flow rate, securing the specified conversion of the recycled
flow sheet “reactor — separation unit.”

Methods. The study’s main method is the mathematical simulation of a recycled flow sheet based
on material balance and chemical kinetics equations. This model assumes that the separation
unit can form the recycle and outlet flows of any specified compositions.

Results. The mathematical model recycle flows provides the full reagent conversion of recycled
flow sheet depends on the reactor type and the temperature conditions in it. It was established
that the dependence of the recycle flow rate on the reactor temperature for endothermic reactions
has monotonously decreasing shape. The most interesting are exothermic reactions for which the
dependence of the recycle flow rate on the reactor temperature curve has a minimum. It is proved
that the “reactor — separation unit” system with the plug flow reactor has lower optimal recycle
flow rate than the recycled system with the continuous stirred tank reactor. For the adiabatic
reactor the dependence of total conversion recycle flow rate on the inlet reactor temperature was
investigated. It has been proven that the optimal recycle flow rate is equal to the minimum recycle
flow rate for total conversion in the “reactor — separation unit” system.

Conclusions. It has been established that isothermal operation conditions are the best in terms
of the recycle flow rate, securing the specified conversion for the system.

Keywords: recycled systems, reactor temperature conditions, recycle flows, conversion on
system.
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Binsinne TeMIiepaTypHOro pe;xuMa peaKkTopa Ha BeJTUYHHY
PEelUPKYJIUPYIOIIETro MOTOKA

C.A. Hazauckuii®, A.B. CoroxuH

MHP3A — Poccuiickuil mexHono2udeckuil yHusepcumem (MHcmumym moHKUX XUMUUECKUX MeXHO.102UTL
umeru M.B.Aomorocosa), Mockea 119571, Poccus
@Asmop ons nepenucku, e-mail: nazanski@yandex.ru

Ienu. HccnedosaHue srusiHue memnepamypHoz0 pesxxuma 8 peaKkmope HA 8eNUUUHY peyur-
aa, obecneuusarouiezo 3a0aAHHYI0 KOHBEPCUIO 8 PEUUPKYJSUUOHHOT cucmeme «peakmop — 610K
pasdenerusi.

Memoowut. Mamemamuueckoe MOOEAUPOBAHUE HA OCHOBE YPABHEHUU MAMEPUATILHO20 6ANAH-
ca u xumuueckoil KuHemurxu. IIpednonazaemest, umo 610K pazoesfeHust MoxKem co30asamo pe-
YUK U BbIXOOHOU nomok 1106020 3a0aHH020 cocmasa.

Pe3synomameul. B gbluuciumenbHOM SKCnepumeHme onpeodesieHbl 8eAUUUHbL peyurios, obec-
neuusarowue 100%-HYyr0 KOHBEpPCUIO 8 cucmeme 8 3a8UCUMOCU OMm Mmuna peaKkmopa u mem-
nepamypHozo pexKuma 8 Hem. Buiio ycmaHo8eHo, Umo 0t 9HOOMEPMUUECKUX peaKyull 3a8u-
CUMOCMBb 8ENUUUHBL PEUUKIA OM memnepamypsl umeem MOHOMOHHO Yybblaarouuil xapakmep.
Haubonvwiulli uHmepec npedcmaesisiem cayuaii 9K30mepMudeckux peaxyuil, 0 Komopblx 3a-
BUCUMOCMb PEUUKIA Om memnepamypsbl umeem eud Kpugoli ¢ muHumymom. ITokazaHo, umo
onst enyuast peaKkmopa uoeanbHo20 8blMeCHeHUsT ONMUMANILHLLUL PeyupKYaAuUpYrowuil. nomox
MeHbULe, Uem Ol CAYUuast peaKkmopa udeaibHo20 cmeweHus. s cayuas aduabamuueckozo
peaxmopa uccnedo8aHa 3a8UCUMOCMb peyuraa, obecneuusarouiezo 100%-HYyro KoHBepculo &
cucmeme om memnepamypusl Ha 8xo0e 8 peakmop. YCcmaHo8/AeHO, Umo ONMUMANLHOU s8asem-
Csl HEKOMOPAst MUHUMANbHASL memnepamypa, Huske komopoti 100%-Has KoHgepcusl He MoxKem
6bimb docmuzHyma.

Barnrouenue. Hzomepmuueckull peskum 8 peaKkmope UOeaNlbH020 8blMECHEeHUSsl S8J1Slemcest
HOUNYUUUM C MOUKU 3peHUSl 8eIUUUHBL peuuKraa, obecneuusarouieti 3a0aHHYO KOHBEPCUID 8
cucmeme «peaxmop — 610K pasdeneHusi .

Knroueevle cnoea: peyupKyasiyuoHHble CUCMEMbL, MeMNepamypHbLI pesxxum peaKmopa, pe-
YUKL08ble NOMOKU, KOHBEPCUSL 8 cucmeme.

Jna yumupoeanua: Hazauckuii C.J1., Conoxun A.B. BiusiHue TeMnepaTypHOro pexuMa peakropa Ha BeIMUUHY PELUPKYIIH-
pytouiero noroka. Toukue xumuyeckue mexuonoeuu. 2019;14(5):31-38. https://doi.org/10.32362/2410-6593-2019-14-5-31-38

Introduction Mathematical model of a recycled system

In the wvast majority of industrial chemical The structure of the “reactor — separation unit”
flow sheets (CFS) there are recirculating flows, recycled system is shown in Fig. 1.
the presence of which in some cases allows one to
achieve high values of conversion and selectivity in R
the system [1-3]. On the other hand, the values of X, |
recirculating flows directly affect the energy costs
of CFS associated with pumping flows and with a
change in the flow aggregation state [4, 5]. The task F G L
of optimizing the CFS according to energy costs is 2

; i Xf Xg X

relevant. At the pre-design development stage, it can
be reduced to the problem of optimizing the CFS 1
according to the recirculating flow value, which is
necessary to achieve a given conversion rate in the system. w

The present work is devoted to the nature of the Xy

recycle value relationship in the “reactor — separation
unit” system with temperature conditions in various . « . s

y pera . . Fig. 1. “Reactor — separation unit” recycled system:
types of reactors for the simplest reversible reaction 1 — chemical reactor; 2 — reaction separation unit

A<B. The system works in a stationary mode. (See further down in the text for a list of symbols).
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To form a mathematical model of the system, we
write material balances according to their elements (flow
designations are shown in Fig. 1). We will use molar
quantities, so flows will be measured in kmol/h, and
concentrations in molar fractions.

Material balance for the mixer:

G=F+R (1)

Gx, = Fx, + Rx, 2
for the separation unit:

L=W+R (€))

Lx, = Wx,, + Rx, “
for the reactor:

G=L %)

Lx, =Gx, — P (6)
and for the system:

Fx,-Wx,=P ®)

F=W ©

In equations (6) and (8), P is the reactor productivity
characterizing the amount of reagent converted into a
product per unit time, kmol/h.

For further analysis of the system, the assumption
is made that the separation unit is capable of creating
recycle R and product /¥ flows of any given composition,
even up to pure components. Pure reagent A (xf. =1)in
the amount of /' (kmol/h) is supplied to the system input.
The recycle also consists of a pure reagent A (x = 1).
The chemical reaction rate w obeys the power law in the
form:

w=k'x-k (1-x), (10)

where x is the mole fraction of reagent A; w=4k", k~
are the rate constants of the forward and reverse reactions,
respectively, kmol/(m3-h).

Under the condition of 100% conversion in the
system, reagent A is absent in the product flow of the
system, then x = 0. In this case, from (8) it follows

P=F, (11)

that is, the reactor productivity corresponds to the amount
of reagent supplied to the system input.

Recirculation system with a continuous
ideally stirred-tank reactor

For a continuous ideally stirred-tank reactor
(CISTR), in which the temperature and composition are
identical throughout the entire volume, the expression
for productivity is the multiplication of the volume by
the reactor and the reaction rate, and with (10) in mind
has the form:

P=Vw=V(k" +k)x, —-Vk . (12)

Applying condition (11) to (12), we obtain the
expression for the continuous ideally stirred-tank
reactor’s composition, which is realized at 100%
conversion in the system:

F+Vk

- - . 13
B0 =y e k) (1

X, =

The material balance of the separation unit, taking
into account (9), is written as:

L=F+R (14)
Lx, = Fx; + Rx, (15)

Substituting expressions (14) and (13) in (15), and
also assuming the assumption x = 1, we obtain:

F+Vk™
(F+Rloo)m:Rmo- (16)

Let us express from (16) the value of the recycle
corresponding to 100% conversion:

Ry = F(F++ V) : (17)
Vk™ - F

As can be seen, the recycle value corresponding
to 100% conversion in the system is determined by
the amount of reagent F in the system inlet, the reactor
volume, and the rate constants of the forward and reverse
reactions, which, in turn, depend on the temperature in
accordance with the Arrhenius equation:

k" =kye ™k~ =kje ™, (18)

where k,,k, are pre-exponential factors for the
rate constants of the forward and reverse reactions,
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respectively, h™'; E*, E~ are activation energies for
forward and reverse reactions, respectively, J/mol;
R,=8314 J/(mol-K) is the universal gas constant.

Substituting (18) into (17), we obtain an expression
showing the temperature dependence of R, :

.
F? + FVkje ™"
Ry = e (19)
Vkie " —F

From (19) it follows that the positive recycle
values R, will be obtained with non-negative values
of the denominator. So, for fixed values of the reactor
volume, power flow, and the parameters of the Arrhenius
equation, there is a minimum temperature in the reactor
at which the desired reactor productivity and conversion

in the system can be achieved:

dRyy __

rer, =L YR ] 20)
R F

g

It is also seen from (19) that R, — ccat T —> T, .
Therefore, the minimum temperature determined by
(20) is the vertical asymptote of dependence (19).

During an unlimited increase in temperature, the

recycle value R tends to the limit value:

. F?+ FVk;
Ry = llleoo =

21
T—x ng - F

To identify the nature of the dependence R, (7) (19),
we write the expressions for the derivative taking into
account (18):

(E*+E)FV(k"+k )+ (E"—E)F*V’k"k™

dT RT*(Vk* - F)’

It can be seen from (22), that for E* > E the
derivative is negative at any temperature; consequently,

the dependence R, (T) has a monotonously decreasing

character, shown in Fig. 2, curve a. Inthe case £ < E~
the derivative can be both positive and negative, and
then extrema can be on the dependence R (7).

o0
RIUO

Fig. 2. Qualitative view of the temperature dependence
of recycle value R, in the continuous ideally
stirred-tank reactor. Ratio of activation energies
of forward and reverse reactions:

a) E">E;b) E"<E".

(22)

From published data [6] it is known that in the
case of exothermic reactions (and this is just the case

E" < E7) the dependence of the reactor productivity
on temperature, at fixed values of the reactor load and the
reactor volume, has the form of a curve with a maximum,
in other words, there is some optimal temperature
corresponding to maximum performance. The presence
of'a maximum is explained by the fact that, in the case of

E" < E as the temperature increases, the rate constant
k increases faster than the rate constant k™. This leads to
a greater increase in the rate of reverse reaction and, as
a consequence, to a decrease in reactor productivity. On
the other hand, at a fixed temperature, the productivity
of the reactor is directly related to the reactor load G,
which in our case, in accordance with (1), consists of
power and recycle flows. So, it can be expected that at
temperatures other than optimal, a higher recycle value
will be required to achieve a given productivity value
than at an optimum temperature. It follows that for the

case of E* < E~ the dependence curve R, (7) will
have a minimum, as shown in Fig. 2, curve b.

Recirculation system in an ideal
plug-flow reactor

Since the composition of the reaction mixture and,
consequently, the reaction rate in an ideal plug-flow
reactor (IPFR) are continuously changing along the
length of the reactor, the expression for the productivity
value has the form of:
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Vv
P= Iw(u)du , (23)
0

wher u is the current volume of the reactor, 7 is the total
reactor volume.

At this stage, we are taking into consider the case
of an isothermal reactor, in which the temperature is
the same throughout the volume. We obtain the form
of the speed dependence on the current reactor volume,
which is a part of (23). From the material balance for an
infinitely small element of volume it follows that:

—(F +R)dx—wdu =0. (24)
We express from (10) the mole fraction x:

w+k~
X=-— (25)
kt+k

Differentiating the left and right sides of (25), we
obtain:

dxz%dw. (26)
k" +k

Substituting (26) into (24), we obtain the differential
equation with separable variables:

dw kT +k
— W
du F+R

>

whose solution with the initial condition of w (u = 0) =w,
will have the form:

_uk++k’
— F+R
w=we " 27)

From (10) it follows that under the assumptions
made on the feed and recycling, consisting of a pure
reagent, the initial velocity will be equal to the rate
constant of the forward reaction:

w, =k". (28)

We substitute (27) and (28) into (23), after
integration we obtain:

+ V)
+

Combining (29) with the condition of 100%
conversion (11), we obtain the equation for the recycle
value R :

V()

w l—e Rygo+F

~F=0. 30
k' +k )

From the form of equation (30) it follows that its
solution with respect to the recycle value R is possible
only via numerical methods.

Figure 3 shows the results of solution (19) and (30)
with the following initial data: the system power flow
is F = 100 kmol/h; the reactor volume is V' = 1 m’; the
Arrhenius equation parameters for the forward reaction
rate constant are k,, =4.75-10" kmol/(m’*-h), £ =78 000 J/mol,
for the reverse reaction k, = 2.37-10" kmol/(m*h), and
E~=107 000 J/mol.

Figure 3 shows that in the temperature range
under consideration, the dependences of the recycle
value on temperature for both types of reactors have
a characteristic minimum. It should also be noted that
the minimum R, recycle value for the case of an ideal
plug flow reactor is less (curve a) than for the case of a
continuous ideally stirred-tank reactor (curve b). This is
due to the fact that for the same volume and load values,
an ideal plug flow reactor is characterized by higher
productivity; therefore, to achieve a given productivity,
it requires a lower load, and, therefore, a recycle.

R 100, krnol/ h

2501
2001
150 1
100 T

50T

0 ' ; "
300 Ton=3214K 350 400 450 T,K

Fig. 3. Temperature dependence of the recycle value R
on the recirculation system
with isothermal reactors of various types:
a) an ideal plug-flow reactor;
b) a continuous ideally stirred-tank reactor.
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Recirculation system in an adiabatic plug-flow
reactor (under ideal conditions)

In the case of an adiabatic plug-flow reactor, the
temperature along the length of the reactor changes in
accordance with the thermal effect of the reaction, and
therefore, the equation (30) cannot be used to find the
recycle value. For this case, the mathematical model
includes non-linear differential equations for material and
heat balance with respect to composition and temperature,
which cannot be solved analytically. Therefore, the
adiabatic reactor with recycle was simulated in the Aspen
Plus software package in accordance with the scheme
shown in Fig. 4.

R—)\ G > G xl >
F 1/ T'in 9 Tout

Fig. 4. The scheme of an adiabatic plug-flow reactor:
1 — mixer; 2 — reactor.

The reactor was modeled as a tubular one with a tube
diameter of 0.05 m and a tube length of 3 m. The power
value F, kinetic parameters, and the reactor volume were
set to be the same as in the previous calculation for an
isothermal reactor. The change in the reaction’s enthalpy
is AH = =30 000 J/mol. In the course of calculations, at
various values of the temperature of the incoming flow
T, , the value of the recycle R was determined in which
the condition (31) was satisfied:

G(-x)=F, (31)

which, in turn, corresponds to the condition of 100%
conversion in the system (11). The calculation results are
presented in Fig. 5.

T, K
A

410t
390
370
350
330

310

290 } } } } } —>
0 0.5 1 1.5 2 2.5 3 1

R 100, kmol/h

A

250

2001

150 T

100 T

0 Tnn=299.19K )
250 300 350 400 T, K

Fig. 5. Temperature dependence of the recycle value R,
for a recirculation system with an adiabatic
plug-flow reactor.

Figure 5 shows that the optimal recycle value R |
for the temperature at the reactor’s inlet corresponds
to a minimum temperature 7, . below which the
reactor’s productivity corresponding to the condition
in (31) is not achieved. Therefore, at 7' < T, min the
achieving of 100% conversion is impossible in a
system with an adiabatic plug-flow reactor of a given
volume. Figure 6 shows the temperature and reagent
concentration profiles along the length of the reactor
with optimal recycling.

Figure 6 shows that a change in temperature
and composition occurs along the entire length of
the reactor, and the rate of change of temperature is
consistent with the rate of change in the composition.
The result obtained indicates the effective work of
the entire reactor volume. For comparison, Figure 7
shows the temperature and composition profiles at
T, =310K and R, , = 76.6 kmol/h.

x, mole fraction

A

1—.
0.8
0.6+ b

044

\ 4

W =+
—

0 05 1 1.5 2 2.5 .m

Fig. 6. Temperature (a) and composition (b) profiles along the length of the reactor at an optimal recycle value

R, =684 kmol/h and T =T,

=299.19 K.

in min
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Fig. 7. Temperature (a) and composition (b) profiles along the length of the reactor with a recycle value
R, =76.6kmol/hand T =310 K.

It can be seen from Fig. 7 that, at a reactor length
of [ > 1.3 m, the temperature and composition cease to
change. This is due to the fact that the composition in
the reactor becomes almost equilibrium and the rate of
chemical conversion is close to zero. Therefore, this part
of the length of the reactor does not consume the reagent
and does not produce the product, in other words, it does
not operate. Thus, with an increase in the temperature
of the inlet flow, the desired reactor productivity can
be achieved with a smaller reactor volume, but this
requires a large recycle value. From the result obtained,
it can be concluded that the optimal value of the recycle
necessary to achieve a given conversion corresponds to
the most efficient reactor work. It should be noted that
this conclusion is valid under the assumption made on an
idealized separation unit forming the recycle of a certain
composition.

A comparison of the results presented in Figs. 3
and 5 shows that for the isothermal plug-flow reactor
(under ideal conditions), the optimal value of R, is less
than for the adiabatic reactor (under ideal conditions).
Therefore, in order to achieve the optimal recycle value
corresponding to the given conversion in the system, it is

necessary to maintain the isothermal mode in the reactor.
It should be noted that for reactions with a significant
thermal effect, it is much more difficult to achieve an
isothermal mode in the reactor than an adiabatic one. In
addition, with a lower recycle value for an isothermal
reactor, there will be additional costs for the refrigerant
supplied to the annulus of the reactor to remove the heat
of the reaction.

Conclusions

So, according to a reversible reaction A<B with
a fixed recycle composition, a correlation between
the recycle value securing the given conversion in the
“reactor — separation unit” system and the temperature
in the reactor has been revealed. For an exothermic
reaction, the possibility of the existence of an optimum
temperature corresponding to the minimum value of the
recycle is shown.
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List of symbols used in this report: A, B — reaction mixture components; £, £~ — activation energy of forward and reverse
reactions, respectively, J/mol; F' — power flow of the “reactor — separation unit” system, kmol/h; G — flow entering the reactor,
kmol/h; &, k- — rate constant of forward and reverse reactions, respectively, kmol/(m*-h); k;, k, — pre-exponential factor in
the Arrhenius equation for the forward and reverse reactions, respectively, kmol/(m*-h); / — reactor length, m; L — flow, leaving
the reactor, kmol/h; P — reactor productivity, kmol/h; R — recycle flow, kmol/h; R, — recycle flow value corresponding to 100%
conversion, kmol/h; R, — recycle limit corresponding to infinite temperature, kmol/h; R, universal gas constant, 8.314 J/(mol-K);
T—temperature, K; 7' — the minimum temperature in the reactor at which it is possible to achieve 100% conversion in the “reactor
— separation unit” system, K; 7, — adiabatic reactor inlet temperature, K; 7' — adiabatic reactor outlet temperature , K; 7, = —
minimum adiabatic reactor inlet temperature, at which 100% conversion in the “reactor — separation unit” system is possible, K;
u — current reactor volume, integration variable (23), m?; V' — total reactor volume, m?*; W —the flow leaving the “reactor — separation
unit” system, kmol/h; x — molar fraction of reagent A in the reaction mass; x,— molar fraction of reagent A in the feed flow of the
“reactor — separation unit” system; x_—molar fraction of reagent A in the flow entering the reactor; x,— molar fraction of reagent A in
the flow leaving the reactor; x, — molar fraction of reagent A in the recycle flow; x_—molar fraction of reagent A in the flow leaving
the “reactor — separation unit” system.
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