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ARTICLE INFO ABSTRACT

Keywords: Climate change and global warming, as well as growing global demand for hydrocarbons in industrial sectors,
COz. h}"drégeﬂaﬂm make great incentives to investigate the utilization of CO for hydrocarbons production. Therefore, finding an in-
Optimization depth understanding of the CO, hydrogenation reactors along with simulating reactor responses to different

DA algorithm
Cylindrical reactor
Axial and radial flow spherical reactor

operating conditions are of paramount importance. However, the reaction mechanisms for CO5 hydrogenation
and their corresponding kinetic parameters have been disputable yet. In this regard, considering the previously
proposed Langmuir-Hinshelwood-Hougen-Watson (LHHW) mechanism, which considered CO2 hydrogenation as
a combination of reverse water gas shift (RWGS) and Fischer-Tropsch (FT) reactions, and using a one-
dimensional pseudo-homogeneous non-isothermal model, kinetic parameters of the rate expressions are esti-
mated via fitting experimental and modelling data through a novel swarm intelligence optimization technique
called dragonfly algorithm (DA). The predicted reactants conversion using DA algorithm are closer to the
experimental data (with about 4% error) comparing to those obtained by the artificial bee colony (ABC) algo-
rithm, and are in significant agreement with available literature data. The proposed model is used to assess the
effect of reactor configuration on the performance and temperature fluctuations. Results show that axial flow
spherical reactor (AFSR) and radial flow spherical reactor (RFSR) exhibiting the same surface area with that of
the cylindrical reactor (CR), i.e., AFSR-2 and RFSR-2-i are the most efficient exhibiting hydrocarbons selectivity
of 40.330% and 40.286% at CO, conversion of 53.763% and 53.891%. In addition, it is revealed that the location
of the jacket has an essential role in controlling the reactor temperature.

substance for CO4 activation and transformation. Various sources of Ho
include fossil fuels [10-14], water splitting and biomass gasification
[15], and renewable sources are available [16,17]. However, appro-
priate operating conditions and reactor configurations for CO, hydro-
genation to hydrocarbons [18-21] along with effective catalysts
[22-27] need to be developed.

Modeling and simulation of chemical processes are effective tools to
gain insight about the reactor performance at various conditions
(changes in configurations and operating conditions) [28-37]. In addi-
tion, the estimation of kinetic parameters is of significant importance in
reactor modeling and design [38-43]. To this end, the mechanism of
CO2 hydrogenation and rate expressions are a prerequisite [44].

1. Introduction

Environmental issues regarding CO, emissions along with dimin-
ishing fossil fuels as the primary feedstock for the production of various
chemicals have made great motivations to use CO5 as a source of hy-
drocarbons and chemicals production [1-5]. Despite some progress in
this field, establishing efficient and competitive methods of CO, hy-
drogenation to produce added-value chemicals has yet remained a
challenging issue [6,7]. In fact, since CO3 is thermodynamically stable,
its activation is not easy and requires high energy [8,9]. On the other
hand, Hj, which is a high-energy molecule, can be used as a proper
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Nomenclature

Ac cross sectional area of CR [m?]

A, surface area of RFSR [m?]

A, surface area of AFSR [m?]

a 1,0 inhibition coefficient for H,0 in the j-th reaction [-]

bj.co, inhibition coefficient for COs in the j-th reaction [-]

Cpg specific heat of the gas mixture in the reactor [Jmol ' K]

Ci concentration of the i-th component [mol m 3]

C; total concentration of the reactor mixture [mol m 3]

D, diameter of CR [m]

D, particle diameter [m]

E; apparent activation energy of the j-th reaction [kJ mol 1]

fs correction factor [-]

h;, heat transfer coefficient of the reactor [Wm™2 K™!]

Keq equilibrium constant of the shift reaction [-]

K, thermal conductivity of gas mixture in the reactor [Wm *
K]

Ky thermal conductivity of reactor wall [Wm™ K]

k; pre-exponential factor in Arrhenius law for the j-th
reaction [mol sflg*lMPafl]

K; reaction rate coefficient for the j-th reaction [mol
s 'g~'MPa~']

L reactor length [m]

Mear catalyst weight [g]

Mw molecular weight [g/mol]

p reactor pressure [Pa]

R universal gas constant [J mol 'K ~!]

Re Reynolds number [-]

T rate for the j-th reaction [mol ggilt s

r radius of RFSR [m]

ry radius of AFSR at each z [m]

R, radius of AFSR [m]

T temperature of gas mixture in the reactor [K]

T; temperature of jacket [K]

U, overall heat transfer coefficient between jacket and CR
[Wm2 K]

U, overall heat transfer coefficient between jacket and AFSR
[Wm 2K 1]

U, overall heat transfer coefficient between jacket and RFSR
[Wm 2 K]

u. velocity of gas mixture in CR [m s

U, velocity of gas mixture in AFSR [m s

U, velocity of gas mixture in RFSR [m s 1]

Vs volumetric flow rate at reactor condition [m> s~ 1]

S; Sutherland constant of pure component “i” [K]

Sij geometric mean of S; and S; [K]

Z axial dimension [m]

Greek letters

Hg viscosity of gas mixture in the reactor [kg m~' s7!]

Pe density of gas mixture in the reactor [kg m~3]

AHj enthalpy of formation for the j-th reaction [J mol 1]

0B density of catalytic bed [g m 3]

Pp density of catalyst particles [g m~>]

£p bed porosity [-]

0; constant parameter in Eq. (A-4) [-]

by constant parameter in Eq. (A-7) [-]

However, few kinds of research have been devoted to assessing the ki-
netics of the CO2 hydrogenation to added-value chemicals after the
pioneering research of Riedel et al. [45]. Considering propylene as the
main product over K/Fe-Al»03, kinetic parameters of the corresponding
rate expressions for the reverse water gas shift (RWGS), Fischer-Tropsch
(FT) and direct hydrogenation of CO, were estimated via fitting the
calculated and experimental data by regression using DATA FIT and
ASPEN HYSYS [45]. Using these kinetic data, Willauer et al. [46]
considered methane as another product over Al,Os-supported K/Mn/Fe
and calculated the corresponding kinetic parameters via fitting the
computational and experimental results using the COMSOL package.
However, Kirsch et al. [47] proposed a power-to-fuel process via inte-
grating RWGS reactor, FT reactor and hydrocracking (HC). For the
RWGS the reactor, outputs were calculated based on the minimization of
the Gibbs enthalpy, while for the FT and HC reactors, the kinetic rate
expressions were used from the data provided by Sun et al. [48]. The
modeling was performed using Simulink in the MATLAB environment to
assess the effect of different configurations on the production of C1¢-Caq
liquid hydrocarbons. Recently, Do and Kim [49] used the calculated
kinetic parameters of Najari et al. [50] and developed a novel process for
the production of Cy-C4 hydrocarbons from CO, hydrogenation using
ASPEN Plus V10. In the proposed scheme, membrane, PSA, absorption
and distillation were used as separation methods. Besides, heat and
power plants were integrated to obtain an efficient and economical
process. However, novel optimization algorithms are required for
practical applications, due to the required precision in determining the
kinetic parameters.

In our previous study [50], we proposed methane, ethylene, ethane,

propylene, propane, butylene and iso-butane as the products of CO,
hydrogenation process, and the proposed reaction rates of Saeidi et al.
[44], based on the LHHW mechanism, were used. The kinetic parame-
ters were calculated by fitting the experimental and calculated data
through artificial bee colony (ABC) and differential evolution (DE)
optimization algorithms, which were solved employing MATLAB pro-
gramming software. The results revealed that ABC algorithm was able to
provide more appropriate estimations compared to those of DE [50]. In
fact, ABC is a swarm intelligence (SI)-based algorithm, which saves in-
formation of search space in contrast to other algorithms. In addition, SI-
based algorithms are very flexible and can be used for a variety of
optimization problems. However, the estimated kinetic parameters
using ABC algorithm overestimated the reactant conversions.

Accordingly, a newly developed heuristic SI-based optimization al-
gorithm, dragonfly algorithm (DA), is used in the present study to esti-
mate kinetic parameters of the previously proposed LHHW-based rate
expressions through fitting the experimental with modeling data. The
prediction results are compared to available literature data. In addition,
employing the proposed model, the influence of reactor configuration is
assessed. To this end, the performance of axial flow spherical reactor
(AFSR) and radial flow spherical reactor (RFSR) are compared to that of
cylindrical reactor (CR) in terms of reactants conversion and products
distribution. Moreover, the role of jacket position is investigated on the
temperature of the spherical reactors.

2. Mathematical modeling

The mathematical modeling of the fixed-bed reactors is
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Table 1
Reactions and proposed rate equations [44].
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Reactions Rate equations
Shift CO,+Hy < CO + H,0 Forward Pco,Pu,
rn =K
Pco + a1 1,0PH,0 + b1.co,Pco,
Backward re — K coPH,0/Keq
? “Pco + 9.1,0Pr,0 + be,co, Pco,
log(Keq) = (=~ B2)
FT CO+3H,;—~CH4 + H,0 PcoPh,
ry =K:
Pco + a21,0PH,0 + b2.co,Pco,
2C0+4H,»CoHy + 2H,0 PcoPy,

2CO+5H,—CyHg + 2H,0
3CO0+6H,—C3Hg + 3H,0
3C0+7H,—C3Hg + 3H,0
4CO+8H,—C4Hg + 4H,0

4CO+9H,—C4Hyo + 4H20

= A3
Pco + a3 m,0PH,0 + b3 .co,Pco,
coPH,

= Rq
Pco + a4.1,0PH,0 + baco,Pco,
PcoPh,

" "°Pco + as m,0Pu0 + bs.co, Pco,
—Ke PcoPy,

Pco + a6.1,0Pn,0 + be.co,Pco,
PcoPh,

~ Peo + a7AH20PHi§7 + b7.co,Pco,
PcoPh,

— °Pco + as.1,0Pr,0 + bs.co, Peo

accomplished considering the following assumptions:

—_

. One-dimensional pseudo-homogeneous plug flow reactor

2. Conductive heat transfer is considered to be negligible compared to
convective heat transfer

3. The physical properties and reaction enthalpy are temperature
dependent

4. Gases are considered as the ideal gas

. Steady-state conditions

6. Jacket temperature is considered constant

)]

The reactions and the rate expressions are presented in Table 1.
The reaction rate coefficients, Kj, can be calculated via Arrhenius
expression as follows:

E
K, = kjexp( - IT;") (@)

where k; and E; are the pre-exponential factor and activation energy of
the j-th reaction, R is the universal gas constant, and T is the absolute
temperature. Accordingly, the rate of each component, which are used
in the modeling, can be written as follows (Eq. (2) to Eq. (12)):

ry, = — (011 431,12 4+ 41313 + 50,14 + 61515 + Tijgre + 811,77 + Igrs — ngry)

@
rco, = = (111 = 1y7o) 3
reo =Mry —Myry — 20313 — 20454 — 31515 — 3ngre — 41177 — jgrs — Nolry

@
TcHy =Ml ()
reyHy = 1373 (6)
TCyHg = N4T4 (@]
TesHg = st (8)
resHg = Nele )
reyHy = 717 (10)
reyHy = Mgls an

Try0 = 11+ 1aF2 + 20373 + 20,74 + 30575 + 31676 + 41577 + dijgrs — gy
12)

where r; is the rate of j-th reaction and #; is the corresponding effec-
tiveness factor [20].

2.1. Cylindrical (tubular) reactor

The species mass and energy balances are represented by Eq. (13)
and Eq. (14) and momentum balance across the CR is expressed using
Ergun equation (Eq. (15)).

dc; 1
&z :Izﬂp(l —&)r;

13

dr 1 2 4U, dc
= <Z/’p(1 —&)rj(—AH ;) + C(ijT)fcpgucT !>

dz CCpuc \ = D, Az

a4
dp (1—&)°nVs (1—e)p,V;
— = — 1150 £ 24175 S 15
dz { »3d, A, &’d,Al 15

where Ci (l = COZ, Hg, CO, CH4, C2H4, C2H6, C3H6, C3H3, C4H8, C4H10,
H0) and C; are the concentration of species i and total concentration in
the reactor, and r; are represented in Eq. (2) to Eq. (12). ppis the density
of catalyst particles and ¢y, is the void fraction in the bed. T, T; and P are
the reactor temperature, jacket temperature and reactor pressure,
respectively. In addition, D, and A, are the diameter and cross-sectional
area of the cylindrical reactor, while U is the heat transfer coefficient
between jacket and CR. u, and V; are velocity in CR and volumetric flow
rate.

Feed -z axis

12=R:=(z—Ly)% ~ R, = 0.8 R,

(RERRRRD2222
O OO CSeetaeas

peifzasiasasasssaste
S RS 00 000022299

S R e

Products

+z axis

Fig. 1. Schematics of axial flow spherical reactor (AFSR).
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Fig. 2. Schematics of radial flow spherical reactor (RFSR) with a) inside jacket
and b) outside jacket. (The radii of the inner and outer spheres are R; and R,,
respectively and R; = 0.2 R,).

2.2. Axial spherical reactor

In this configuration, feed is introduced from the top of the reactor.
Since the entrance and outlet have a small cross sectional area, which
may cause a considerable pressure drop, two grids are used to hold the
catalysts near the inlet and outlet of the reactor as illustrated in Fig. 1.

The species balance, heat balance and pressure drop across the AFSR
are represented in Eq. (16), Eq. (17) and Eq. (18). In this configuration,
the cross sectional area changes with length, i.e. z, as can be observed in

Eq. (19).
dc; 1 C [ du, dA,
2 1— ) = 1
a2 ul[m,( &) A( Sy Ldz)} 16)
29::0 _AH,) + 2nr,U, (T-
dz C,Cpgu = 1) S J
Coe (. T@Jr c.pdA) a7
A ! dz
p 1— &),V 1—e,)p, V>
tL: B 150( b)zﬂg f 1.75( h)/)g2 18)
dz e,3d,*A, e3d,A,
A, =a[R*—(z-L)]; Li=L 19)
1%
= 20
U= on (20)

where r, and A, are the radius and cross-sectional area of the AFSR,
while U, is the heat transfer coefficient between jacket and AFSR. u, and
Vs are velocity in AFSR and volumetric flow rate. The geometries of the
AFSR have been provided in Fig. 1, and thus the radius and surface area
of the reactor can be calculated via the information in Fig. 1 and Eq.
(19), respectively.

2.3. Radial spherical reactor

In this configuration, feed is assumed to enter from the center of the
reactor and two possibilities for the jacket location (inside and outside)
are considered as illustrated in Fig. 2 (a) and Fig. 2 (b).

The species balance, heat balance and pressure drop across the AFSR
are represented in Eq. (21), Eq. (22) and Eq. (23). In this configuration,
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Start\

Initialize the dragonflies population (Xi)
& Initialize step vectors (AXi)

v

>{ Calculate the objective values of all dragonflies ‘

v

’ Update the food source and enemy ‘

¥

’ Update w, s, a, ¢, fand e ‘

¥

‘ Calculate S, A, C, F and E (Eqs. (B-1) to (B-5)) ‘

Dragonflies
has at least
one neighbor?

Update position vectors
(Eq (B-8))

Update velocity and position vectors
(Eq.s (B-6 and B-7))

v

_ | Check and correct new position
| based on the boundaries of variables

No Is criteria

satisfied?

A

Final positions
\ (End) /

Fig. 3. Dragonfly algorithm flowchart [52].

the cross sectional area changes with diameter, i.e. r, as can be observed
in Eq. (24).
C; du dA
—— (A —= . 21
- (a5 +ue) | @1)

dc; 1
i 1
dr {p”(
2 8zrU,
(Zﬂp 1 —&)r;(—AHy;) + 1 (T
J=1 r

Uy

dr ' Coglhy
C dc d(Au,)
-T 28 (A T—+ CT 22
)- A, ( ar t dr 22)
P 1—&)u,V, 1—&)p, Vi
LA PP QN el ) (23)
dr 3d, A, e’dyA,
A, = 4nr? 24)
1%
= 2
= (25)

where r and A, are the radius and cross-sectional area of the RFSR, while
U, is the heat transfer coefficient between jacket and RFSR and u, is
velocity in RFSR. In addition, for RFSR the surface area can be calculated
via the information in Fig. 2 and Eq. (24). The required correlations and
auxiliary equations are presented in Appendix A.

3. Dragonfly algorithm

A version of so-called SI algorithms [51], namely a dragonfly algo-
rithm (DA) [52] is used to optimize the kinetic parameters. Efficient
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/
’/ / Input data /

3

Calculate physical properties
Eqgs. (A-1 to A-8)

v

Calculate heat transfer coefficient, and
enthalpy using auxiliary Eqs. (A-9 to A-

—

15)
Continue
calculation for the
next node Calculate reaction rates using estimated

kinetic parameters via DA optimization
algorithm (Table 1)

v

Calculate compositions and temperature
at the next node using

odelSs
<_ z=L )
No — )
Yes
/ Report compositions /

Fig. 4. Algorithm for solving the proposed model.

implementation of SI-based algorithms in scientific and industrial opti-
mization problems is an indication of their merits in practice namely: 1)
in contrast to evolutionary algorithms (EA), in the DA method and other
SI-based techniques, the information about the search space are saved
during the optimization. 2) Fewer controlling parameters are used in
this method. 3) Less operators are used in this method. 4) The flexibility
of this method makes it applicable in various fields. The main inspiration
of the DA originates from static and dynamic swarming behaviors. In
fact, static and dynamic swarms are comparable to the two meta-
heuristic phases of optimization, i.e. exploration and exploitation. In
other words, small sub-swarms of dragonflies fly in short and different
distances in a static swarm as the principle goal of the exploration.
However, sizable populations of dragonflies fly all in one sizable di-
rection, which is the main aim of exploitation. The mathematical
implementation of these two phases are presented in Appendix B [52].

The optimization process by DA is started by producing several
random sets of solutions. Indeed, random values are used to initialize the
position and step vectors between the lower and upper bounds of the
variables. During every iteration, Eq. (B-6), Eq. (B-7) and Eq. (B-8) are
used to update the position and step for each dragonfly. The neighbor-
hood of every dragonfly is selected via the calculation of Euclidean
distance among all dragonflies and choosing N of them updating the
vectors of X and AX. This updating of the position is iteratively
continued while the criterion satisfied [52]. Therefore, the kinetic pa-
rameters can be estimated via minimization of the objective function,

Energy Conversion and Management 226 (2020) 113550

Table 2
Estimated kinetic data via DA optimization algorithm.
Reactions k Qi 1,0 bico, E(kJ/mol)
(mol/(s.g.MPa))
CO,, Shift 61,164,952 B; = 2250 61.48 5.5 131.67
B, =2.45
FT (CH,) 24,267,501 42.05 2.42 126.54
FT (CoHy) 32,018,339 42.18 2.31 123.12
FT (CzHe) 24,110,786 45.93 2.52 131.67
FT (C3Hg) 33,151,357 41.95 2.25 117.99
FT (C3Hs) 24,620,154 45.56 2.55 128.25
FT (C4Hs) 2,329,745 45.92 3.34 119.7
FT (C4Hi0) 335,740 46.11 3.74 119.7
(a) 70
m Experimental
60 DA Estimations
2 ABC Estimations
50
2
g 40
‘@ 7
b
=
3
: /
0
XCO02
(b) 14
= m Experimental
" = DA Estimations
7 § 5 ABC Estimations
g -
10 _ x
—_ E = 2=
S I .
2 7= |l = -
o= / = % = / =
NG = = =
o 2= E 7=
S = = =
@« = 7= E
4 = |- -
n - -
A= 2= 71!
= 7= e
A= 2= 7=
2 - ?E -
= e =
, - - % N“ [7E

SCO SCH4 SC2H4 SC2H6 SC3H6 SC3H8 SC4H8 SC4H10

Fig. 5. Comparison of the experimental data in terms of a) conversions and b)
products selectivity in CR using DA and ABC optimization algorithms.

which is the root mean square error (RMSE), (minimizing the difference
between modeling predictions and experimental data) as represented in
Eq. (26). The DA flowchart is demonstrated in Fig. 3.

N 2
i Yex i Ymo el,i
O.F = Min \/ Zini( T ) (26)

4. Results and discussion

The proposed models have been solved by odel5s codes in MATLAB
according to the algorithm presented in Fig. 4, and the performances of
AFSR, RFSR and CR are compared to achieve a more comprehensive
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Table 3
Comparison of available experimental data with estimated values using DA and
ABC optimization algorithms.

Parameters  Exp. Kim Kim Lee DA ABC
data et al. et al. et al. Estimations Estimations
[58] [59] [55]

XCO, 35.7 35.6 323 40.8 37.001 63.583
XH; 40.1 - - - 38.297 66.297
Sco 13.7 9.6 11 11.1 12.242 11.366
SCH4 8.3 10.9 8.5 7.4 7.239 9.811
SCoH4 9.11 5.8 5.1 5.8 8.244 11.213
SC>Hs 3.1 3.2 1.9 1.4 2.800 2.321
SCsHe 10.8 11.6 9.4 9.6 11.691 13.505
SCsHg 3.6 2.9 3.4 1.1 3.346 1.876
SC4Hg 1.8 9.3 8 7 2.391 5.599
SC4H10 0.75 2.4 3.6 0.9 0.940 1.117

understanding of the influence of the reactor configuration on the CO2
hydrogenation process.

4.1. Estimation of kinetic parameters

The kinetic parameters of the rate expressions in Table 1 are esti-
mated via fitting the experimental and modeling data through DA
optimization algorithm and presented in Table 2. The experimental data
were obtained in a SS316 reactor with 60 cm length while inside and
outside diameters were 0.8 and 1.2 cm, respectively. Typically, in the
designed experiments for kinetics parameter derivation, 1.5 to 5 gr of K-
Fe/Al,03 catalyst diluted with glass beads was used [50].

In addition, the ABC algorithm is also used to predict the kinetic
parameters, and the comparison of the estimations are presented in
Fig. 5. To assess the precision of these algorithms, the estimated results
are compared to the available experimental data in terms of reactant
conversions and products distribution in Table 3. The products distri-
bution are in accordance with the previously reported trends in litera-
ture [53-57]. According to Fig. 5 (a), it can be observed that ABC
algorithm overestimates the conversions, like the predictions in the
previous paper [50], while DA could provide more reliable estimations
(about 4% error compared to experimental data). The ability to search
the feature space adaptively while avoiding premature convergence is

(@)

Yield [%]

0.4 0.6 0.8 1
Dimensionless reactor length

0 0.2

Temperature [°C]|
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one of the main advantages of DA algorithm. Moreover, this algorithm is
capable of balancing between exploration and exploitation while
exhibiting a good ability to converge the global optimum instead of
falling in local minima.

The performance of CR reactor in terms of products yield and tem-
perature profile by using the estimated kinetic parameters are illustrated
in Fig. 6. According to Fig. 6 (a), it can be observed that CO first pro-
duced via RWGS reaction and then consumes through FT reactions,
which results in the occurrence of a maximum point in the plot. The
hydrocarbons are gradually produced via CO consumption (FT reaction)
and the products distribution are as follows: CsHg > CoH4 > CH4 > C3Hg
> CgHg > C4Hg > C4H1. Initially, the temperature decreases a bit due to
the occurrence of the endothermic RWGS reaction, as shown in Fig. 6
(b), while the exothermic nature of FT reactions increases the temper-
ature. However, the constant jacket temperature (at 300 °C) prohibits
further temperature increase, and thus can avoid hot spot formation.
Finally, the reactor temperature reduces and approaches to the jacket
temperature (300 °C).

4.2. Comparing the performance of cylindrical and spherical reactors

Spherical reactors have been considered as a promising candidate for
pilot/industrial reactors due to their cost-effectiveness and flexibility in
operating conditions [60,61]. To compare the performance of CR, AFSR
and RFSRs in CO2 hydrogenation to hydrocarbons, spherical reactors are
assumed to have 1) the same volume and 2) the same surface area with
that of CR.

4.2.1. The performance of an axial flow spherical reactor (AFSR)

The performance of AFSR-1 (with the same volume to that of CR) and
AFSR-2 (with the same surface area to that of CR) in CO2 hydrogenation
to hydrocarbons are compared, and the results are displayed in Fig. 7.

It can be observed that, the performance of AFSR-2 is higher in terms
of both conversion and hydrocarbons selectivity with respect to both CR
and AFSR-1, while there is no considerable difference between the
performances of CR and AFSR-1. Therefore, the AFSR can be effective
only when the surface area (not the volume) of the spherical reactor is
the same as that of CR, which can be an indication of the role of heat
transfer surface area for this system. The heat transfer surface area of the

(b)

300.6 : : : :
CR
300.4} ]
3002} ]
300.0 ]
300.6
29980 a0 ]
300,2
299.6 300.0 |
299.8
299’4 299.6 i
299.4
2002 22
: 199.['“ 0,02 0.04 0.06 0.08 0.1 |
299.0 : - : :
0 0.2 0.4 0.6 0.8 1

Dimensionless reactor length

Fig 6. a) Yield of products and b) Temperature profile in the CR at To = 300 °C, Py = 1 MPa and SV = 2 L/gc,. h.
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(a) 60
55 #CR ’%
50 AFSR-1 %
45 | @ AFSR-2 ” :
S - -
= . 7
2 22
z .
(=]
© 5 5%
9552 9552
.
/,/
(b) 14
®CR
12 Ng S AFSR-1
§% 2 AFSR-2
10 NV
— \
> 1
£ \ | \ |
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4 N | \
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\P 2 \ 09
N §§£ ;
2 \" 1 \r& |
N N |
§§ %sés : W
0 \M A 4 2

C2H4 C2H6 C3H6 C3H8 C4H8 C4H10
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reactor is the outer surface of the reactor (reactor wall), which is in
contact with the jacket. Therefore, a large surface area can provide
higher heat transfer rate. Since the surface area of AFSR-2 is larger than
that of AFSR-1, the required heat of RWGS reaction can be provided
easier, which led to higher CO2 conversion and in turn, production of
more CO, which is the feed for FT reaction. The higher conversions in
AFSR-2 results in higher hydrocarbons yield in AFSR-2, as shown in
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Fig. 8.

In Fig. 8, it can be observed that CO yield is lower in AFSR-2, which
shows that the production and consumption of CO occur faster in AFSR-
2, which may be attributed to its larger volume. This results in the
production of more hydrocarbons (especially CH4 and light olefins
(C2H4 and C3Hg)). As a whole, compared to CR, the total yield of hy-
drocarbons in AFSR-2 increased by about 54.5%, while in AFSR-1 only
2.3% increase is achieved.

According to Fig. 9, it can be observed that the trends of temperature
changes are the same in both reactors, and also similar to that of CR,
while the extents of temperature fluctuations differ. It can be observed
that, the performance of CR and AFSR-1 (Fig. 7) are approximately
similar since their volumes are assumed the same, while the temperature
profiles of the corresponding reactors are different according to Fig. 6
(b) and Fig. 9 (a). In order to analyze these temperature differences in
various reactors, two main terms of the energy balance equations (Eq.
(14), Eq. (17) and Eq. (22)), are separately calculated via Eq. (27) to Eq.
(30) and illustrated in Fig. 10.

9
The heat of reaction = pr(l —&)r;(— AHyy) 27)
=1
. X 41U,
Heat transfer by the jacket in CR = D T; (28)
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2zr,U,
Heat transfer by the jacket in AFSR = ﬂ;: -

T, (29)

8nryU,
Heat transfer by the jacket in RFSR = il

T; (30)

Since the net balances of the heat of reaction are approximately the
same in these reactors (Fig. 10 (a)), the temperature difference can be
attributed to the larger and varying diameter of the AFSR-1 compared to
that of CR, which reduces the controlling role of jacket temperature as
can be observed in Fig. 10 (b). Simultaneous occurrence of the endo-
thermic RWGS and exothermic FT reactions in the reactor leads to the
question of suitable reaction temperatures. Under kinetic control
regime, both RWGS and FT reaction kinetically increase with increasing
temperatures (the energy barriers can be overcome more easily). How-
ever, the conversion to hydrocarbons requires lower temperatures to
shift the reaction equilibria towards hydrocarbons. Coupled
exothermic/endothermic reactions have been discussed in the literature
[62,63]. Therefore, the net heat of reaction is initially negative in
Fig. 10 (a), which is an indication of positive enthalpy according to Eq.
(27); gradually, the reaction heat becomes positive after a while
(negative enthalpy), which shows the progress of FT reactions. However,

Energy Conversion and Management 226 (2020) 113550

(a) 60

AFSR-2 ©@RFSR-1-i @RFSR-1-0 @RFSR-2-i @RFSR-2-0

Conversion [%]

H2 Cco2
(b) 14
SAFSR-2
2 @ RFSR-1-i
@ RFSR-1-0
B RFSR-2-i
10 @ RFSR-2-0
28 N N
8 N N
N N
2 N N
g N N
g6 N NG
2 Ni N
3 N N
© N N
N N
4 N N
N Ni S
N N N
N N N
N N N
N N
N N
\ \
N N
0 N

CH4 C2H4 C2H6 C3H8 C4H8 C4HI10
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the constant jacket temperature (300 °C) inhibits further temperature
increase to avoid hot spot and causes the reactor temperature to even-
tually reach the jacket temperature.

In AFSR-2, the lateral surface area assumed the same with that of CR,
which results in a larger diameter and volume for the reaction. There-
fore, higher performance is achieved as observed in Fig. 7 and the net
heat of reaction would be higher (Fig. 10 (a)). In addition, since the
jacket temperature is the same in both AFSRs, the temperature
augmentation would be higher in AFSR-2 (since the heat ofFT reaction
could not be released) as can be observed in Fig. 10 (b). The radial flow
spherical reactors are also analyzed in the following section to assess the
role of flow pattern on the performance of spherical reactors.

4.2.2. The performance of radial flow spherical reactor (RFSR)

The performance of RFSR-1 (with the same volume of CR) and RFSR-
2 (with the same surface area of CR) presented in Fig. 11 in terms of
reactants conversion and products selectivity, and compared with the
performance of the best reactor in the previous section, AFSR-2. Each
reactor has two possibilities for jacket location: inside and outside,
which are shown with i and o.

It can be observed that, RFSR-2 (both i and o) have better perfor-
mance compared to RFSR-1. Moreover, the performance of RFSR-2-i is
almost the same as that of AFSR-2. Therefore, it can be deduced that,
when the surface areas of the spherical reactors are considered the same
as the lateral area of the CR, better results can be achieved compared to
the reactors with the same volumes. In addition, when the jacket is
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located inside the spherical reactor, the performance seems to be better.
However, the temperature profiles are not the same and illustrated
separately in Fig. 12. As mentioned previously, the jacket is located
inside in the RFSR-1-i and RFSR-2-i and outside in RFSR-1-o0 and RFSR-2-
o.

In RFSRs it can be observed that, RFSR-1-i (Fig. 12 (a)) and RFSR-2-i
(Fig. 12 (c)) with inner jackets undergo larger temperature changes
compared to those of RFSR-1-o0 (Fig. 12 (b)) and RFSR-2-0 (Fig. 12 (d))
with outer jackets. Therefore, in the radial configuration, the influence
of jacket position is more important than the reactor diameter.

Fig. 13 illustrates the impacts of reaction heat and jacket location on
the reactor temperature and explaining the differences in temperature
profiles, as observed in Fig. 12. As can be observed in Fig. 13 (a), the
heats of reaction are approximately in the same range. However, the
graphs are wider in RFSRs with respect to that of AFSR-2, which shows
that in AFSR-2, reactions occur faster. Indeed, as the reactor volume
decreases, the graphs become wider and vice versa. Moreover, according
to Fig. 13 (b), the heat transfer by jacket is larger in the order of RFSR-1-
o RFSR-2-0 RFSR-2-i RFSR-1-i, which shows that the role of jacket
position is more important than that of reactor volume. In fact, when the
jacket is located on the outer surface, the reactor temperature can be

controlled better regardless of its volume. Besides, the heat transfer by
the jacket in AFSR-2 is smaller than those of RFSRs until L. = 0.5, while it
increases and becomes the largest at the end of the reactor.

As a whole, comparing CR, AFSRs and RFSRs demonstrates that the
highest COy conversions belong to RFSR-2-i and AFSR-2 (Xco2 =
53.891%, Xcoz2 = 53.763%), while the selectivity towards hydrocarbons
in these reactors are 40.286% and 40.330% as can be observed in
Table 4.

Indeed, the reaction occurs faster in AFSR-2 with respect to RFSR-2-i
(Fig. 13 (a)), while the net heat of reaction is approximately the same
(the maximum point in Fig. 13 (a)). It is noteworthy that, both of these
two reactors have the same lateral surface area with that of CR, which
results in larger volumes than that of CR. The AFSR-2 exhibited the
largest surface area and volume among other reactors. In addition, the
temperature increase in AFSR-2 is less than that of RFSRs, which is an
indication of better temperature control in the axial mode rather than
radial for this system. In the case of similar volumes, AFSR-1 cannot
provide a better performance, while RFSR-1-i and RFSR-1-o are able to
increase CO» hydrogenation performance with respect to CR and not
AFSR-2.

The pressure drop in all reactors are illustrated in Fig. 14, and it can
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Fig. 13. Comparison of a) reaction heat and b) heat transfer by jacket in RFSRs
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be observed that at the same operating conditions the spherical reactors
provide considerable lower pressure drop compared to that of CR [64]. It
can be attributed to the changes in cross sectional area, which results in
lower velocity and in turn, decreased pressure drop.

As a whole, mathematical modeling is a fast and effective tool to
study, analyze and estimate the performance of reactors in various
conditions without too many experiments, while provides a compre-
hensive understanding of important factors. However, innovative tech-
niques are yet required to enhance the efficiency of CO, hydrogenation
process, while reducing volumes and costs [65,66].
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5. Conclusions

Exploiting DA optimization algorithm, kinetic parameters of CO,
hydrogenations were estimated using the proposed pseudo-
homogeneous one-dimensional non-isothermal model. It was revealed
that, in contrast to the ABC algorithm, DA algorithm could predict the
conversion of the reactants with less than 4% error compared to
experimental data. In addition, the modeling results of CR were in great
accordance with the available literature data. The proposed model was
used to compare the influence of reactor configuration on the CO5 hy-
drogenation to hydrocarbons employing the estimated kinetic parame-
ters. Both axial and radial flow spherical reactors were investigated with
1- the same volume and 2- the same surface area with those of CR. In
addition, in RFSRs, two possibilities for jacket location i.e. i- inside and
o- outside, were considered. Comparing with CR, it was inferred that
spherical reactors could provide better CO3 hydrogenation performance.
It was concluded that, AFSR-2 and RFSR-2-i could provide the highest
performance in terms of COy conversion (Xco2 = 53.763%, Xco2 =
53.891%) and hydrocarbons selectivity (Syc = 40.330%, Syc =
40.286%). Moreover, the temperature increase in these reactors were
less than those observed in RFSRs. In RFSRs, temperature fluctuations
were better controlled via constant-temperature jacket in RFSR-1-0 and
RFSR-2-0, which was attributed to the importance of jacket location
(outer surface) regardless of reactor volume. In addition, results
revealed that spherical reactors provided considerably lower pressure
drop compared to that of CR.
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Fig. 14. Pressure profile in different reactors at Top = 300 °C, Py = 1 MPa and
SV = 2 L/gcar. h.

Table 4
Performance of modeled reactors in CO, hydrogenation to hydrocarbons.
CR AFSR-1 AFSR-2 RFSR-1-i RFSR-1-0 RFSR-2-i RFSR-2-0

XH, 37.001 37.748 55.359 42.358 40.89 55.412 55.183
XCO, 38.297 38.899 53.763 42.856 41.631 53.891 53.687
Sco 12.242 11.688 3.471 9.2845 10.099 3.7305 3.7825
SCH4 7.2391 7.3049 7.992 7.5998 7.4922 8.0308 8.0175
SC,Hy 8.2442 8.3018 9.0627 8.549 8.4631 9.0545 9.0479
SC,Hg 2.8001 2.8337 3.0993 2.9901 2.9305 3.1411 3.1317
SC3Hg 11.691 11.737 12.79 11.909 11.861 12.669 12.677
SC3Hg 3.3456 3.3791 3.695 3.5317 3.475 3.7236 3.7158
SC4Hg 2.3914 2.4048 2.646 2.4597 2.4424 2.629 2.6292
SC4H;0 0.94021 0.94577 1.0446 0.96863 0.96137 1.038 1.038
She 36.652 36.907 40.330 38.008 37.625 40.286 40.257
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Appendix A. Required correlations

Physical properties [19]

7MWP
Pe = RT
pp=(1—¢&)p,

Heat capacity [67]
Ns
C])g = Zyicpgj;
i=1

Cpgi
%:AO,JrAl,- XT+A2 X T>+A3; x T> + A4; x T*

Thermal conductivity [68]

ViK,
K= S
i=1 /:1y!'6'f
K B1,T?%
gi — W
T T1?
3 1.2
1 . Mw\ (T + S\ 12 T+S;
[ G-
4 w;) \Mw:) \T +5; (T+S:)
Sij =S/ SiS;
f= 1 nonpolar
*710.733  polar
- 79 for Hy only
terd T 1.5 x Tp;  for other components

Viscosity [68]

Vil i
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g AZ:I: Z‘?,:]yjqﬁ,j

= CLT™
6 = 4,
4G+
12 1472
Hei Mw;
-)°E)]
by = 12

(1 52)

Auxiliary equations
Heat transfer coefficient [69]

K,
hy = 0455 (2.58Re!Pr'l™ +0.094Re"*Pr?)
P
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Table A1

Constants for gas species corresponding to Eq. (A-3) [67].

Energy Conversion and Management 226 (2020) 113550

Components A0 Al x 1073 A2 x 107° A3 x 1078 A4 x 107 AHY(kJmol ™)
H, 2.883 3.681 —-0.772 0.692 -0.213 0
CO, 3.259 1.356 1.502 -2.374 1.056 —-393.51
co 3.912 —-3.913 1.182 -1.302 0.515 -110.53
CH,4 4.568 —-8.913 3.631 —3.407 1.091 —74.52
CoHy 4.221 -8.782 5.795 -6.729 2.511 52.5
CoHe 4178 —4.427 5.660 —6.651 2.487 —83.82
C3He 3.834 3.893 4.688 -6.013 2.283 20
CsHg 3.847 5.131 6.011 -7.893 3.079 —104.68
C4Hg 4.389 7.984 6.143 -8.197 3.165 —0.54
C4Hio 5.547 5.536 8.057 -10.571 4.134 —-125.79
H,0 4.395 —-4.186 1.405 0.157 0.632 —241.81
Table A2
Constants for gas species corresponding to Eq. (A-4) [68].
Components Bl B2 B3 B4 T (K)
H, 2.653 x 1072 0.7452 12 0 20.4
CO, 3.69 —0.3838 964 1.86 x 10° 194.7
co 5.988 x 104 0.6863 57.13 501.92 81.7
CH,4 8.398 x 10°° 1.4268 —49.654 0 111.7
CoHy 8.681 x 10°° 1.4559 299.72 —-2.940 x 10*  169.4
CoHe 7.387 x 107° 1.1689 500.73 0 184.5
C3He 4.49 x 107° 1.2018 421 0 225.4
CsHg -1.12 0.10972  -9834.6 —7.536 x 10°  231.1
C4Hg 9.681 x 10°° 1.1153 781.82 0 266.9
C4Hyo 5.109 x 1072 0.45253  5455.5 1.98 x 10° 272.7
H,0 6.204 x 10°° 1.3973 1.3973 0 373.2
-1
U L Ing (A-10)
=|—+ a -
T h 27K, L
-1
R;(z)
u. LA ( )ln’*‘,'@ (A-11)
= |- ax(2) 57 -
b Mk,
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— nsiae jacke 5
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He
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v « T « 101325
$ 7 TS0 757315 P
Enthalpy of reaction
T
AHy = AHY + / AC,dT (A-16)
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AHy :AH(;+R(AA0T+AA17+ AA2?+AA3Z+AA4? —1 (A-17)
To Ty Ty* T’
I:R(AA0T0+AA17+AA2 3 + AA;— 7 +AA4?O (A-18)
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AA =) A (A-19)

Appendix B. Dragonfly algorithm

Three main parts of the swarm’s behavior are separation, alignment and cohesion. The first one means avoiding the static collision between
dragonflies. The second shows the relative velocity of dragonflies, and the third is an indication of the tendency of each dragonfly to the center of the
population of dragonflies in the neighborhood. Survival is the main goal of each swarm; therefore, each dragonfly should turn away from enemies
while approaching to food. Accordingly, five parameters are used to update the position of each dragonfly. These behaviors can be modeled as follows
[52]:

Table A3

Constants for gas species corresponding to Eq. (A-7) [67].
Components C1 Cc2 C3 C4
H, 1.79 x 1077 0.685 -0.59 140
Cco 1.1127 x 10°° 0.5338 94.7 0
CO, 2.148 x 10°° 0.46 290 0
CHy4 5.2546 x 1077 0.59006 105.67 0
CoHy 2.0789 x 107° 0.4163 352.7 0
CoHg 2.5906 x 1077 0.67988 98.902 0
C3He 7.73919 x 1077 0.5423 263.73 0
C3Hg 4.9054e x 1078 0.90125 0 0
C4Hg 6.9744 x 1077 0.5462 305.25 0
C4Hyo 3.4387 x 10°® 0.94604 0 0
H,0 1.7096 x 10~ 1.1146 0 0

Separation, alignment and cohesion can be defined according to Eq. (B-1), Eq. (B-2), and Eq. (B-3).

Si=-Y X-X (B-1)
j=1
N
2V
A= (B-2)
X,
== _x B-
G N (B-3)

where N is the number of neighboring dragonflies, X is the position of one distinct dragonfly, X; is the position of j-th dragonfly in the neigh-
borhood, V; is the velocity of the j-th dragonfly.
Attraction to the food and distraction from enemies can be written as Eq. (B-4) and Eq. (B-5):

Fi=X"-X (B-4)

E =X —-X (B-5)

where X' and X~ are the positions of food and enemy. These five parameters are assumed to show the behavior of dragonflies. To update the
positions of dragonflies and simulating their behavior, AX is defined as step vector, which shows the movement directions and can be defined as
follows:

AX,y1 = (5S; +aA; + cCi +fF; + eE;) + wAX, (B-6)

X =X +AX (B-7)

Where s, q, ¢, f and e are separation weight, alignment weight, cohesion weight, food factor and enemy factor, respectively. While, w and t are
inertia weight and iteration counter, respectively., Various exploration and exploitation behaviors can be achieved during the optimization process
using these parameters. Since the neighbors of the dragonflies are very significant, a neighborhood with a definite radius is considered.

As described previously, dragonflies have static and dynamic swarms. In a dynamic swarm, they try to align with appropriate separation and
cohesion, while in static swarms they fly with low alignment and high cohesion to the preys. Consequently, in the exploring phase, the dragonflies are
assigned with high alignment and low cohesion weights in contrast to those of the exploitation phase. Increasing the radii of neighborhoods pro-
portional to the iteration number results in transition between these two phases. Another method is to tune the weights during the optimization
process to balance these phases.

The convergence can be guaranteed by adaptively changing the weights for the transition between exploration and exploitation. Besides, it is
assumed that for adjusting their path, dragonflies should see more neighbors as the optimization progresses. In fact, at the final optimization stage, to
converge the optimum, the area of neighborhood increases and makes the swarm as a group. The best and worst solutions are considered as food and
enemy.

A random walk (Lévy flight) is assumed to enhance the randomness, stochastic behavior and exploration phase when no neighboring solution can
be found. Therefore, the following relation can be used to update the position:

XHr] = Xr + LéVy(d) X Xt (B‘S)
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Lévy(x) = 0.01 x

rXo

|r2|%
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(B-9)

where d is the dimension of the position vector, r; and ry are two random numbers between 0 and 1, and ¢ can be estimated as follows:

(1 +p) x sin(%) v

T(1+p) x g x 27

I(x)=@x—1)!
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