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Abstract: Conventional methanol synthesis process (CR configuration) consists of water-cooled and
gas-cooled reactors in which methanol and water are condensed inside the gas-cooled reactor which
deactivates the catalyst. In this study, two novel configurations (AW and ACW configurations) are
represented to address this problem in which the gas-cooled reactor is replaced with adiabatic reactor.
Moreover, a condenser is applied between adiabatic and water-cooled reactors in ACW configuration.
Results show that temperature increases somewhat along the adiabatic reactor that prevents gas
condensate formation. Besides, the adiabatic reactor maximum temperature is less than that of
first reactor in CR configuration which prevents copper based catalyst thermal sintering. Moreover,
a high cross section-to-length ratio of the adiabatic reactor leads to negligible pressure drop along
the reactor and improvement in CO, conversion to methanol that has positive environmental effects.
Also, water mole fraction decreases along the reactors of AW and ACW configurations to prevent
the deactivation of catalyst active sites. Eventually, methanol production rates by AW and ACW
configurations are improved around 25.5% and 43.1% in comparison with CR configuration. So,
novel AW and ACW configurations provide many benefits including improvement in catalyst activity
and durability, CO; conversion, and the methanol production rate.

Keywords: methanol; gas condensate; catalyst lifetime; adiabatic reactor; gas-cooled reactor

1. Introduction

Energy is an integral part of everyone’s life. Fossil fuel is one of the most important sources of
energy which is a non-renewable source of energy. Nowadays, methanol is recommended as a fuel due
to its chemical and physical properties and also it can be applied as a favorable automotive fuel [1].
Methanol has received great attention due to its significant role in producing different materials
such as formaldehyde, acetic acid, dimethyl ether, and methyl formate and also in hydrogen storage
and transportation [2—6]. Accordingly, due to the economic value of methanol, any enhancement in
methanol production process to eliminate the problems of commercial methanol plants can bring
considerable benefits [7]. In industrial plants, a two-step process for methanol synthesis process
consists of two sections. The first section is production of syngas by utilizing reforming processes.
In the second section, syngas is converted to methanol which can be achieved by different method.
One of these methods is conventional dual type which consists of two reactors including gas-cooled
and water-cooled reactors which are shell and tube heat exchangers [8,9]. The water-cooled reactor tube
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and gas-cooled reactor shell are loaded with Cu/ZnO/Al, O3 catalyst which is the catalyst of methanol
synthesis reactions. At first, conversion of synthesis gas to methanol is accomplished partially in the
water-cooled reactor in isothermal coolant condition which is the first reactor. The product of the first
reactor, which encompasses methanol, enters the shell side of second downstream reactor that is the
gas-cooled reactor. There is not a cooling device between first and second reactor. Inside the gas-cooled
reactor, a syngas flow (i.e., water-cooled reactor (first reactor) feed) and reacting gas (i.e., the product
of the first reactor, methanol-containing stream) are thermally coupled. In this reactor, the reacting
gas and syngas go counter-currently through shell and tubes, respectively. Therefore, the reactant gas
temperature flowing inside gas-cooled reactor shell side decreases continuously to provide the driving
force for methanol production reaction [9]. However, it is observed that by the course of time, the shell
side temperature of the gas-cooled reactor decreases so that it reaches the dew point temperature
of methanol and water vapors. Thus, in the gas-cooled reactor, water and methanol are condensed
inside the shell side [7,9]. Gas condensate deactivates the catalyst of methanol synthesis which is not
beneficial from an economic perspective [10].

Many investigations focus on modeling of catalytic methanol synthesis reactor [7,11-17].
In summary, Elnashaie and Wagialla [18] studied methanol production by the fluidized-bed reactor.
Graaf et al. [19] modeled the reactor of methanol synthesis at low-pressure. They investigated
the effect of catalyst particle size on intra-particle diffusion limitations. Lovik [20] optimized the
methanol synthesis reactor by considering catalyst deactivation. Velardi and Barresi [21] studied the
enhancement of reactor efficiency by utilizing multiple autothermal methanol synthesis reactors.
With the aim of enhancing the efficiency of the methanol reactors, various arrangements are
introduced such as conventional double reactor [22], cascade membrane reactor [23], reactor consisting
hydrogen permselective membrane [24,25], double reactor with membrane [26-29], and fluidized-bed
reactor with membrane [30-32]. Rahimpour et al. [30] presented a process with two fluidized-bed
reactors in which membrane was applied for hydrogen permeation. The outcome of modeling
exhibited that this configuration enhances the yield of methanol production up to 9.53%. Moreover,
Rahimpour et al. [11,33] optimized the conventional methanol synthesis process with two reactors
which included membrane. In this regard, Rahimpour et al. [33] optimized a methanol synthesis
process with reactors that contained membrane. Also, they considered catalyst deactivation. Manenti et
al. [34] compared dynamic model and steady-state model for methanol synthesis. The results exhibited
that more details contribute to numerical stability of dynamic model. Also, Manenti et al. [35] studied
methanol synthesis process with two reactors from economic perspective. Bayat et al. [36] applied
genetic algorithm to model a methanol synthesis process which consisted of two reactors with the aim
of maximizing the production of methanol.

Mirvakili et al. [9] studied a drawback of the gas-cooled reactor in an industrial plant in which
gas was condensed. They applied real plant data to simulate the process. The results exhibited that
gas condensate forms near the bottom of this reactor. Also, in one other study, Mirvakili et al. [7]
developed a computational fluid dynamics (CFD) to simulate flow and temperature distributions
inside the gas-cooled reactor. The results showed that undesirable flow distribution inside this reactor
leads to non-uniform temperature distribution inside the shell side. It causes gas to condense inside
the reactor shell. Gas condensation including water and methanol deactivates the Cu/ZnO/Al,O3
catalyst and decreases the efficiency of the methanol synthesis reaction [10,37]. Because water reduces
active sites of this catalyst and causes catalyst deactivation [17,37—40]. Moreover, water is adsorbed
by alumina which is the hydrophilic component of the reaction catalyst and it has negative effect on
catalyst activity. [39]. So, it can impose considerable financial burden on petrochemical complexes.
As aresult, it is indispensable to find an alternative solution to improve the efficiency of this plant.

In fact, there are parameters which cause the sintering and deactivation of copper based
catalysts [41,42]. From the thermal sintering perspective, the main sintering mechanism in the bulk of
metal catalysts is vacancy diffusion that proposes a relevance with the cohesive energy. Hughes [43]
demonstrated that metals stability increase in the following order: Ag < Cu < Au<Pd <Fe <Ni <
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Co. <Pt <Rh < Ru <Ir < Os < Re. So, copper based catalysts have less resistance against the thermal
sintering in comparison with other mentioned metal based catalysts [42]. Moreover, it is exhibited
by the low Hiittig temperature of copper [44], that reverberates the low melting point of copper
(1063 °C) in comparison with that of other metals such as nickel (1455 °C) and iron (1535 °C) [42].
Consequently, the operating temperature of copper based catalysts should not exceed the 300 °C [42].
Also, at temperatures greater than 300 °C, ZnO crystallites grow which reinforces the sintering of
copper [45]. Recently, the structures of copper based catalysts encompass oxides including Al,O3
or CryOs to reduce the thermal sintering of the catalyst [42]. On the other hand, water produced
by the CO, hydrogenation to methanol reaction and reverse water gas shift reaction speeds up the
deactivation of catalyst active sites [40,46-50]. In fact, the number of deactivated sites increase by
formation of sintered copper active species, and copper with high concentration of adsorbed water [40].
As a result, the temperature and water vapor concentration are two important factors that affect the
performance of the copper based methanol synthesis reaction. So, reducing the temperature and water
vapor concentration along the methanol synthesis reactor can plays significant role in enhancing the
life time and activity of the copper based catalyst of the methanol synthesis reaction.

Besides, carbon dioxide is one of the greenhouse gases which causes negative environmental
impacts [51]. Also, the set of methanol synthesis reactions includes the hydrogenation of CO; to
valuable product of methanol. Therefore, it is beneficial from an environmental perspective to propose
new configurations to enhance the conversion of carbon dioxide to methanol as valuable product. So,
in the present investigation, two novel methanol synthesis configurations are proposed to improve the
catalyst activity, methanol production and the carbon dioxide conversion to methanol.

In the current research, the gas-cooled reactor is replaced with the adiabatic reactor in to improve
the methanol synthesis process efficiency and also eliminate the condensation of gas inside the
gas-cooled reactor that is an unfavorable phenomenon. For this purpose, the performance of three
different configurations have been simulated and compared. The conventional configuration comprises
gas-cooled and water-cooled reactors that are named CR configuration. The AW configuration
encompasses adiabatic reactor and water-cooled reactor. In this configuration, the syngas first is
injected to the adiabatic reactor and then the product of the adiabatic reactor enters the water-cooled
reactor. The third configuration is ACW configuration in which methanol and water components of
adiabatic reactor’s product are condensed partially before entering the water-cooled reactor. The profile
of temperature, pressure, rate of methanol production, conversion, and mole fraction of water are
calculated along the length of reactors, and the results are compared. Also, the configurations are
compared from energy consumption perspective, and finally the best configuration is introduced.

2. Results and Discussion

In this study, the performance of three configurations is investigated and compared from different
perspectives to eliminate the gas condensate formation and catalyst deactivation which are major
drawbacks in CR configuration. With this aim, different parameters are calculated inside reactors
by applying the mathematical modeling and modeling results of these three configurations have
been compared.

2.1. Reaction Scheme and Kinetics

Conversion of syngas to methanol consists of three reactions including conversion of CO; and

CO to methanol and reverse water gas shift reaction (RWGS). These three reactions are presented as
follows [39]

CO + 2H2 ¢ CH3OH. AH%g = —90.7 K] /molco 1)

CO2 + H2 < CO + H20.AHYg = +41.2 K] /molco, 2)
CO2 + 3H2 <+ CH30H + H20. AHYg = —49.5 KJ/molco, (3)
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The following kinetic model was used in the current study to estimate the kinetic of triple reaction
network of methanol synthesis. This model was introduced by Graaf et al. [52] for synthesis of
methanol by applying CuO/ZnO/ Al,O3 catalyst. The reaction kinetics are presented in the following

k1Kco {f cof; %2 - fCH3OH]

fl/ZK
= 1 Zz y Kn,0 @
(14 Kcofco +Kco, fco,) {fHé + ( K12 >sz0}
2

fr,0fco
k2Kco, | fco, fH, — =%
72 _ 2 |: 2 2 sz :| (5)

K
(14 Kcofco + Kco, fra) [f}{éz + <Klf§§)szo]
Hy

kK 3/2 _ fensonfHy0
sKco, {f co,f1, T

K
(14 Kcofco +Kco, fco,) {f H+ < Kﬁ'?g)f Hzo}
Hp

(6)

In these equations the fugacity of each component is shown by f. Table 1 shows adsorption
equilibrium constant, equilibrium constant, and rate constant.

Table 1. Methanol synthesis reactions constants [39].

Adsorption Equilibrium Constants

K =
Aexp < % ) A B
K
K (637 +£2.88) x 1079 84,000 - 1400
2
Kco (216 £0.44) x 107° 46,800 =+ 800
Kcoz (7.05+1.39) x 107 61,700 =+ 800
Rate Constants
k=Aexp (%) A B
kq (4.89 +0.029) x 107 —63,000 = 300
k> (9.64+7.30) x 101 —152,900 + 6800
ks (1.09 £0.07) x 10° —87,500 + 300
Equilibrium Constants
K, = 10(r%8) A B
Ky 5139 12.621
Ky 3066 10.592
Kp3 —2073 —2.029

2.2. Process Description

2.2.1. Conventional Methanol Synthesis Process with Two Reactors (CR Configuration)

Figure 1a demonstrates the schematic diagram of CR configuration. In this configuration, there are
two reactors which are heat exchangers with shell and tube [9]. The methanol synthesis reaction is
performed over CuO/Zn0O/Al,Os catalyst. In this configuration, the gas-cooled reactor shell and
water-cooled reactor tubes are loaded with catalyst. In the first step, syngas enters the water-cooled
reactor as the first reactor to convert to methanol partially. The water-cooled reactor product is
introduced to the gas-cooled reactor as the second reactor for further conversion. In the gas-cooled
reactor, reacting gas passes through shell countercurrent to syngas flowing through shell [9]. Therefore,
the temperature along the catalyst bed of shell decreases to retain the driving force of reaction over the
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length of the catalyst bed. Also, due to the heat transfer from the reacting gas to the syngas, the syngas
is heated before entering the first reactor. The methanol conversion in the second reactor is less than
that of the first reactor. Consequently, the temperature of the gas-cooled reactor is less than that of the
water-cooled reactor, so the catalyst is mainly deactivated the gas-cooled reactor due to methanol and
water condensation [9]. The operating conditions, reactor, and catalyst characterizations and plant
inlet data are presented in Tables 2 and 3.

The second reactor The first reactor
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Figure 1. The schematic diagram of (a) CR configuration [9];

and (c) ACW configuration.

(b) AW configuration;

Table 2. The conditions and specification of reactors and catalyst of conventional methanol synthesis
process with two reactors (CR configuration).

Water-Cooled Reactor Gas-Cooled Reactor

Parameters
Values Values
Shell diameter (m) 45 5.5
Tube diameter (m) 0.038 0.0254
Reactor length (m) 8.4 10.5
Particle diameter (m) 0.0057 0.0057
Catalyst bed density (kg/ m?) 1140 1140
Bed void fraction 0.39 0.39
Number of tubes 5955 3026
Molar flow of feed in each tube (mol/s) 1.5 -
Input shell side pressure (bar) - 718
Input tube side pressure (bar) 75 76.98
Temperature of the shell side (K) 513 -
Mass flow rate of the shell side (kg/h) 151,437 -
Feed Composition (Mole Basis) Values
H, 0.6334
CH, 0.1006
CO, 0.0832
H,O 0.00039
N, 0.093
CH3;0OH 0.0049
CcO 0.085
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Table 3. Industrial plant input data of conventional methanol synthesis process with two reactor
(CR configuration) [9].

Feed Conditions Values

Feed mole fraction

CO 0.0868

CO, 0.0849

H, 0.6461

CH,4 0.0947

N 0.0847

H,O 0.001

CH3;0OH 0.0037
Input temperature (K) 401
Molar flow of feed in each tube (mol/s) 1.8
Feed input pressure (bar) 76

2.2.2. AW Configuration

Figure 1b demonstrates the schematic diagram of AW configuration. The AW configuration
consists of two reactors including adiabatic reactor and water-cooled reactor. The reaction of methanol
synthesis is carried out over CuO/Zn0O/Al,O3 catalyst. In this configuration, the water-cooled reactor
tubes are loaded with catalyst. In the first step, syngas enters the first reactor which is the adiabatic
reactor. The catalyst bed of adiabatic reactor has a high cross section-to-depth ratio so that the gas
pressure drop along the length of the catalyst bed is less than 0.5 bar (see Section 6.2). Due to the
exothermic feature of methanol synthesis reaction, the temperature of the gas flowing inside the
adiabatic reactor increases somewhat as it is passing along the catalyst bed. Then, the product of
the adiabatic reactor that contains methanol is introduced into the water-cooled reactor that is the
second reactor. In the water-cooled reactor, reacting gas passes through tubes countercurrent to water
which is flowing through the shell. Therefore, heat is transmitted from the reaction side to water in the
shell to retain the driving force of reaction over the length of the catalyst bed. A benefit associated
with the present novel configuration is that temperature increase along the length of adiabatic reactor
prevents water and methanol condensation inside this reactor. Therefore, catalyst lifetime of this
novel configuration is higher than that of conventional methanol synthesis configuration. A further
advantage of AW configuration is that high cross section-to-length ratio of adiabatic reactor catalyst bed
facilitates the heat transfer from the catalyst at the bottom of the bed to relatively cooler catalyst located
at the catalyst bed surface. So, an increase in the average temperature of adiabatic reactor catalyst bed
enhances the reaction rate [53]. The operating conditions, reactor, and catalyst specifications in AW
configuration are represented in Table 4.

Table 4. The operating conditions and specification of reactors and catalyst of AW configuration.

Adiabatic Reactor Water-Cooled Reactor
Parameters
Values Values
Shell diameter (m) - 45
Tube diameter (m) - 0.038
Reactor diameter (m) 5.5 -
Reactor length (m) 2.6 8.4
Particle diameter (m) 0.0057 0.0057
Catalyst bed density (kg/m?3) 1140 1140
Bed void fraction 0.39 0.39
Number of tubes - 5955
Rate of feed stream (mol/s) 17,865 -

Input pressure (bar) 75 -
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Table 4. Cont.

Adiabatic Reactor Water-Cooled Reactor
Parameters
Values Values
Input temperature (K) 513 -
Input tube side pressure (bar) - 74.64
Input shell side temperature (K) - 513
Mass flow rate of the shell side (kg/h) - 151,437
Feed Composition (Mole Basis) Values
H, 0.6334
CH,4 0.1006
CO, 0.0832
HyO 0.00039
N, 0.093
CH;0H 0.0049
CcO 0.085

2.2.3. ACW Configuration

Figure 1c shows the schematic diagram of ACW configuration. The reactors and catalyst of
this configuration are same as AW configuration. At first, syngas enters the first reactor which is
the adiabatic reactor, with a high cross-section to depth ratio. The temperature of the gas flowing
inside the adiabatic reactor increases because of the exothermic feature of methanol synthesis reaction.
The product of the first reactor is driven to the condenser and separator, respectively, to separate
a part of water and methanol. The temperature of flow leaving the condenser is increased by the
heater to reach the temperature that is indispensable for starting the methanol synthesis reaction in
the water-cooled reactor. For further syngas conversion to methanol, flow leaving the heater is routed
to the water-cooled reactor. A benefit associated with ACW configuration is that separating a part of
methanol and water by condenser improves the driving force of methanol synthesis reaction toward
the product in the water-cooled reactor. The operating conditions and specification of the water-cooled
reactor, adiabatic reactor, and condenser are presented in Tables 5-7.

Table 5. The operating conditions and specification of the water-cooled reactor of ACW configuration.

Parameters Values

Shell diameter (m) 45
Tube diameter (m) 0.038

Reactor length (m) 8.4
Number of tubes 5955

Molar flow of feed in each tube
1.34
(mol/s)

Input tube side pressure (bar) 74.24
Input tube side temperature (K) 534.4
Temperature of the shell side (K) 513

Mass flow rate of the shell side (kg/h) 151,437
Feed Mole Fraction Values

H, 0.5871

CH,4 0.1119

CO, 0.0632

H,O 0.0020

N, 0.1036

CH;OH 0.0568

CO 0.0754
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Table 6. The operating conditions and specification of adiabatic reactor of ACW configuration.

Parameters Values
Reactor diamaeter (m) 55
Reactor length (m) 2.6
Rate of feed stream (mol/s) 17,865
Input pressure (bar) 75
Input temperature (K) 513
Feed Mole Fraction Values
H, 0.6334
CH,4 0.1006
CO, 0.0832
H,O 0.00039
N, 0.093
CH;0H 0.0049
CO 0.085

Table 7. Molar flow rates and compositions of inlet flow, outlet flows, and energy requirement of
condenser in ACW configuration.

Parameters Inlet Flow Outlet Flow (Vapor Phase)  Outlet Flow (Liquid Phase)
Molar flow (mol/s) 17,217 15,955 1260
Component Mole Fraction Mole Fraction Mole Fraction
CH3;O0H 0.1185 0.0568 0.8988
CO, 0.0598 0.0632 0.0173
Cco 0.0700 0.0754 0.0016
H,O 0.0067 0.0020 0.0652
H, 0.5445 0.5871 0.0054
Np 0.0962 0.1036 0.0037
CHy 0.1043 0.1119 0.0080
Condenser Duty (K]/s) 138,861

2.3. Mathematical Model

2.3.1. Reactor Model

In the current investigation, a homogeneous model is considered in one-dimension to calculate
the components molar flow and temperature along the length of reactors of proposed configurations.
This model was proposed by Rezaie et al. [54] in which exterior mass transfer is eliminated, and the
calculations are performed by temperature and concentration of the gas flow. In fact, gas and solid
phase behaviors which are in contact with each other are very close inside the reactor. Therefore,
applying this model can reduce the level of computations without significant reduction in accuracy [54].
In the proposed model, the following assumptions are considered: it is assumed that the gas phase
is the ideal gas, the steady-state condition is established during the process, mass and heat diffusion
in axial direction are ignored, due to the insignificant heat dissipation, radial temperature change
is negligible, also the mass transfer in radial direction is not significant (one-dimensional model),
the porosity of bed is constant in radial and axial directions, and the flow pattern inside the reactor is
considered laminar plug flow [9,39]. Energy balance and mole balances were achieved by considering
a differential element in axial direction. Regarding mentioned presumptions, the reaction side material
balance of water-cooled, gas-cooled, and adiabatic reactors are represented as

1 dF
- ET; + ;Uvi.j”jpb =0 @)
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In which i and j are the numerator of component and reaction, respectively, p, is the density of
catalyst bed, r; is the reaction rate of component i, A is the cross section area of reaction side, v;; is the
coefficient of each component (i) in each reaction (j), and the effectiveness factor (1) is computed by
model of dusty gas [55].

The following equation shows the reaction side energy balance of water-cooled and gas-cooled
reactors of CR configuration

Cpd nD;
- P o () T (P - ) ®

In which C,, is the heat capacity of the gas phase, T exhibits the temperature of the reaction
side, T and T" displays the temperature of the shell side and the tube side and AH; displays
the heat change of the reaction. It should be mentioned that in the gas-cooled reactor the reaction is
accomplished in the shell side and syngas is passing through the tube side in order to absorb heat
from the shell side. The reaction does not occur in gas-cooled reactor tubes, so the molar flow rate is
constant in tubes of this reactor. On the other hand, the reaction side of the water-cooled reactor is the
tube side and the temperature along the shell side of this reactor is constant at 513 K.

The energy balance inside the adiabatic reactor of AW and ACW configurations is expressed as

Cp d(ET) _
i +pb]2nr,.](—AHf.i) =0 ©)

The energy balance of the water-cooled reactor of AW and ACW configurations is same as
Equation (8).

The pressure drop along reactors of CR, AW and ACW configurations is calculated by
Ergun equation

dp (1—e) pug (1—¢) gp
Fr 15037[12 + 1. 75T (10)

The following initial conditions are used to solve the set of developed equations for each of the
CR, AW, and ACW configurations

z=0P=P T=Tyyi=vypii=1-2—...—N (11)

Therefore, mentioned differential-algebraic equations (DAE) are coupled with reaction rates,
transport properties, and other auxiliary equations to model the methanol reactors. This set
of equations are solved by applying a backward finite difference approximation in MATLAB
programming environment.

2.3.2. Thermodynamic Model

Dew Point Calculation

Dew point is the condition that the first droplet is condensed [9]. At this point the following
relationship is established

sz =) (vi/Ki) = (12)

In which K; is the K value of each component. Therefore, the dew point temperature can be
calculated at each point of the reactor so that the above-mentioned equation is equal to unity at that
temperature. For this purpose, the K value of each component at each temperature is calculated by
the following procedure. It should be mentioned that liquid and gas phases are in equilibrium at dew
point. Regarding the thermodynamic concepts, the fugacity in liquid and gas phases are equal for each
component [39]
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L =vig} = x;9} = f] (13)

In which the subscript 7 is the numerator of each component. Also, liquid and vapor phases are
shown respectively with [ and v superscripts. Fugacity coefficient is shown by ¢ and fugacity is shown
by f. Gas and liquid phases molar compositions are indicated by y and x, respectively. Therefore, the k
value (gas to liquids mole fraction ratio) can be calculated as [39]

1
_Yi_ 9
K,_xi b (14)

The modified Soave-Redlich—-Kwong (SRK) equation of state is applied to calculate the fugacity
coefficient of each phase [39]

¢i=exp<é(Z—l)—qln<Z;3) —1H(Z—B)> (15)
b=) ybi (16)

a=) Y viyi(1—kyj) /aia; (17)
i

P
B:biRT (18)
a
1= pRT (19
2y yi(1— ki) Jaia .
q_q( (u( : i) ) _Z) (20)

where R, Z, and T are respectively the gas constant, compressibility factor and temperature. b and a
are the pure gas phase parameters (calculated by using [39,56-58]) and k; is the binary interaction
coefficient (presented in [20,39]). In order to calculate the fugacity of liquid and gas phases, the liquid
and gas phase compressibility factors should be replaced in Equation (15), respectively. The following
equations are applied to calculate the liquid and gas phases compressibility factor [59]

14+B—2Z
7, = B+7/(Z +B) <+ l) 1)
qB
- B Z,—B
Z,=1+B qB((Zv+B)Zv) 22)

A solution method of two abovementioned equations is trial and error. So, the best first guesses
for Z; and Z, are B and 1, respectively [59].

Flash Calculation

In this research, the flash calculation approach is applied for modeling the separator in the process
in which thermodynamic equilibrium state is established between liquid and gas phases. Therefore,
the vapor fraction and liquid and gas phases composition are estimated by this method at the inlet
composition of the gas stream to the separator and at the temperature and pressure that gas stream
is supposed to be cooled until that temperature and pressure. The fundamental equation of flash
calculation approach is [9]

Zi

= 23
1+mec(Ki_1> *

Xi
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In which K value of each component is calculated by applying Equations (14) to (22) at the
temperature and pressure that gas stream is supposed to be cooled until that temperature and pressure.
z; is the composition of the inlet gas stream to the separator and x; is the composition of the liquid
phase which is formed inside the separator. The parameter of Vj,, is the vapor fraction which is
unknown. In order to calculate this parameter, the following summations can be applied [9]

in =1 (24)

ZKixi = Zyi =1 (25)

The result of these summations is the Rachford—Rice equation which is the most suitable equation
for flash calculations to obtain the Vi, [9]. It is easy to solve it numerically. This equation is
represented as

Z zi(Ki — 1)
i 1+V mc(Ki - 1)

=0 (26)

2.4. Model Validation

With the aim of validating the precision of proposed model, the modeling outcome of CR
configuration is compared with industrial plant data [9]. As it is shown in Table 8, there is a good
agreement between the plant data and the modeling outcome. So, the introduced model was successful
to simulate the industrial condition.

Table 8. Comparison between the outcome of the model and industrial data of CR configuration.

Model Industrial Data Error %
Parameters
Reactor Outlet Reactor Inlet Reactor Outlet
Temperature (K) 493.43 401 495 0.31
Mole Fraction
CH;0H 0.1062 0.0037 0.104 2.14
CO, 0.0815 0.0849 0.0709 14.89
CcO 0.0227 0.0868 0.0251 —-9.42
H,O 0.0204 0.001 0.0234 —12.70
H, 0.5572 0.6461 0.5519 0.96
N> 0.1009 0.0828 0.1107 —8.81
CH, 0.1133 0.0947 0.114 —0.64

2.5. Comparison between Temperature Profiles of CR, AW, and ACW Configurations

Figure 2a shows the temperature profile along the reactors of CR configuration. At first,
the temperature along the length of water-cooled reactor increases due to the exothermic reaction
of methanol synthesis and then the temperature decreases because of the heat transfer between the
reaction side and water in the shell side. The average temperature of the gas-cooled reactor is less than
that of the water-cooled reactor. For this reason, water and methanol are condensed near the bottom
of the gas-cooled reactor which decreases the catalyst lifetime [10,37]. Since the catalyst of reaction
includes Cu and ZnO, water reinforces the rate of crystallization of these two components which
reduces the catalyst active sites and consequently deactivates the catalyst [17,37-39]. Moreover, water is
adsorbed by alumina which is the hydrophilic component of the reaction catalyst and deactivates the
catalyst [39]. Therefore, the formation of gas condensate inside this reactor is a major drawback of CR
configuration which deactivates the methanol synthesis catalyst and reduces the methanol production
efficiency. In Figure 2b, the temperature profile along the reactors of AW and ACW are compared.
Since the cooling flow is not applied inside the adiabatic reactor in these two proposed configurations,
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the temperature increases along the length of this reactor and also the minimum temperature inside
the adiabatic reactor is greater than that of the gas-cooled reactor. Consequently, the gas condensate is
not formed inside adiabatic reactor which results in increasing the catalyst lifetime in comparison with
the gas-cooled reactor. A further advantage of AW configuration is that high cross section-to-length
ratio of adiabatic reactor catalyst bed facilitates the heat transfer from the catalyst at the bottom of
the bed to relatively cooler catalyst located at the surface of the catalyst bed. So, the high average
temperature of adiabatic reactor catalyst bed and also temperature increase along this reactor enhance
the reaction rate [53]. Therefore, the methanol production efficiency of AW and ACW configurations is
greater than that of CR configuration. Furthermore, the temperature along the water-cooled reactor
of ACW configuration is greater than that of AW configuration. Because, in ACW configuration,
a part of methanol and water leaving the adiabatic reactor is condensed and separated before entering
the water-cooled reactor that increases the reaction driving force inside the water-cooled reactor to
produce more methanol and consequently heat. Also, the flow rate of gas passing thru the tubes
of the water-cooled reactor in ACW configuration is less than that of AW configuration. For these
reasons, the average temperature inside the water-cooled reactor of ACW configuration is greater in
comparison with AW configuration.

Due to the equilibrium feature of reactions (1) and (3), the excessive increase in temperature
of reaction side directs reactions (1) and (3) towards the reactants. Also, regarding to the point
that copper based catalyst are susceptible to higher temperature, so excessive temperature increase
leads to the thermal sintering and deactivation of the methanol synthesis catalyst [42]. Therefore,
the length of adiabatic reactor catalyst bed is attended and optimized to 2.6 m in order to control
the temperature increase along the length of catalyst bed. So, the other benefit associated with the
novel AW configuration is that the maximum temperature of the gas flowing inside adiabatic and
water-cooled reactors of AW configuration is less than that of water-cooled and gas-cooled reactors in
CR configuration. Therefore, since the high temperature of reaction side leads to the copper-based
catalyst thermal sintering and reduction in the catalyst activity and durability, replacing the gas-cooled
reactor with the adiabatic one results in preventing the methanol synthesis catalyst from deactivation
and improving the catalyst lifetime.
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Figure 2. Cont.
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Figure 2. Temperature profile along reactors in (a) CR configuration; and (b) AW and
ACW configurations.

As it is mentioned, the cooling flow is not used in the adiabatic reactor and consequently the
temperature increases along this reactor. Accordingly, methanol and water are not condensed inside
the adiabatic reactor. Therefore, the dew point temperature is only calculated along the length of the
water-cooled reactor and the results are compared with temperature profile along this reactor in AW
and ACW configurations (see Figure 3a,b). As it is exhibited, the temperature along the water-cooled
reactor is greater than the corresponding dew point temperature at each point of the reactor. So,
the gas condensate is not formed inside the water-cooled reactor. Also, the comparison between AW
and ACW configurations shows that the difference between dew point temperature and temperature
along the reactor in ACW configuration is greater in comparison with AW configuration. Because
separating a part of methanol and water leaving the adiabatic reactor before entering water-cooled
reactor leads to a reduction in the dew point temperature inside the water-cooled reactor in ACW
configuration. Moreover, dew point temperature increases along the water-cooled reactor in AW and
ACW configurations due to increase in methanol mole flow along the reactor. Furthermore, increase
in the dew point temperature of the water-cooled reactor in ACW configuration is greater than that
of AW configuration. Because separating a part of methanol and water before entering water-cooled
reactor leads to increase in driving force of methanol production and the dew point temperature along
the water-cooled reactor in ACW configuration.

2.6. Comparison between Pressure Profiles of CR, AW, and ACW Configurations

The pressure drop along the reactors in CR, AW, and ACW are shown in Figure 4a,b. As it
is exhibited in Figure 4b, the pressure drop along the adiabatic reactor in both AW and ACW
configurations is around 0.35 bar which is less than pressure drop along the gas-cooled reactor.
Moreover, the total pressure drop in CR, AW and ACW configurations are 4.8, 4, and 3.5 bar,
respectively. So, AW and ACW configurations have less pressure drop in comparison with CR
configuration which has a significant effect on reducing the operating cost. Furthermore, because the
stoichiometric coefficients of gas reactants in reactions (1) and (3) are greater than that of products,
so greater pressure along the reactors of AW and ACW configurations in comparison with CR
configuration leads to improvement in driving force of equilibrium reactions (1) and (3) towards
the product to produce more methanol.
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In addition, the pressure drop along the water-cooled reactor in AW configuration is greater

than that of ACW configuration due to the greater total molar flow of gas inside the water-cooled
reactor in AW configuration in comparison with that of ACW configuration. Furthermore, the inlet
flow pressure of water-cooled reactor in ACW configuration is less than that of AW configuration,
because flow leaving the adiabatic reactor in ACW configuration is routed to a condenser, separator,
and heater, respectively, which leads to a reduction of flow pressure before entering water-cooled

reactor in comparison with AW configuration.
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Figure 3. Comparison between temperature profile and dew point temperature along the water-cooled

reactor in (a) AW configuration; and (b) ACW configuration.
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Figure 4. Pressure profile along reactors in (a) CR configuration; and (b) AW and ACW configurations.

2.7. Comparison between Molar Flow Rate of Methanol in CR, AW, and ACW Configurations

As it is shown in Figure 5a—c, molar flow rate of methanol improves consistently as the syngas
is flowing through the catalyst bed of the reactors. In comparison between CR, AW, and ACW
configurations, the methanol molar flow which is produced by AW and ACW configuration is
greater than that of CR configuration. In fact, AW and ACW configurations improve the methanol
production rate around 25.5% and 43.1% in comparison with CR configuration, respectively. Because
the temperature increase along the length of adiabatic reactor catalyst bed enhances the rate of methanol
synthesis reaction. The other benefit associated with AW and ACW configuration is that high cross
section-to-length ratio of adiabatic reactor catalyst bed facilitates the heat transfer from the catalyst
at the bottom of the bed to relatively cooler catalyst located at the catalyst bed surface. Accordingly,
increase in the average temperature of the catalyst bed is followed by increasing the reaction rate [53].
Furthermore, the low pressure drop along the adiabatic reactor catalyst bed directs reactions (1) and
(3) towards the product. On the other hand, the reactions of (1) and (3) are exothermic reactions, so the
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excessive temperature increase along the length of catalyst bed leads the reverse reactions of (1) and (3)
to take place to convert the methanol to the reactants and absorb heat from the reaction side. For this
reason, the length of the adiabatic catalyst bed is optimized around 2.6 m to prevent the reverse reaction
of methanol synthesis. In comparison between AW and ACW configurations in Figure 5b, the methanol
production efficiency of ACW configuration is greater than that of AW configuration. The reason is
that methanol and water separation from the flow of gas before entering the water-cooled reactor
enhances the driving force of reactions (1) and (3) towards the product. Consequently, the methanol
production rate by ACW configuration is greater than that of AW configuration.
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Figure 5. Methanol molar flow rate along reactors in (a) CR configuration; and (b) AW and
ACW configurations.

2.8. Comparison of Hy, CO, and CO, Conwversions between CR, AW, and ACW Configurations

The conversion of Hy, CO, and CO; along the reactors of CR, AW, and ACW configurations are
exhibited in Figures 6-8. The H;, CO, and CO; conversions are calculated by applying Equations
(27)—(29), respectively, which are mentioned in the following. It is shown in Figure 6a,b that Hp
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conversions increases continuously along the reactors catalyst bed. Moreover, comparison of Hj
conversion between CR, AW, and ACW configurations demonstrates that conversion of this component
along the adiabatic reactor of AW and ACW configurations is less than that of water-cooled reactor in
CR configuration. Because the temperature increase along water-cooled reactor in CR configuration
is greater than that of adiabatic reactor, also the reaction (2) is endothermic reaction. So, greater
temperature increase along water-cooled reactor in CR configuration in comparison with that of
adiabatic reactor in AW and ACW configuration reinforces the driving force of reaction (2) to convert
more Hj to the product. Consequently, the H, conversion in CR configuration is greater than that
of AW and ACW configurations. Figure 6b exhibits that Hy conversion of ACW configuration is
greater than that of AW configuration due to the separation of methanol and water partially before the
water-cooled reactor in ACW configuration which leads to increase in conversion of H, to methanol.

It is shown in Figures 7 and 8 that CO and CO, conversions increase as the syngas is passing
through the catalyst bed of reactors. Also, it is exhibited that the CO and CO; conversions in ACW
configuration are greater than that of AW configuration due to the reason mentioned previously.
The comparison between Figure 7a,b shows that CO conversion along the first reactor (adiabatic
reactor) of AW and ACW configurations is less than that of the first reactor (water-cooled reactor) in
CR configuration. While, in the Figure 8a,b, it is demonstrated that CO, conversion of adiabatic reactor
(first reactor) in AW and ACW configuration is greater than the water-cooled reactor (first reactor) in
CR configuration. Regarding the stoichiometric coefficients of reactions (1) and (3), gas reactants
stoichiometric coefficients of CO hydrogenation reaction (reaction (1)) is less than that of CO,
hydrogenation reaction (reaction (3)). Also, due to the small pressure drop along the adiabatic reactor,
the pressure along this reactor is greater than that of the water-cooled reactor in CR configuration.
According to the equilibrium reaction law, at high pressure, the driving force of the reaction that
has greater gas reactants stoichiometric coefficients (reaction (3)) is greater than that of the reaction
with smaller gas reactants stoichiometric coefficients (reaction (1)). Therefore, the CO, conversion
to methanol of AW and ACW configurations is greater than that of CR configuration, while the CO
conversion to methanol of AW and ACW configurations is less than that of CR configuration.

. FHZ. in — FHZ. out

Hj conversion (%) = — g X 100 (27)
Hz. in

Fco i — F
CO. in CO. out % 100 (28)
Fco. in

CO conversion (%) =

F in — F
CO, conversion (%) = —=22-in — €02 0ut 14 (29)

Fco,. in

2.9. Comparison of HyO Mole Fraction between CR, AW, and ACW Configurations

It is exhibited in Figure 9a,b that the mole fraction of water along the reactors of AW and ACW
configurations is less than that of CR configuration. Since the H; conversion in AW and ACW
configurations is less than that of CR configuration due to the reasons mentioned before, so less water
is produced by reaction (2) in AW and ACW configuration, consequently, the water mole of these
two configurations is less than that of CR configuration. It should be mentioned that water mole fraction
at the inlet of the water-cooled reactor in ACW configuration is less than that of AW configuration
because of separating a part of methanol and water between adiabatic and water-cooled reactor.
Moreover, increase in mole fraction of water along the water-cooled reactor in ACW configuration is
greater than that of AW configuration due to the water and methanol separation before the water-cooled
reactor which increases the driving force of methanol synthesis reactions towards the product including
water (see Figure 9b). Since the catalyst of reaction includes Cu and ZnO, water reinforces the rate
of crystallization of these two components which reduces the catalyst active sites and consequently
deactivates the catalyst [17,38,39]. Moreover, water is adsorbed by alumina which is the hydrophilic
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component of the reaction catalyst and deactivates the catalyst [39]. Because water vapor causes
the deactivation of the copper based catalyst and reduces active sites of the catalyst [10,17,37-40],
the durability and activity of the copper based methanol synthesis catalyst is improved by AW and
ACW configurations in which the gas-cooled reactor is replaced with the adiabatic reactor.
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Figure 6. H) conversion along reactors in (a) CR configuration; and (b) AW and ACW configurations.
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Figure 7. CO conversion along reactors in (a) CR configuration; and (b) AW and ACW configurations.

2.10. Energy Requirement and Methanol Molar Flow Rate Comparison between CR, AW, and ACW

Configurations

Methanol molar flow rates of ACW, AW, and CR configurations are compared in Figure 10. It is
obtained from this figure that ACW and AW configurations improve the methanol production rate
around 43.1% and 25.5% in comparison with CR configuration, respectively. Although, the energy

requirements of AW and ACW configurations are also greater than that of CR configuration
(see Figure 11). Because more methanol produced by these two configurations requires more energy for
condensation at the end of the process. Also, it is demonstrated in Figure 11 that ACW configuration has
the greatest energy consumption in comparison with two other configurations due to the condenser and
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heater being applied before the water-cooled reactor. The schematic diagram of energy consumption
by heater and condenser in CR, AW, and ACW configurations are shown in Figure 12a—c. However,
ACW configuration produces the greatest amount of methanol molar flow, but it also requires the
greatest amount of energy.
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Figure 8. CO, conversion along reactors in (a) CR configuration; and (b) AC and ACW configurations.
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3. Conclusions

The condensation of gas inside the gas-cooled reactor in conventional two-stage methanol
synthesis process (CR configuration) causes the catalyst deactivation [9,10,17,37-40]. So, in the
current study, novel AW and ACW configurations are represented in which the gas-cooled reactor
is replaced with the adiabatic reactor. Moreover, a condenser is applied between adiabatic and
water-cooled reactors in ACW configuration. Results show that temperature increases along the
adiabatic reactor that prevents methanol and water condensation and also improves the reaction
rate inside this reactor. Besides, the adiabatic reactor maximum temperature is less than that of
the first reactor in CR configuration which prevents copper based catalyst thermal sintering [42].
The pressure drop along the adiabatic reactor is small due to the high cross section-to-length ratio of
this reactor [53]. Consequently, the high pressure along the adiabatic reactor catalyst bed improves the
driving force of CO, hydrogenation to methanol reaction which has positive environmental effects.
Therefore, the methanol mole flow rate produced by AW and ACW configurations increase around
25.5% and 43.1%, respectively, in comparison with CR configuration. Methanol production by ACW
configuration is greater than that of AW configuration due to partial condensation and separation
of water and methanol from the flow before entering the water-cooled reactor which increases the
methanol synthesis reaction driving force. Furthermore, the water mole fraction along the catalyst
bed of reactors in AW and ACW configurations is less than that of CR configuration. Given that water
vapor causes catalyst deactivation and reduces active sites of the catalyst [10,17,37-40], so, the less
water mole fraction along the reactors of AW and ACW configurations leads to the improvement in
catalyst activity and life time. From the energy perspective, the order of energy requirement by these
three configurations is as following ACW > AW > CR. Eventually, novel AW and ACW configurations
can provide many benefits including eliminating the gas condensate formation, improvement in the
catalyst lifetime and activity, CO, conversion, and the methanol production rate.
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Nomenclatures

A reaction side cross-section (m?)

E; activation energy of reaction (k] kmol 1)

Cp specific heat of gas (J mol~! K~1)

dp diameter of particle (m)

fi fugacity (Pa)

F; total molar flow rate (mol s—1)

F; the component’s molar flow rate (mol s7h
AHy; component (i) formation enthalpy (J mol 1)

k; reaction rate coefficient (mol kg‘1 s~ bar~1/2)
K; adsorption equilibrium constant (bar 1)

K; k value

Kyi constant of equilibrium

L length of reactor (m)

P total pressure (Pa)

R universal gas constant (J mol~ 1 K1)

7 rate of reaction (mol kg’1 s7h

u overall heat transfer coefficient between two sides (W m~2 K~1)
Virac vapor fraction

temperature (K)
Ug gas velocity (m s~1)
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X component mole fraction in the liquid phase
Yi component mole fraction in the gas phase

z axial reactor coordinate (m)

Z compressibility factor

Greek letter

AH heat of reaction (J mol~1)

Vij component stoichiometric coefficient in each reaction
€ void fraction of bed

¢ fugacity coefficient

U viscosity (Pa s)

0 gas phase density (kg m~3)

Ob catalyst bed density (kg m3)

n effectiveness factor of catalyst

Subscript and Superscripts

1

indicator of component

j indicator of reaction
0 inlet condition
v vapor phase
I liquid phase
in bulk of gas phase
Abbreviations
CFD computational fluid dynamics
CR conventional methanol synthesis reactor
AW name of the proposed configuration

ACW  name of the proposed configuration

RWGS  reverse water gas shift reaction

DAE

differential-algebraic equations
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