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Abstract — In view of the analysis of the phenomena and the prediction of the performance, mathematical modelling
and simulation of a high temperature pilot reactor for water gas shift reaction (WGSR) has been carried out. Multiscale
simulation incorporated computational fluid dynamics (CFD) technique, which has the capability to deal with the reac-
tor shape, fluid and energy transport with extensive degree of accuracy, and process modeling technique, which, in turn
is responsible for reaction kinetics and mass transport. This research employed multiscale simulation and the results
were compared with those from process simulation. From multiscale simulation, the maximum conversion of was pre-
dicted approximately 0.85 and the maximum temperature at the reactor was calculated 720 K, resulting from the heat of
reaction. Dynamic simulation was also performed for the time transient profile of temperature, conversion, etc. Consid-
ering the results, it is concluded that multiscale simulation is a safe and accurate technique to predict reactor behaviors,
and consequently will be available for the design of commercial size chemical reactors as well as other commercial unit
operations.
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Fig. 1. Schematic of WGSR reactor.
Table 1. Dimensions of WGSR reactor
Parameters Value Unit
L, 0.15 [m]
L, 0.6 [m]
L, 1.2 [m]
L, 0.23 [m]
Ls 0.15 [m]
L 0.21 [m]
L, 0.45 [m]
Lg 0.21 [m]
Ly 0.012 [m]

T2REg7]2] FulE, copper-based FHHl= 200~250 °CollA] 2 F]
ALRkg7|9] SullE 22 ARS-FITh
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Table 2. Mathematical description for process model
Governing equations Mathematical expression Source term
oc;, o 0 oC) . o 0C) 10 oC\ 4 -
Mass balance SE =— a—z(suZC,-)wL&(sDivjE) +E(SD[JE) +;a(sD,j a )+R, ’ Ri,
Momentum balance dp_ 150p(1 —g)’
dz d283 b
Energy balance - ( BT) ( 6T) ( K aT) +s S,
SP/Cpf— (Su R UL ek ) 1o E 5 ) S
Table 3. Mathematical description for multiscale model
Governing equations Mathematical expression Source term
Mass balance %‘E +V-( pu) S, S,
. 0 _ I — 2
Species balance é-t(pYi) =V-(puY,) =-V-JI;i+S,
ji =-pD; , VY, Laminar Flows S;
3 i
i= —(pD im ™ S—) VY, Turbulent Flows
Momentum balance ——(pu)+V (puu) f—Vp+V~(?)+p§+ Sq
Sa
= u|:(Vu+ Vi )7§v : 31}
Energy balance Fluid zone —-(pE) +V. (u(pE+p)) = ( eV T— Zh Jﬁ'(T eff - U )) +S,
P di 0 (ep B+ (1-8)p,E)+ V- B(p,EA+p) = V- (K ,VT-Fhii+ (T - i) ) +S" S
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Table 4. Source terms of mathematical expression described in Table 2 and 3

Source term Mathematical expression
S S, =0
N,
S; S; =My, Y R,
r=1
~ ~ Ea N
R; . Ri,=p,-a- eXP(R T) “(Xeo=Xeo)  Dogr Agy Py £
g
* XH7 : Xc‘()‘
XC() I ——
XHJ) . Keq
K- (9998.22/T7 10.213+2.7465x 10 °T—0.453 x 10 °T°=0.201 x lnT)
eff = €XP
Syq 3 3 |
Sq = _(Z Nyhu;+ 3 (C,-Epu,,mgu,)
=1 j=1
. S.:_(Eu.-‘—c lpu U)
homogeneous porous media o | T pFmagTi
Ne o
Sh:Sj,,'l Ri:_ERZ R,"R
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- Mass fractions

Table 6. Kinetic parameters for reaction rate

- e Kinetic parameters Value Unit
- Pressure a 2.32x107 [m*/(h-g of catalyst)]
Fluent
ERGIMS a E -116592 [J/mol]
- Reaction kinetics - Fluid flow a
- Mass transfer Sl EREs - Momentum balance ER -41100 [J/mOI]
B e - Heat source - Mass balance E, 8314 [I/molK]
- Heat balance Ps 1300 [kg/m3]
- Bulk density € 0.35 [-]
- Bulk viscosity )
- Turbulent viscosity dP 0.004 [m]
- Energy dissipation rate Specific Volume
- Turbulent kinetic energy CO 7.07x107 [m3/mol]
H,0 6.94x107 [m3/mol]
Fig. 2. Information flow between gPROMS and Fluent. Co, 7.04x1073 [m’/mol]
H, 7.06x1073 [m3/mol]
Table 5. Operating conditions for process and multiscale simulation CH, 7.06x1073 [m*/mol]
Value
Inlet temperature 300 [°C] o Hojlx] © A ol 7= o 2 = 5
2. A= 77 % =] o = =
Inlet pressure 600,000 iPal th47) Pl R 3041 A9 eI fidse) Ui F 5
Inlet velocity 1 [m/s] E = dp A3l o] WA "k Wl B E 2% %
Ambient temperature 25 [°C] T muE dux], srel 2 Wikl FEa 2ilsle] e
Mass fraction g BAEl| wiitel, A o= Akl el B ole o] e
co 0220 ] b, R S AR el B sl Hes,
H,0 0417 ] olelgt M4g AQe] 1siME wRrEo) A2tk Standard kg
o - H wle W Welel g diEge) Puke dIL 1 5 o
o 0,008 . [16], $317+E0] BFolut Aalete] thg g RAel 212E Roli
* : 3o} & AT ol AT

FluentE FA°l &350 AR8-8F multiscale 71HS ARE-5to] Rdlg]
BALE FEEigint 7 A EY 0l AL ¥ 9 W R w3ks Fig. 2
o] 21ds] VERASITE. Fluentll X A1E52 A=, oluix], BRlg
FA] AHE AR A = wESel] o)&)] WMskEE Y2 gPROMS
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Fig. 3. Velocity profile of WGSR reactor [m/s].
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Fig. 4. Velocity profile at the entrance of WGSR reactor [m/s].
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Fig. 5. Pressure profile of WGSR reactor [Pa].
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Fig. 6. Temperature profile of WGSR reactor [K].
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Fig. 8. Mole fraction of CO of WGSR reactor.
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Fig. 9. Mole fraction of H, of WGSR reactor.
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Fig. 10. Conversion profile of CO.
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Fig. 13. Temperature profile at the center of the reactor for gPROMS
and multiscale simulation.
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: reactor length [m]
: reactor diameter [m]

: particle diameter [m]

O e g

: molar concentration [mol/m?]

u : velocity vector [m/s]

p : pressure [Pa]

T : temperature [K]

t : time [s]

D;; : diffusion coefficient for component / in j [m?/s]
D, , : diffusion coefficient for component in the mixture
C, : heat capacity [J/mol-K]

k : thermal conductivity [W/m-K]

z : axial coordinate [m]

r : radial coordinate [m]

X : local mole fraction [-]

Y : local mass fraction [-]

J : diffusion flux [kg/m?s]

S, : schmidt number [-]

T : stress tensor [Pa]

§ : gravitational acceleration [m/s?]

I : unit tensor [Pa]

E : total energy [J/kg]

h : heat transfer coefficient [W/m>K]

My, : molecular weight [kg/kmol]

a : arrhenius constant [m*/h(h-g of catalyst)]

E, : activation energy [J/mol]

Ex : heat of reaction [J/mol]

R, : universal gas constant [J/mol-K]

K,; :equilibrium constant [-]

N, C : matrices

C, : inertial resistance factor [1/m]

IA{” : reaction rate [mol/m’-s]

S, : total mass source [kg/m>:s]

S; : rate of generating of each component [kg/m>s]
S, : other model-dependent source such as porous media [N/m?]
S, : total rate of generation of heat [J/m>-s]

S} : fluid enthalpy source [J/m®'s]

D,;  : diffusional resistances [-]
Ay aging fraction factor [-]

P, : pressure factor [-]

f, : H,S concentration factor [-]

k, - turbulent kinetic energy [m?/s’]

€ : turbulent dissipation rate [m%/s’]

Y,, : contribution of the fluctuating dilatation in compressible

turbulence to the overall dissipation rate

C,, :model constant [-]

C,,  :model constant [-]

C,,  :model constant [-]
Jzfo|A =Xt

€ : porosity [-]

P : density [kg/m?]

0 : fluid viscosity [kg/m's]

I : turbulent viscosity [kg/m-s]
o : permeability [m?]
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<
G : turbulent Prandtl number for turbulent kinetic energy [-]
(o8 : turbulent Prandtl number for turbulent dissipation rate [-]
SIMRt
h : enthalpy
T : transposed matrix
ORH&X}
i j : component
m : mixture component
z : axial coordinate
p : particle
f : fluid
S : solid medium
r : reaction
t : turbulent
eff : effective
a : activation
: bulk
g : gas
St
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