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Abstract—A multi-scale model of methane catalytic combustion was built by a series of balance equations and diffu-
sion equations, and these equations were solved through the computational fluid dynamics (CFD) software. The differ-
ence between this work and previous model is the diffusion process in catalyst coating was considered. By analyzing
the methane conversion, temperature distribution and mass fraction contours of every component, the performance of
multi-scale model was compared with that of the pure CFD model without diffusion. The effects of diffusion, methane
concentration, flow rate on the methane conversion and temperature distribution of monolithic reactor were also eval-
uated and discussed by the multi-scale model. The multi-scale model showed better accuracy than the pure CFD
model without diffusion process. Different methane concentrations and gas flow rates had enormous effects on the
methane conversion and temperature. Therefore, it was beneficial to the reaction process to adjust the methane con-

centration and gas flow rate appropriately.
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INTRODUCTION

Methane catalytic combustion is an extremely attractive way in
dealing with low-concentration methane; this way also enhances
the combustion efficiency and avoids production of NO, and other
pollutants [1]. At the same time, the catalytic combustion tempera-
ture is lower than traditional flame combustion, and there is no com-
bustion limit under catalytic combustion [2]. Methane is a kind of
greenhouse gas [3] whose greenhouse effect is 21-times larger than
CO, [4-6]. The application of methane catalytic combustion can
be divided into two types: to provide heat and energy, and to oblit-
erate low concentration methane [7]. In a coal mine, methane con-
centration is low so that flame combustion cannot get rid of low-
concentration methane, which leads to serious global warming.
Therefore, catalytic combustion is the best way to deal with low-
concentration methane [8].

At present, two kinds of catalysts have been developed for meth-
ane catalytic combustion: noble metal catalyst and non-noble metal
catalyst. The most representative noble metal catalyst has the active
components of Pd and Pt, which are supported on the ALO;, Si;N,
and other supports [9-12]. This kind of catalyst has higher catalytic
activity and excellent anti-sulfur-poisoning property [13]. The typ-
ical non-noble metal catalysts include perovskite [14-16], hexaalu-
minate [17,18], pyrochlore [19] and metal complex, whose catalytic
activity is lower than noble metal catalyst, but the thermostability
of non-noble metal catalyst attracted the extensive attention of re-
searchers. Hence, the catalyst supported by Pd showed the best per-
formance for methane catalytic combustion [20,21] and it also had
higher catalytic activity in lower temperature than other catalysts.
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The monolithic reactor was widely used for methane catalytic
combustion by previous scholars [22,23] because of its uniform
channels and particular reactor characteristics: (1) lower pressure
drop, (2) larger geometry of the specific surface area, and (3) uni-
form gas flow in the channels. All these features are beneficial to
the process of methane catalytic combustion. The comparison of
packed-bed reactor and structured reactor showed more advan-
tages of monolithic reactor by Marin [24].

More and more reactor models for methane catalytic combus-
tion have been built for optimization of reaction conditions and
improving reactor properties, and computational fluid dynamics
(CFD) simulation used for designing of many industrial processes
[25-27]. Hwang [28] studied a kind of catalytic combustion reactor
of mixed type and researched the catalytic combustion character-
istics through computer simulation. In this study, we compared
detailed homogeneous and heterogeneous chemistry models, and
investigated the effects of temperature, equivalence ratio, velocity,
entrance diameter of monolithic channel and inlet pressure on meth-
ane conversion on the process of methane catalytic combustion.
Chou [29] researched the methane catalytic combustion process in
monolithic reactor supported by Pt catalyst with multi-step surface
reaction mechanism, and verified the simulation results, such as
combustion temperature, methane conversion and mole fraction of
CO, by comparing with the experimental data at the same opera-
tion conditions. Hence the results indicated that multi-step reac-
tion mechanism with adsorption reaction, wall catalytic reaction
and desorption reaction, can describe the catalytic combustion pro-
cess veritably. Chen [30] investigated the catalytic combustion of
hydrogen in one channel of the monolithic reactor by using com-
putational fluid dynamics (CFD) software, FLUENT. The detailed
reaction kinetics of combustion process in gas phase and catalytic
reaction kinetics between gas and solid phase were both consid-
ered in the study. The effects of wall heat conductivity coefficient,
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inlet velocity and reactor diameter on hydrogen conversion and
reaction process were discussed, and the results showed that the
reaction process of hydrogen and oxygen in gas phase could not
be neglected. Benedettoa [31] built a two-dimensional CFD model
of methane catalytic combustion which coupled the fluid flow and
chemical reaction process. The reaction rate, methane conversion
and temperature in the reactor were discussed under a series of
pressures.

The previous researches considered the heat transfer, momen-
tum transfer and mass transfer in the reactor channel. However,
the effect of diffusion in the catalyst coating on reaction process
was always ignored in the past studies. Zhao [32] studied the per-
formance of monolithic reactor and proved that the diffusion pro-
cess exists and cannot be neglected in many catalytic reactions oc-
curred in monolithic reactor. Hence, the effect of diffusion on cat-
alytic reaction should be integrated in a multi-scale model for mono-
lithic reactor. In this paper, a novel multi-scale model of methane
catalytic combustion on monolithic reactor is built, which contains
CFD model (macro-scale) and reaction-diffusion model (meso-
scale and micro-scale). The multi-scale model includes mass and
heat transfer in the gas phase and contains the reaction-diffusion
process inside monolithic catalyst and external diffusion process
between gas phase and solid phase. The establishment of multi-
scale model of methane catalytic combustion aims to improve the
accuracy of simulation and investigates the influences of diffusion,
methane concentration, inlet flow velocity and temperature on the
methane conversion and reactor performance.

MULTI-SCALE MODEL

1. Monolithic Reactor Model

The monolithic reactor model built by Huang [33] (Fig. 1) was
chosen for the simulation of methane catalytic reaction process.
The monolithic reactor is supported by washcoat which is com-
posed by 0.5%Pd/j-AlO; catalyst. The length and inner diameter
of the reactor are 0.075m and 0.01 m, respectively. Other reactor
parameters such as geometric surface area (GSA) and open fron-
tal area (OFA) are shown in Table 3.

According to the gas flow characteristics of the internal chan-
nel of a monolithic reactor and the peculiarity and catalyst proper-
ties of the methane catalytic reaction, it can be assumed that the

nar; methane and dry air in the reactor channel are ideal gas and
the gas distribution in the reactor channel is uniform; all the active
sites on the catalyst in the reactor are uniform; the volumetric
reaction is ignored in the channel of monolithic reactor because of
the low methane concentration.

2. Mathematic Model

Methane catalytic combustion is an extremely complex physical
and chemical process in the monolithic reactor; the process includes
gas flow; mass and heat transfer between gas phase and catalyst
washcoat, chemical reaction process and heat transfer among dif-
ferent channels. When methane and air flow into the monolithic
reactor; the chemical reaction occurs rapidly on the catalyst surface.
However, the catalyst pore is small and the reaction is very quick;
therefore, enormous mass transfer resistance exists during the gas
diffusion process. The whole procedure is that reactants undergo
the mass diffusion and surface adsorption, and then chemical reac-
tion occurs combined with the active sites; finally, products are
back to the gas phase through surface desorption and mass diffu-
sion. Hence, the influence of diffusion on reaction process must be
considered in the reactor.

In this study, the multi-scale model of monolithic reactor was
built, which includes fluid flow model and porous model coupled
by reaction-diffusion model of methane catalytic combustion by
using the CFD software. Reaction-diffusion model describes the
diffusion behavior and reaction process, which belong to meso-
scope and micro-scope, respectively, while the porous model and
fluid flow model can represent the flow field of the monolithic
reactor, which belongs to macro-scope. Based on the conservation
of energy, mass and momentum, the mathematic model can be
described by a series of control equations:

For solid phase:

Equation of continuity:
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Fig. 1. The physical model of monolithic reactor.
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Stress-strain tensor:

Table 1. Reaction-diffusion model and correlation formulas [34-36]
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Equation of continuity:
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The reaction-diffusion model and correlation parameters are
shown in Table 1. It contains species mass balance equation, heat

Table 3. Parameters of multi-scale model

balance equation, momentum equation, boundary conditions and
diffusion parameters. The coupling mechanism of control equa-
tions and reaction-diffusion model was described in previous paper
[37].
3. Kinetic Model

According to the literature [38-40], so far Pd/yAL, O, is the most
effective catalyst for methane catalytic combustion. Hurtado [41]
studied the intrinsic kinetics of methane catalytic combustion in
0.5% Pd/y-ALO; catalyst. Three kinds of models, Different Eley-
Rideal model, Langmuir-Hinshelwood model and Mars-van Krev-
elen model, were compared in the research. Based on the experi-
ment results, the Mars-van Krevelen model (MKV2) proved to be
the best intrinsic kinetics of methane catalytic combustion in the
research.

Table 2. Parameters of kinetic model [41]

Parameters Values
ko (mol«bar’1~min’1og’l) 2.5x%107°
kyo (mol«bar’1~min’1og’l) 5.6x107
ks, (mol-bar '-min~"-g ") 93%x107°
Ea, (kJ-mol™) 55.1

Ea, (kJ-mol™) 21.1

Ea, (kJ-mol ™) 106.6

Parameters Values
Gas-mixture
Mass heat capacity (C, /kJ-kg-K™) Mixing-law

Gas density (o/kg:m™)

Gas thermal conductivity (k/W-m™-K ")
Gas viscosity (/Pa-s)

Solid phase

Pore diameter (dy/m)

Particle curvature factor (7)
Catalyst density (0.,/kg-m )
Catalyst thermal conductivity (k/W-m™"-K ")
Reactor parameters

Inlet boundary

Outlet boundary

Wall boundary

Pressure (kPa)

Inlet gas flow (ml-min™")

Bulk concentration of CH,
Transport & reaction

Catalyst length (Z/m)

Porosity (¢)

Bed diameter (d/m)

Catalyst wall thickness (t,/mm)
Channel diameter (d./mm)
GSA (m*/m?)

OFA (%)

Convergence criteria

Incompressible-ideal-gas
Ideal-gas-mixing-law
Ideal-gas-mixing-law

1.55x107°
4

2380
0.2514

Velocity inlet
Pressure outlet
No slip with 0.002 m
100

200

0.4%

By UDF

0.075

0.43

0.01

0.3

1.2

1481

44.5

10°
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Table 4. Mole heat capacity of reaction components (Cy/R=A+BT+
CT’+DT°+ET% J-mol 'K")

Component a; bx107 ¢x10°  dx10®  ex10™"
CH, 1918 —-1.094 87.045 —52.343 0

CO, 3.259 1.356 1.502 —2.374 1.056
O, 3630 -1.794 0.658 —-0.601 0.179
H,O 4395 —4.186 1.405 —1.564 0.632

Table 5. Physical property and mole enthalpy of species
Component M; (kg/kmol)  Diffusion volume  AHj 44 (kJ/mol)

CH, 16 12.0 —74.81
CO, 44 26.9 —393.51
0O, 32 16.3 0
H,O 18 13.1 —136.31
CH,+0,->CO,+H,0 AH, =802 kJ/mol (13)
Intrinsic kinetics model:
N k1k2PCH4POz (14)
Tk P, +2k,P oy + (ki Ky /ks)P oy P,
k =k gex [—Ea(i—LJ (15)
i~ N0 p i RT RT

Here, Py, and Py, denote the pressures of methane and oxygen,
respectively. k; denotes the constant of the reaction rate. Ea; denotes
the activation energy. R is the gas constant.

SIMULATION METHODS

1. Model Parameters

The parameters of the reaction kinetics and multi-scale model
are listed in Table 2 and Table 3, respectively. The heat capacity data
of reaction components and physical properties of species are in
Tables 4 and 5, respectively.
2. Modelling Method

The multi-scale model of monolithic reactor was simulated in
the FLUENT software. After defining the model values, material
parameters, boundary conditions and operation conditions, the two-
dimensional geometric reactor model was generated by pre-pro-
cess software GAMBIT, and then imported into FLUENT software.
The governing equation was dispersed by first-order upwind dif-
ference scheme by using C programming language, and coupled
with the CFD by user-defined-function (UDF).
3. Model Validation

The 10,000 cells are adequate for the above founded multi-scale
reactor model through the analysis of grid independence in Fig. 2.
The reaction-diffusion model and the porous model were proved
by previous scholars, respectively [42-44]. To validate the correction
of the monolithic reactor multi-scale model, the simulated results
and the experiment data from Huang [33] are compared in Fig. 3.
As shown in Fig. 3, the methane conversion changes with the in-
crease of temperature, Case 1 denotes dataderived from Huang [30];
Case 2 is the simulated results of monolithic reactor multi-scale

May, 2017
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Fig. 2. The influence of grid number on simulation result.
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Fig. 3. The comparison between simulated data and experiment data
(case 1: experiment data, case 2: CFD coupled without diffu-
sion equations, case 3: multi-scale model of monolithic reac-
tor).

model; Case 3 represents monolithic reactor model without diffu-
sions. From the Fig. 3, the relative error of Case 2 is less than that
of Case 3 after comparing the simulated results with the experi-
ment data (Case 1). Therefore, these results demonstrate that the
multi-scale model can describe the monolithic reactor fairly well.

RESULTS AND DISCUSSION

To investigate the changing regularity of gas flow and tempera-
ture at the end of the catalyst reactor, the pipe is extended accord-
ing to the real situation. The inlet temperature and methane bulk
concentration are set to 778 K and 1%, respectively. The original
reactant includes methane and dry air, and the inlet flow rate is
800 mL/min. The effects of diffusion were investigated through the
comparison of multi-scale model with pure CFD model coupling
reaction kinetics model without diffusion equations. The methane
conversion can be computed with the following formula:
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Temperature (K)
1040.8
1010.4
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958.5
933.1
907.6
881.2
855.7
830.3
804.9
778.0

Fig. 4. The contour of temperature in the monolithic reactor.
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Fig. 5. The contours of methane and carbon dioxide in the reactor.
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Fig. 6. The contours of oxygen and water vapour in the reactor.

Focu,—Fen,
Xop, = —— (16)

Focn,

1. Parameter Distributions of Monolithic Reactor

Parameter distributions of monolithic reactor, such as pressure,
temperature and each component’s concentration, can be described
clearly in the multi-scale model. The pressure drop of the mono-
lithic reactor is only 2.5 Pa through computation of the multi-scale
model, hence compared to other kinds of reactors, it has enormous
advantage at pressure drop. The temperature distribution and each

components concentration distribution are shown in Fig. 4, Fig. 5
and Fig. 6 respectively.

Temperature distribution contour of monolithic reactor is exhib-
ited in Fig. 4, which shows that the highest temperature is above
1,000 K at the reactor outlet. The reason for this phenomenon is
that methane catalytic combustion is a rapid highly exothermic reac-
tion, the radial heat transfer is very little, and the gas flow takes heat
to the reactor outlet. The temperature variation maintains relative
stabilization in two channels next to the reactor wall because of the
rapid heat exchange between reactor wall and catalyst. Fig. 5 and

Korean J. Chem. Eng.(Vol. 34, No. 5)
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Fig. 6 describe the distribution contours of methane, carbon diox- in Fig. 4, Fig. 5 and Fig. 6, respectively.

ide, oxygen and water, respectively. Reactants, methane and oxy- 2. Influence of Diffusion on the Monolithic Reactor

gen, decrease along the axial direction of the reactor, and the mass Two kinds of temperature distribution contours and each com-
fraction of methane is close to 0.003 at the reactor outlet. Produc- ponent’s concentration contours are shown in Fig. 7, Fig. 8, Fig. 9,
tions, carbon dioxide and water vapor, increase along the axial di- Fig. 10 and Fig. 11 by using the different models for simulation;

rection of the monolithic reactor. The temperature distribution and case 1 is the monolithic reactor multi-scale model and case 2 is the
each components concentration distribution at outlet are also shown pure CFD model without diffusion resistance. The highest tem-

Temperature (K) Temperature (K)
1040.8 1121.5
case 1
1010.4 1096.3
984.8 1054.5
958.5 1023.4
933.1 984.1
907.6 950.9
881.2 915.7
855.7 881.3
830.3 847.4
804.9 812.2
778.0 778.0
Fig. 7. The temperature distribution contours in the monolithic reactor (case 1: the multi-scale model, case 2: pure CFD model without dif-
fusion equations).
(x107) (x107%)
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§ 429 402, 8
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§ 3.68 3.31 g.
= 3.38 2.95 2
3.08 2.60:
2.78 2.34
Fig. 8. Distribution contours of CH, in the monolithic reactor (case 1: the multi-scale model, case 2: pure CFD model without diffusion
equations).
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g0 248 2.93 S
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2 1.65 1.95 5
] g.
= 0.83 0.97 2
0.00 0.00
Fig. 9. Distribution contours of CO, in the monolithic reactor (case 1: the multi-scale model, case 2: pure CFD model without diffusion
equations).
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Fig. 10. Distribution contours of O, in the monolithic reactor (case 1: the multi-scale model, case 2: pure CFD model without diffusion

equations).
(x107) (x107)
6.77 7.99
—— case 1

l 6.09 7.19 l
5™ 54 6.39 z
o -]
2 474 5.59 @
L
c 4.06 479 g
§ 3.38 3.99 g
& 271 CASE 2 o—— 3.19 =
200 503 240 T 2
& . . £

1.35
0.67

Fig. 11. Distribution contours of H,O in the monolithic reactor (case 1: the multi-scale model, case 2: pure CFD model without diffusion

0.00
equations).

perature in case 1 is 1,040.8 K, while the highest temperature in
case 2 is 1,121.5K. The reason for this phenomenon is that the
diffusion resistance is neglected in case 2, which leads to faster
methane reaction rate. Therefore, the quantity of heat production
in case 2 is more than case 1.

The distribution contours of methane, carbon dioxide, oxygen
and water vapor in two kinds of models are exhibited in Fig. 8, Fig.
9, Fig. 10 and Fig, 11. The lowest mass fraction of methane is 0.00278
in case 1, while that in case 2 is 0.00234 in the Fig. 8. It has simi-
lar regularity about mass fraction of oxygen, carbon dioxide and
water vapor in Fig. 9, Fig. 10 and Fig. 11. Methane catalytic com-
bustion is a rapid reaction, but diffusion process is slow; hence, the
rate-controlling step of the reaction-transport process is diffusion
rate. In conclusion, the process of methane catalytic combustion is
controlled by the diftusion resistance; the influence of diffusion can-
not be neglected in the process of methane catalytic combustion.
3. Influence of Methane Concentration on the Monolithic
Reactor

The effect of methane concentration on methane conversion and
temperature distribution in the monolithic reactor, is considered as
shown in Fig. 12 and Fig. 13, respectively. Different methane bulk
concentrations (1.0%, 1.1%, 1.2% and 1.3%) are simulated at the
same gas flow rate (800 mL/min) and inlet temperature (778 K).
Fig. 13 describes the temperature distribution of the monolithic reac-

1.60
o
0.00

1400 F ) ) ' ) ) ) -
1.0% CH,| K4
1300 o4 s
- - 1.1% CHy /
@ 1200 b - 1.2% CHy /‘/ )
8 "=+ 1.3% CHy Vi
= 1100 7 .74
E‘ S -
g 1000 | s LT 7
= | s . _ -
‘/“ . ’/ -
900 | Pt .
800 - 1 . L 1 L 1 L 1 i 1 L 1 L 1 7
0.00 001 002 003 004 005 006 007
Length (m)

Fig. 12. The effect of different methane concentrations on tempera-
ture of channel.

tor at the different methane bulk concentrations. The temperature
increases with increasing the methane bulk concentration. When the
volume fraction of methane reaches 1.3%, the temperature reaches
1,350 K at the monolithic reactor outlet, while it is only 1,040 K at
1.0%. Consequently, methane catalytic combustion reaction is a

Korean J. Chem. Eng.(Vol. 34, No. 5)



1374 K. Huang et al.
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Fig. 13. Distribution of methane conversion along the axial in dif-
ferent methane concentrations.

strongly exothermal reaction.

The effect of methane bulk concentration on methane conver-
sion is shown in Fig. 13. The methane conversion increases with
increasing methane volume fraction. The methane conversion is
only 048 at the outlet when methane volume fraction is 1.0%, while
it reaches 0.86 at 1.3%. The differences of methane conversion and
temperature among four concentrations, are very small within 0.02 m
of the reactor inlet. The reason for this phenomenon is that the
reaction rate is small and increases slightly with the increase of
methane concentration at the reactor inlet. However, the impact of
concentration and temperature on the process of catalytic reaction
becomes more and more prominent after 0.02 m in the reactor inlet.
Therefore, it can increase the methane conversion by increasing
the volume fraction of methane appropriately; meanwhile, catalyst
deactivation due to excessive heat should be avoided carefully.

4. Influence of Flow Rate on the Monolithic Reactor

The influence of different flow rates (800 mL/min, 900 mL/min,

1,000 mL/min and 1,100 mL/min) on temperature and methane

T T T T T T T
1050
——— 800ml/min |
_ 1000 |- - = -900ml/min -7
) - 1000ml/min e
w 5 —-=- 1100ml/min ’ 1
35 950 | . 4
E - 7 Lt _/'d
2 900} PAGTRPR
£ A
] - .-
= 2T
850 |- L 1
800 | T 1
L '| N 1 L 1 L 1 M 1 N 1 L L
0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
Length (m)
Fig. 14. The temperature distribution along the flow direction at dif-

ferent flow rates.
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Fig. 15. The effect of different flow rates on methane conversion in
the reactor.

conversion is shown in Fig. 14 and Fig. 15 at the same methane
concentration and inlet temperature. The temperature and meth-
ane conversion increase along with the direction of axial in all flow
rate conditions, because the contact time increases as the proceed-
ing of catalytic reaction. The highest temperature in the reactor
decreases with the increase of gas flow rate from Fig. 14. The high-
est temperature appears at the monolithic reactor outlet, and the
highest temperature is 1,030 K at 800 mL/min, while it is 925K at
1,100 mL/min. A similar phenomenon occurs at methane conver-
sion with the increase of gas flow rate in Fig. 15. The methane con-
version is 0.48 at 800 mL/min at the reactor outlet, while it is only
0.26 at 1,100 mL/min. With the increase of flow rate, the contact
time of reactants and catalyst decreases; most of the reactants and
heat derived from the reaction leave the reactor rapidly, and that is
the reason for the decrease in methane conversion and the tem-
perature.

CONCLUSIONS

A novel multi-scale model of methane catalytic combustion solved
by FLUENT was built in the monolithic reactor. The validity of the
multi-scale model was verified through the analysis of grid inde-
pendence and the experiment data from Huang [30], and the multi-
scale model achieved better simulation accuracy than the pure CFD
model, and it was also better than previous work. The distribu-
tion of temperature and each component’s mass fraction were cal-
culated in all reactor channels by using the multi-scale model.
Based on the multi-scale model and pure CFD model without dif-
fusion under the same boundary conditions, the temperature dis-
tribution and mass fraction of methane, carbon dioxide, oxygen
and water vapour were analyzed, and comparison of two kinds of
models reveals that the diffusion process in the monolithic reac-
tor cannot be neglected at the process of methane catalytic com-
bustion. Furthermore, the effects of methane concentration and gas
flow rate on the temperature distribution and methane conversion
were discussed by the simulated results of the monolithic reactor
multi-scale model. The optimal operating methane concentration
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and flow rate can be gained by using the multi-scale model accord-
ing to the real situations.
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NOMENCLATURE

e :mass specific heat of the gas phase [J-kg '-K ']

Cp.,; :mass heat capacity of catalyst [kJ-kg "-K ']

Cp; :mass heat capacity of i component [k]-kg "-K ']

d,  :hydraulic diameter of monolith channel [mm]

d,  :catalyst average diameter [mm)]

D, 5 :effective diffusion coefficient of the ith component [m*s™]
: Fick diffusion coefficient of the ith component [m’s™']

: Knudsen diffusion coefficient of the ith component [m’-s™']
: activation energy [K]

: total fluid energy [kg-m’-s ]

: total solid medium energy [kg-m’s ]

: fanning coefficient

: gravitational acceleration [m’-s ]

: geometric surface area [m’-m’]

: heat transfer coefficient [W-m 2K ']

: enthalpy of the ith component [k]-kg ']

: species enthalpy of formation [k]-kg ]

EEFRIC

S ™
78
>

£

—I &

: identity matrix
: mass diffusion flux [kg-m *-s™']

-2 ~1

: diffusion flux of species i [kg:m™"s™]

k,,  :mass transfer coefficient [m/s]

k;  :intrinsic rate constant of the ith step based on species mass
fraction [mol-kg,;-h™'-Pa”]

ki :fluid phase thermal conductivity [W-s K]

k,  :solid medium thermal conductivity [W-s™-K ']

ky  :effective thermal conductivity of the medium [W-s™"-K™']

M :mixture fluid molar mass [kg-kmol ']

M, :molar mass of the ith component [kg-kmol ']

M, :mixture fluid molar mass at bulk [kg-kmol ']

N, :number of chemical species

OFA :open frontal area

P : pressure [kPa]

P,  :Prandtl number

Q, :heatflux [Jm>s']

r, :catalyst particle radius [m]

Re; :Reynolds number of the ith component

R :ideal gas constant [kJ-kmol-K ']

Sh;  :Sherwood number of the ith component

Sc  :Schmidt number

—v =
- B

S;  :mass source of the ith component of single model [kg-m -
s

S, :heat source of single model [J-m~-s™']

s : surface conditions

9

S :source term for the momentum equation [kg-m s ']

Sﬁ : fluid enthalpy source term [J-m>-s™']

T  :temperature [K]

T  :temperature at particle outer surface [K]

t,  :monolith wall thickness [m]

u  :apparent gas velocity [m-s ']

Voo gas velocity vector [m-s ']

v transpose of velocity vector [m-s ']

V:, . :stoichiometric coefficient for reactant i in the rth reaction
v, :stoichiometric coefficient for product i in the rth reaction
7., :rate exponent for reactant species j in the rth reaction
7., :rate exponent for product species j in the rth reaction

v, :gas velocity at particle outer surface [m-s ']

Y,  :mass fraction of the ith component

Y;  :mass fraction of the ith component at the particle outer sur-

face
Y,, :mass fraction of the ith component at bulk
& :catalyst porosity
P,  :mixture gas density [kg-m~]
o :mixture fluid density at bulk [kg-m™]
P :real catalyst density [kg-m™’]
:the ith component density [kg-m ]
: mixture fluid viscosity [Pa-s™']
: viscosity of species i [Pa-s ]
.+ diffusion volume of the ith component [m’-mol ']
: thermal conductivity [W-s 'K ']
:thermal conductivity coefficient of the ith component [W-
sLKY
: effectiveness factor of the ith step
:medium porosity
: curvature factor
: shear stress of gas phase
: Nusselt number of the ith component
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