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ABSTRACT 
Hydrogen production through autothermal reforming 

(ATR) of hydrocarbons, such as methane, is one option of 
interest for mobile applications of hydrogen fuel cells. In the 
present study, a numerical investigation of catalytic autothermal 
reforming of methane in a surface microreactor is presented. A 
three-dimensional ATR reactor model is developed to simulate 
the flow and surface reactions in a microchannel of rectangular 
cross section with 340-µm sides, and total length of 8.5 mm. A 
four-reaction mechanism is implemented to simulate the 
surface reactions on a Ni/Al2O3 catalyst. The governing 
equations in the model include conservations of mass, 
momentum, energy and chemical species. A CFD code based 
on the finite-volume method has been developed in-house to 
solve the governing equations. Validation of the results against 
available data confirms the accuracy of the numerical approach. 
The simulation results reveal the dependency of hydrogen yield 
on space velocity (SV), air/fuel molar ratio (A/F), water/fuel 
molar ratio (W/F), and the gas feed temperature. 
 

1. INTRODUCTION 
The commercial production of hydrogen for using in 

industries, transportable systems and electricity generation is 
more essential when depletion of non-renewable natural 
resources have been increased rapidly. Hydrogen can be used 
as the main fuel in all types of fuel cell, but the costs for its 
delivery and storage is very high at the present. In addition, 
hydrogen energy density is very low and hence hydrogen 
storage is not considered practical for many applications. If 
hydrogen can be produced on-demand, the problems regarding 
its storage or delivery will be eliminated. Currently, three major 
thermo-chemical reforming techniques are available to produce 
hydrogen from hydrocarbon fuels, i.e., steam reforming (SR), 
partial oxidation (POX), and autothermal reforming (ATR) [1]. 

SR has been used extensively in different industries for 
hydrogen production, but this process is strongly endothermic 
and the reformer needs external heat. Thus the overall 
configuration of SR with heat exchangers makes the reforming 
system very bulky and heavy, which is not suitable for a mobile 
fuel cell system.  

One technique which is proposed to avoid heat transfer 
problems in SR is partial oxidation (POX). This process is 
exothermic and easily starts up even without the presence of a 
catalyst. However, high carbon monoxide concentrations are 
produced in POX which must be treated further otherwise will 
poison the membrane of PEM fuel cells. 

To relegate this problem, autothermal reforming is 
considered in which the thermal effects of the POX and SR 
reactions are combined by feeding the fuel, water, and air 
together into the reactor. The two processes occur 
simultaneously in the presence of a catalyst in the reactor. The 
thermal energy generated from POX is absorbed by SR and, 
hence, the overall temperature is lowered, which is favorable to 
water-gas shift reaction to consume the generated carbon 
monoxide and produce more hydrogen. Advantages of an ATR 
reactor include its small size, relative simplicity, easy operation, 
quick response, and inexpensive material requirements [2-4]. 

Trimm and Lam [5] studied ATR of methane on Pt/Al2O3 
fibre catalyst. The kinetics of the reactions were measured at 
temperatures around 800 K. This mechanism was supported by 
the characterization studies. Xu and Froment [6] presented 
intrinsic kinetic of methane SR, methanation and water-gas 
shift (WGS) reaction on Ni/Al2O3 catalyst for initial 
temperature range among 573-823 K. The kinetics they 
developed was implemented extensively in subsequent 
investigations. 

Ma et al. [7] designed and tested an autothermal reactor for 
the conversion of light hydrocarbon to hydrogen on Pt/δ-Al2O3 
catalyst, and also presented a kinetic rate of total combustion of 
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methane based on this catalyst for initial temperature range of 
663-723 K. 

Groote and Froment [8] simulated the catalytic POX of 
methane to synthesis gas on a Ni catalyst in an adiabatic reactor 
with various inlet air/fuel (A/F) and water/fuel (W/F) ratios. In 
this study, the kinetic rates were presented for eight reactions 
and a series of effectiveness factors associated with these 
reactions were proposed. 

Halabi et al. [9] modeled and analyzed a one-dimensional 
heterogeneous autothermal reactor of methane to hydrogen 
with gas feed temperature and pressure of 773 K and 1.5 bar in 
a Ni/Al2O3 fixed-bed reformer. The influence of different 
parameters such as oxygen/carbon and steam/carbon was 
investigated.  

Most of the previous investigations were carried out for 
packed-bed reactors (with volumetric reactions). This type of 
reactor causes high pressure losses which prohibit their 
application for mobile devices. In the present study, catalytic 
ATR of methane in a surface microchannel reactor at the 
presence of a Ni-based catalyst is numerically simulated. A 
three-dimensional, steady-state, adiabatic model is developed. 
Steady state performance of the reactor is examined with 
respect to major parameters including gas feed temperature, 
air/methane and water/methane molar ratios and space velocity. 
The microchannel reactor is of a square cross section with 340-
µm sides, and a total length of 8.5 mm. The synthesis gas 
generated by an assembly of such ATR microreactors would be 
fed to WGS and preferential oxidation (PROX) reactors 
downstream. Ultimately, the generated hydrogen-rich stream 
would be fed to a PEM fuel cell for a portable electronic 
device.  

Our simulation results indicate that a total number of 
10,000 of these microreactors (an array of 100×100 
microchannels) would be required to provide enough power for 
a 100 W portable device, for instance. Such assembly will take 
up an overall space of about 35×35×10 mm as part of a 
complete micro-fuel processor device. One advantage of a 
microchannel surface reactor of this type is its negligible 
pressure loss, in addition to its small size and weight. 
 

2. NUMERICAL MODEL 

2.1. Model Assumptions 
The flow regime is assumed to be steady, incompressible 

and laminar. The gas mixture is treated as an ideal gas with 
variable properties based on the local composition. The gas 
flow mixture consists of 7 species: CH4, O2, CO, CO2, H2, H2O 
and N2. Furthermore, Dufour and Soret effects are neglected in 
the species mass diffusion. 

The schematic of microreactor is indicated in Fig. 1 which 
is made from a simple microchannel with catalyst layer on its 
inside walls. 

 

 
 
Fig. 1. Schematics and dimensions of the microchannel reactor. 

   

2.2. Governing Equations 
Governing equations include conservations of mass, 

momentum, energy and chemical species, as well as the ideal 
gas mixture equation. The continuity equation for a steady-state 
flow in a Cartesian coordinate is given by Eq. 1. 

( ) 0. =∇ V
r

ρ  (1) 
The conservation of momentum is stated by the Navier-Stokes 
equation, given below. 

( ) ( )VpVV
rrr

∇⋅∇+−∇=∇ µρ.   (2) 
Chemical species conservation for the ith species is given by 
Eq. 3, with the molar production rate given by Eq. 4. 

( ) ( ) iiiieffi MWYDYV ωρρ +∇∇=∇ ,..
r

  (3) 

( )∑
=

=
4

1j
jjijcati R ηξρω   (4) 

Nitrogen does not participate in any reaction, therefore, Eqs. 3 
and 4 are applied only for 6 species. Nitrogen mass fraction is 
obtained from Eq. 5. 

∑
≠

−=
2

2
,

1
Nii

iN YY   (5) 

It is necessary to note that the source term, iiMWω , in Eq. 3 is 
zero for the internal cells of the computational domain, because 
reactions occur only on the walls.  
Conservation of energy is implemented to calculate the 
temperature, as given by Eq. 6. 

( ) ( ) ( )∑
=

∆+∇∇=∇
4

1

..
i

iiicatp RHTkTVc ηρρ
r

  (6) 

For the same reason given above, the source term in this 
equation is non-zero only on the internal walls of the reactor. 
Gas mixture density is computed using the ideal gas 
relationship for a multi-component mixture which is given in 
Eq. 7. However, since the temperature and pressure have 
negligible variations along the simulated ATR microreactor, the 
temperature and pressure are taken at their inlet values in the 
following equation. 
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TR
MWP

u

mix=ρ   (7) 

The mixture molecular weight in the above equation is 
computed from the following. 

∑
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The effective mass diffusion coefficient, Deff, in Eq. 3 is 
computed using Eq. 9. 
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In this equation Dij is the binary diffusion coefficient. The 
binary mass diffusivity is calculated by the relationships given 
by Reid et al. [10]. The methodology is based on the Chapman-
Enskog theoretical description of a binary mixture of gases at 
low to moderate pressures. In this theory, the binary diffusion 
coefficient for the species pair i and j is given by Eqs. 10-14. 
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( ) ( )[ ] 1112 −+= jiij MWMWMW  (11) 
( ) 2jiij σσσ +=  (12) 

( ) ( ) ( ) ( )***15610.0* 89411.3exp
76474.1
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03587.1
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19300.006036.1

TTTT
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(13) 

( ) 21*
jiBTkT εε=   (14) 

Table 1 gives the values of hard-sphere collision diameter, σ, as 
well as Lennard-Jones energy, ε, for various species involved in 
our calculations. 
 

Table 1. Hard–sphere collision diameter and Lennard–Jones 
energy parameter for each species. 

Species ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ °
Ασ  )(KkBε  

CH4 3.758 148.6 
O2 3.467 106.7 

CO2 3.941 195.2 
H2O 2.641 809.1 
CO 3.690 91.7 
H2 2.827 59.7 
N2 3.798 71.4 

The constant pressure specific heat, dynamic viscosity, and 
thermal conductivity of the gas mixture are computed using 
Eqs. 15-17. 

∑=
i

iipeffp Ycc ,,   (15) 

∑=
i

iieff Yµµ   (16) 

∑=
i

iieff kk χ   (17) 

Methane conversion is given by the following equation. 

100(%)
4

44
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CHconversionCH
χ

χχ
  (18) 

 

2.3. Chemical Kinetics 
Most proposed mechanisms for ATR contain many 

reactions which make the numerical simulations complex and 
difficult to solve. Some of these reactions are reported by 
Halabi et al. [9]. Excluding the non-significant reactions that 
posses low rates is a usual approach that makes the calculations 
practicable with reasonable accuracy. Therefore, as it has been 
shown (Hoang [1], Halabi [9]) that four reactions can be 
considered as the major reactions which are listed below. 
1) The exothermic total combustion of methane, 
R1: CH4 + 2O2 → CO2 + 2H2O   ∆H298 = -802 kJ/mol  (19) 
2) The endothermic steam reforming of methane to carbon 
monoxide, 
R2: CH4 + H2O ↔ CO + 3H2  ∆H298 = 206 kJ/mol  (20) 
3) The water-gas shift reaction, 
R3: CO + H2O ↔ CO2 + H2  ∆H298 = -41 kJ/mol  (21) 
4) The steam reforming of methane directly to carbon dioxide. 
R4: CH4 + 2H2O ↔ CO2 + 4H2   ∆H298 = 165 kJ/mol  (22) 
An acceptable kinetic rate model for methane steam reforming 
over Ni-based catalyst was reported by Xu and Froment [6]. 
Their suggested kinetic rate equation has been used extensively 
in different investigations. Two different kinetic rate equations 
are reported for the total methane combustion. One is reported 
by Trimm and Lam [5] and the other is provided by Ma et al. 
[7]. The former is for methane combustion over Pt-based 
catalyst at a fixed temperature, while the latter is based on the 
Langmuir-Hinshelwood model adjusted for Ni-based catalyst. 
In the present study, SR and WGS reaction rates are computed 
using the model suggested in Xu and Froment [6], and the 
reaction rate of methane combustion is obtained from Ma et al. 
[7].  
The corresponding kinetic rate equations for the above 
reactions are given in Eqs. 23-27. 
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In the above relations, TRE
ojj

ujekk /)(−×=  is the kinetic rate 
constant of reaction j (j = reactions R1-R4), in which k1 is 
determined from the data of Ma et al. [7], while k2 to k4 are 
from Xu and Froment [6]. koj and Ej are given in Table 2. 

jeK in Eqs. 24-26 is the equilibrium constant of reaction j (j = 
reactions R2-R4) which can be found in Table 3. 

TRHC
oi

C
i

u
i
CeKK /)( ∆−×= in Eq. 23 is the adsorption constant of 

species i (i = CH4, O2) in the combustion reaction R1 and can 
be found in Table 4. Furthermore, TRH

oii
u

i
eKK /)( ∆−×=  in 

Eq. 27 is the adsorption constant of species i (i = CO, H2, CH4, 
H2O) in the reforming reactions R2-R4. The values of Koi and 
∆H i can be found in Table 4. 
 

Table 2. Kinetic parameters. 
Reaction koj (kmol/kg cat h) Ej (kJ/kmol) 

R1 5.852 × 1017 (bar−1.5) 204,000 
R2 4.225 × 1015 (bar0.5) 240,100 
R3 1.955 × 106 (bar−1.0) 67,130 
R4 1.020 × 1015 (bar0.5) 243,900 

 
Table 3. Equilibrium constants. 

Reaction Equilibrium constant je
K  

R2 5.75 × 1012 exp(−11476/T) (bar2) 
R3 1.26 × 10-2 exp(4639/T) 
R4 7.24 × 1010 exp(−21646/T) (bar2) 

 
Table 4. Adsorption constants. 

Species Eq. no. Koi (/bar) ∆Hi (kJ/kmol) 
O2 23 5.08 × 104 (bar0.5) 66,200 

CH4 23 4.02 × 105 103,500 
H2 27 6.12 × 10-9 -82,900 

CH4 27 6.65 × 10-4 -38,280 
H2O 27 1.77 × 105 bar 88,680 
CO 27 8.23 × 10-5 -70,650 

 
The final equations for the calculation of the reaction rate for 
each species are summarized as follows: 
rCH4 = − η1R1 − η2R2 − η4R4 
rO2 = − 2η1R1 
rCO2 = η1R1 + η3R3 + η4R4 
rH2O = 2η1R1 − η2R2 − η3R3 − 2η4R4 
rCO = η2R2 − η3R3 
rH2 = 3η2R2 + η3R3 + 4η4R4 
 

(28) 

As can be seen, the kinetics given by [6] implies that the rate 
coefficients (R1-R4) depend on the activation energies, Ea, as 
well as the adsorption enthalpies ∆H i. 

2.4. Boundary conditions 
Velocity, pressure, temperature and composition of the 

inlet gas mixture are specified at the microchannel inlet. The 
channel walls are resistant to thermal energy (adiabatic), and 
are permeable to species mass transfer due to surface reactions. 
The no-slip condition is used at the microreactor walls. The 
outflow mixture is discharged to atmospheric pressure, and the 
gradients of all other dependent variables are set to zero at the 
microreactor outlet. 

 

2.5. Solution method 
In order to solve the non-linear, coupled governing 

equations, a computational fluid dynamics (CFD) code was 
developed based on the finite volume method using the 
SIMPLE algorithm for the coupling of pressure and velocity 
domains [11]. To linearize the convective and diffusive terms 
the power-law scheme and the central difference scheme is 
applied, respectively [12, 13].  

 

3. RESULTS AND DISCUSSION 

3.1. Validation 
In order to qualitatively validate the present work, the 

experimental results reported by Dias and Assaf [14] are 
considered here. They performed experiments for methane ATR 
at different temperatures on a Ni/Al2O3 catalyst in a packed-bed 
reactor with 9 mm diameter and 10 mm length. Numerical 
simulations are also performed for identical dimensions and 
conditions using the present CFD code, with the difference that 
in our simulations the catalytic reactions occur only on the 
reactor wall surfaces. The simulation results for the variation of 
H2 and CO versus inlet temperature are compared with the 
corresponding experimental data in Fig. 2. 

 

 
 

Fig. 2. Comparison of the outlet mole fractions of H2 from 
present simulation results with experimental data. 
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The general trends are very similar, but the simulated 

surface reactor shows lower conversion compared with the 
actual packed-bed reactor. This was obviously expected, since 
the two reactors have the same dimensions and operating 
conditions but the packed-bed reactor has more reaction sites 
available. Nonetheless, it is observed in both sets of results that 
increasing temperature leads to an increase in both the H2 and 
CO production. 

 

3.2. Baseline simulation 
The operating conditions for the baseline case are specified 

in Table 5. 
 

Table 5. Operating conditions for the baseline case. 
Parameter  Value 

Space velocity (h-1) 
Molar A/F ratio 
Molar W/F ratio 

Inlet temperature (K) 
Inlet pressure (Pa) 

 

20,000 
3.5 
1.0 
873 

101,325 
 
Species mole fraction and temperature variations along the 

microchannel are presented in Fig. 3 for the baseline 
conditions. It is seen in this figure that most of the methane 
consumption occurs in the first quarter of the microchannel 
length which results from high kinetic rates of total combustion 
of methane (R1) and then SR of methane to CO (R2). CO2 
mole fraction keeps rising along the microchannel length, 
although it reaches 75% of its final value at the first 5% of the 
channel length due to high kinetic rates of reactions R1 and R2 
(Eqs. (19) and (20)). 

 

 
 
Fig. 3. Variations of the species mole fractions and temperature 

along the microchannel for the baseline conditions. 
 
The variation of H2 mole fraction is also shown in Fig. 3. 

Hydrogen production is the main objective of the ATR reactor 

which appears in reactions R2-R4 (SR and WGS reactions). 
The hydrogen mole fraction increases to 85% of its final value 
in the middle of the microchannel, while it keeps an increasing 
trend at a lower rate in the second half of the microchannel 
length. The temperature variation along the microchannel 
indicates that the temperature varies very little (less than 2°C) 
along the channel, which is consistent with the nature of the 
overall process being autothermal. 

The simulation results for the baseline conditions show 
that the outlet H2 mole fraction is 18.5% (dry basis), while 
there is also 6.5% CO at the reactor outlet. It is noted that the 
microreactor considered in this investigation is of a surface 
reaction type; hence a lower hydrogen production is expected 
compared with a packed-bed reactor for the same space 
velocity and gas feed composition. 

 

3.3. Parametric study 
In this section, the influence of different parameters on 

hydrogen yield and carbon monoxide production of the 
microreactor are investigated. These parameters include space 
velocity, gas feed temperature, air/CH4-supplied molar ratio 
(A/F), and water/CH4-supplied molar ratio (W/F). 

3.3.1. Effects of space velocity 
Presented in Fig. 4 are the variations of the outlet species 

mole fractions for a space velocity range among 1,000-100,000 
h-1 with other parameters at their baseline values (given in 
Table 5). These results indicate that the outlet mole fraction of 
methane increases as SV is increased. Fig. 4 also shows that the 
outlet carbon dioxide mole fraction decreases as SV is 
increased. Although the production of carbon dioxide is chiefly 
due to total combustion of methane, however reaction R4 also 
has some contribution in the CO2 production. 

 
 
Fig. 4. Effect of space velocity on outlet species mole fractions 

(other parameters at their baseline values). 
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3.3.2. Effects of gas feed temperature 
Variations of the outlet mole fractions of hydrogen and 

carbon monoxide with the gas feed temperature are presented 
in Fig. 5, with other parameters at their baseline values. These 
results show that the mole fractions of both hydrogen and 
carbon monoxide increase as the inlet temperature is increased 
in the range of 400-600°C. This is mainly due to an increase in 
the rate of SR reactions R2 and R4 with temperature, as can be 
inferred from their activation energy values given in Table 2. 
The hydrogen mole fraction is 18% at a temperature of 600°C 
which is about 4.5 times more than that at 400°C. 

 

 
(a) 
 

 
(b) 

 
Fig. 5. Effect of inlet temperature on outlet dry mole fractions 

of: (a) H2 and (b) CO. 
 

3.3.3. Effects of A/F and W/F molar ratios 
Presented in Fig. 6(a) is the variation of methane outlet 

mole fraction (dry basis) versus A/F ratio, with W/F ratio as 
variable; other parameters are at their baseline values. Fig. 6(b) 
shows methane conversion corresponding to the above 
conditions. It is seen that by increasing air or water content of 

the gas feed mixture, methane outlet fraction will decrease, i.e., 
its conversion will increase.  

Outlet hydrogen and CO mole fractions (dry basis) versus 
A/F ratio are plotted in Fig. 7, with W/F ratio as variable and 
other parameters at their baseline values. It is observed in Fig. 
7(a) that by decreasing A/F ratio or increasing W/F ratio the 
outlet hydrogen mole fraction is increased, which is very 
desirable for fuel cell applications. In fact, the maximum outlet 
H2 mole fraction is 38.5% (dry basis) which occurs at A/F ratio 
of 1.0, W/F ratio of 3.0, and other parameters at the given 
baseline conditions (SV of 20,000 h-1 and gas feed temperature 
of 600°C). 

 
(a) 
 

 
(b) 

 
Fig. 6. Effect of A/F ratio on (a) outlet methane mole fraction 

and (b) methane conversion, for different W/F ratios. 
 
Once again, by decreasing the inlet air content the 

combustion reaction of methane (R1) is demoted and less 
methane is consumed by this reaction. This will promote the 
SR reactions directly, and the WGS reaction indirectly, which 
will result in more generation of hydrogen. Furthermore, 
increasing the inlet water content will promote the same 
reactions which will further increase hydrogen production.  
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Fig. 7(b) shows that increasing either A/F ratio or W/F 
ratio will decrease the outlet CO content; this is also desirable 
in fuel cell applications. For the given range of parameters 
simulated here, the lowest mole fraction of CO is 2.3% which 
is obtained at A/F ratio of 5.0, W/F ratio of 3.0 and other 
parameters at their baseline values. 

Increasing the inlet air content will consume more methane 
by the combustion reaction, leaving less methane available to 
the SR reactions. This in turn will give less chance for CO 
generation. Also, as the inlet water content is increased, both 
the SR and WGS reactions (R2-R4) are promoted. However, 
the WGS reaction is more sensitive to this increase, which 
causes a reduction in the outlet CO content. 
 

 
(a) 
 

 
(b) 

 
Fig. 7. Effect of A/F ratio on outlet mole fractions of (a) H2 and 

(b) CO, for different W/F ratios. 
 

4. CONCLUSIONS 
In this study, catalytic autothermal reforming of methane is 

simulated in a rectangular surface microreactor using a three-
dimensional CFD model. The main global surface reactions are 
included that consist of methane total combustion, steam 

reforming of methane to CO and CO2, and the water-gas shift 
reaction. The governing equations include conservations of 
mass, momentum, energy and chemical species, as well as the 
ideal gas mixture equation of state. A CFD code based on the 
finite volume method was developed to solve the non-linear, 
coupled governing equations. The following conclusions are 
drawn from the study: 
• Pressure gradient along the microchannel is negligible. 
• Temperature variation along the microreactor is less than 4°C; 
consequently, the process is effectively isothermal. 
• Hydrogen production reaches its maximum value at a space 
velocity of 50,000 h-1 for the given baseline conditions. 
• Both hydrogen and CO outlet mole fractions increase with the 
gas feed temperature in the range of 400-600°C. 
• Methane conversion increases with increasing A/F ratio or 
W/F ratio; it reaches its peak value at A/F ratio of 5.0 almost 
independent of W/F ratio. 
• Hydrogen production is promoted by increasing W/F ratio or 
decreasing A/F ratio. 
• Increasing either A/F ratio or W/F ratio hinder CO generation. 

Such ATR surface microreactor will be an essential 
component in the development of a complete micro-fuel 
processor for fuel cell applications in portable electronic 
devices. 

 

5. NOMENCLATURE 
pc   constant pressure specific heat ( )KkgkJ ./  

D   binary diffusion coefficient ( )sm /2  

E  activation energy ( )kmolkJ /  

H∆  reaction enthalpy ( )kmolkJ  

k  thermal conductivity ( )KmW ./  or kinetic rate constant 

K   adsorption constant in reactions R2-R4 

Bk   Boltzmann constant ( 231038.1 −× KJ / ) 

ok   pre-exponent coefficient of kinetic rate constant 

CK   adsorption constant in reaction R1 

eK   equilibrium constant in reactions R2-R4 

oK   pre-exponent coefficient of adsorption constant in 
reactions R2-R4 

C
oK  

pre-exponent coefficient of adsorption constant in 
reaction R1 

MW   molecular weight ( )kmolkg /  

p   partial pressure (bar) 

P   pressure (Pa) 



 8 Copyright © 2010 by ASME 

r   species reaction rate ( )/ hkgkmol cat  

R   total reaction rate ( )/ hkgkmol cat  

uR   universal gas constant ( )KkmolkJ ./315.8  

T   temperature (K) 
*T   dimensionless temperature 

u   x-velocity component ( )sm /  

V
r
  velocity vector ( )sm /  

v   y-velocity component ( )sm /  

w   z-velocity component ( )sm /  

x   x-direction coordinate ( )m  

y   y-direction coordinate ( )m  

Y   species mass fraction 

z   z-direction coordinate ( )m  

 

Greek symbols 

ε   Lennard-Jones energy ( )J   

η   reaction effectiveness factor 

ξ   stoichiometry coefficient 

µ   kinematic viscosity ( )2/. msN  

ω   species surface reaction rate ( )smkmol ./ 2  

DΩ   collision integral 

ρ   density ( )3/ mkg  

catρ   catalyst surface density ( )2/ mkg  

σ   species molecular diameter ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛ °
Α  

χ   species mole fraction 
 

Sub- or superscripts 

cat  catalyst 

eff   effective 

in   inlet 

i   ith species or reaction 

j   jth species or reaction 

mix   gas mixture 

out   outlet 

vol   volumetric reaction 
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