
ww.sciencedirect.com

i n t e r n a t i o n a l j o u r n a l o f h yd r o g e n e n e r g y x x x ( 2 0 1 6 ) 1e2 1
Available online at w
ScienceDirect

journal homepage: www.elsevier .com/locate/he
Numerical analysis on steam methane reforming
in a plate microchannel reactor: Effect of washcoat
properties
Chenxi Cao, Nian Zhang, Yi Cheng*

Beijing Key Laboratory of Green Reaction Engineering and Technology, Department of Chemical Engineering,

Tsinghua University, Beijing 100084, PR China
a r t i c l e i n f o

Article history:

Received 15 February 2016

Received in revised form

6 September 2016

Accepted 7 September 2016

Available online xxx

Keywords:

Steam methane reforming

Microchannel reactor

CFD with microkinetics

Washcoat thickness

Pore diameter and porosity
* Corresponding author. Fax: þ86 10 6277205
E-mail address: yicheng@tsinghua.edu.cn

http://dx.doi.org/10.1016/j.ijhydene.2016.09.0
0360-3199/© 2016 Hydrogen Energy Publicati

Please cite this article in press as: Cao C, et a
of washcoat properties, International Journ
a b s t r a c t

The effect of washcoat properties is theoretically investigated for steam methane

reforming (SMR) in a plate microchannel reactor. Transport phenomena and reaction

within the catalytic washcoat and in the bulk gas phase are modeled using a two-

dimensional, comprehensive CFD model with fully resolved catalytic washcoat, coupled

with detailed chemistry for SMR over Ni catalyst. Simulation results show that the process

is governed by internal mass transfer and reaction, therefore the reactor performance

depends markedly on the washcoat structure and dimension. Increasing pore size of the

washcoat leads to improved heat coupling, which lowers the hotspot temperature and

reduces axial temperature gradients. In the meantime, the role of porosity remains trivial.

Further, using a thicker washcoat carrying a greater loading of catalyst can considerably

increase the reactor throughput within washcoat thickness of 75 mm, at the expense of

certain loss of the catalyst productivity. Optimized washcoat properties would rely on the

catalyst activity, price and specific process demands.

© 2016 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Steam methane reforming (SMR) remains the world's largest

source of industrial hydrogen up to now since its first

commercialization over 80 years ago. In centralized plants,

this highly endothermic reaction is carried out catalytically in

tubular fixed-bed reactors that are placed in gas-fueled fur-

naces, under high pressure (>20 atm) and temperature

(800e900 �C), but with a comparatively slow rate (the resi-

dence time is a few seconds) [1]. Despite the fact that indus-

trial technology for SMR is well-established, several

downsides are unavoidable; these involve poor heat-transfer

from the furnace to the catalyst inside the tube, intraparticle
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heat and mass transfer limitations [2], and catalyst deactiva-

tion [3,4]. The unfavorable energy and matter utilization and

the reactor-furnace configuration result in a rather bulky

process and a large plant size.

Down-scaling of SMR has been a pressing demand over the

last two decades in view of the world's ever growing need for

cleaner, safer and more economical hydrogen production

processes. Microchannel reactors naturally fit these needs

owing to process intensification via miniaturization, which

tremendously increases transport rates [5], allowing for pro-

cesses running at almost the intrinsic rate of chemical ki-

netics. Regarding SMR, another attraction offered by

microchannel reactor is catalytic combustion assisted

reforming, in which the proximity of the heat source and heat
evier Ltd. All rights reserved.
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sink benefits a highly integrated and efficient reformer sys-

tem. Such compact systems find emerging applications in

distributed and localized hydrogen/syngas production,

including portable fuel cell systems [6], hydrogen fueling sta-

tions [7], small-scale GTL process [8] and so on. The over-

whelming prospects and feasibility of SMR based on

microchannel reactor has been well demonstrated by the

leading work of Velocys® Inc. and PNNL [9e11].

Yet process intensification achieved by microchannel

reactor is challenging in the context of precisely matching the

design to specific process conditions. For instance, SMR can

happen over different catalyst systems. Ni, the industrial

catalyst, is robust and inexpensive, but relatively easy to

deactivate due to carbon deposition and sulfur poisoning [12].

Thus, it dictated prior sulfur removal and high steam to car-

bon (S/C) ratios on stream, which decrease both the system's
energy efficiency and compactness. Rh and other noblemetals

(Ru, Pd) are orders of magnitude more active for SMR, less

prone to coking, and possess high sulfur tolerance, but their

expensiveness requires careful usage in a small amount. The

point is that process and catalyst intensification must be

symbiotic for a downscaled reformer [13]. For washcoated

catalyst in microchannel reactor, this intensification implies

optimizing both the catalyst's active phase and the porous

washcoat (support). For partial oxidation on Rh in monolithic

reactors, Stutz and Poulikakos [14] have demonstrated

marked effect of washcoat properties and the existence of an

optimum washcoat thickness. Similarly, washcoat effect

proved to be significant for CO preferential oxidation on Pt in

foam-based or honeycomb reactors [15]. Although Stefanidis

and Vlachos [16] suggested that Rh-based SMR in micro-

channel reactor is reaction-controlled, their modeling

approach has lumped internal mass transfer and catalytic

reaction. Given that partial oxidation is a combination of

combustion and SMR [17], it is very likely that effect of

washcoat properties is also crucial for SMR in microchannel

reactor. That is, despite the fact that the washcoat dimension

is considerably small (typically 10e100 mm), intra washcoat

mass transfer resistance is significant and not negligible for

fast reactions as SMR.

Quantifying the mass transfer resistance for washcoated

catalyst in microscale devices is difficult by experimental

approach, with which only the overall conversion/yield can be

easily measured ewhich is insufficient for verifying the effect

of washcoat properties. Also required are efforts to precisely

control and tune the washcoat properties (such as thickness,

pore size, etc.) as needed in experiments. These difficulties

can be readily overcome, however, by numerical simulation.

So far, various modeling schemes have been available for

modeling SMR at microscale, ranging from the simplest one-

dimensional, plug flow models to three-dimensional, full

CFD models [18e24]. To couple gas-phase chemistry and

surface catalytic reaction, the instantaneous diffusion

approach is the most efficient strategy, which does not

necessitate resolving the washcoat geometry; the most so-

phisticated approach is to solve full reaction-diffusion equa-

tions for the catalyst domain. A comprehensive review

regarding these approaches can be found in Ref. [25]. Although

Irani et al. [26] argued whether the surface-based (instanta-

neous diffusion approach) or volume-based (solving reaction-
Please cite this article in press as: Cao C, et al., Numerical analysis on
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diffusion equation) models are preferred for SMR on Ni in a

monolithic reactor, Mladenov et al. has shown that for cata-

lytic converters, the latter approach best agrees with the

experimental data, and allows discrimination between

intrinsic kinetics and mass transfer effects [27]. Anyhow,

simulation aiming at optimization of washcoat properties

should be washcoat-resolved, if not necessarily. To our best

knowledge, most modeling work on SMR in microchannel

reactor is limited to the instantaneous diffusion approach.

Although some simulations resolved the washcoat geometry

[22,28e31], they scarcely discussed the effect of washcoat

properties. Another major limitation of the current modeling

work is that, with rare exceptions [23,32,33], they used global

kinetic models such as that of Xu and Froment [34]. Global

kinetics accounts for overall reaction and is deduced with a

priori assumptions (e.g., the rate-determining step and the

most abundant reactive intermediates), which may be invalid

under various real reaction conditions. Microkinetics, on the

other hand, is developed bottom-up without using condition-

dependent assumptions. It can capture behaviors of the

reacting system over a wide range of operating conditions.

Such reliable detailed chemistry models have been success-

fully applied in our previous work [35e37].

The objective of this work is to explore the effect of wash-

coat properties on the performance of a plate microchannel

reactor for SMR theoretically. Unlike the aforementioned

simulation work, a detailed, washcoat-resolved approach is

adopted for momentum, heat and mass transfer within the

catalytic washcoat, while catalytic reactions are described by a

reliable microkinetics model. We study the basics of reaction

and mass transfer within the washcoat, and perform a para-

metric study with respect to washcoat properties, such as

thickness, pore size and porosity. Guidelines for optimization

ofwashcoat are sketched in the context of the reactor's thermal

behavior, the catalyst productivity and the reactor throughput.
Mathematical model

An integrated plate microchannel reactor for SMR was

modeled with a two-dimensional comprehensive CFD model

in which the washcoat was resolved with finite thickness.

Catalytic reforming was modeled with microkinetics.

Computational domains were specified for a structural unit

model and a reduced, single-channel model. Appropriate

governing equations, boundary conditions and chemical ki-

netics were applied for the gas phase, the solid wall and the

porous washcoat. This modeling scheme made use of no

lumped, correlated transport coefficients. All model parame-

ters were set a priori instead of by fitting experimental data. An

effective solution method was proposed which iteratively

solve the set of differential-algebraic equations forming the

mathematical model, ensuring good convergence. All these

aspects with regards to establishing the mathematical model

are detailed in the following sections.

Model geometries and computational domains

The microchannel reactor is composed of alternate, parallel

reforming and heating channels with metal walls in between.
steammethane reforming in a plate microchannel reactor: Effect
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Endothermic SMR happens over Ni catalyst coated on the

reforming side of the wall surface, driven by heat conducted

through the wall from the adjacent heating channel. In the

heating channels, either catalytic combustion (over wall-

coated Pt/Pd catalyst) or hot inert gas flow (e.g., flue gas) is

employed for heat supply.

Fig. 1 shows the two-dimensional model geometries used

in simulation. They represent the constituting elements of the

integrated microchannel reactor [36], based on the assump-

tion that an inlet gas distributor assures an equal partitioning

of the feedstock. For modeling the plate-type structured

catalyst [38], the two-dimensional approach is reasonable, as

the channels are flat so that the gradients in the width di-

rection are insignificant. Fig. 1a is the geometry of the struc-

tural unit model, which consists of one reforming channel,

one heating channel and the metal wall between them. The

corresponding computational domain includes two free fluid

regions (the channels), one porous media region (the reform-

ing catalytic washcoat), and one solid region (the metal wall).

Since our interest is concentrated on the reforming perfor-

mance, catalytic combustion was treated as a wall reaction so

that the combustion catalytic washcoat geometry was not

resolved (zero-thickness, by using the instantaneous diffusion

approach). Only one-half of each channel was incorporated

into the computational domain by applying a symmetric

boundary condition. An insulated blank region was added

upstream the inlet and downstream the outlet of the channels

to ensure better convergence [35]. Fig. 1b is the geometry of the

reduced, single-channel model, which involves one reforming

channel only. Correspondingly, in the computational domain
Fig. 1 e Computational domains for the simulated microchanne

heating channel, a reforming channel and a metal wall in betw

only.

Please cite this article in press as: Cao C, et al., Numerical analysis on
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are one free fluid region and one porousmedia region. It could

be viewed as a part of the structural unit model.

Governing equations and physical property calculations

Development of the governing equations depends on the

following assumptions:

a) The width of the reaction channel is significantly larger

than the height;

b) The flow in the reaction channel is laminar;

c) Steady-state operation of the reactor has been reached;

d) Gas-mixture can be treated as incompressible ideal gas (the

density of the mixture can be calculated from ideal gas

law);

e) Gas phase non-catalytic reaction can be neglected;

f) The porous catalytic washcoat is isotropic and in local

thermal equilibrium with the gas mixture.

These assumptions are widely accepted, and were used in

our previousmodeling work concerning SMR inmicrochannel

reactors [37,39], as well as in modeling other reactions taking

place within the catalytic washcoat in a microchannel reactor

[30,40].

Table 1 gives the governing equations for fluid flow and heat

andmass transfer in the freefluidphase, the solidphaseand the

porous washcoat phase. For the free fluid phase, Knudsen

number (Kn ¼ l=Dh) was evaluated to be less than 10�3 for the

characteristic dimensions of the simulated reactor, thus the

continuum assumption was valid. Therefore, general
l reactor SMR: (a) the structural unit model comprising a

een; (b) the single channel model for a reforming channel

steammethane reforming in a plate microchannel reactor: Effect
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به عنوان مثال، در یک فرآیند شیمیایی، گازهایی با دمای متفاوت وارد می‌شوند. اگر پوشش کاتالیزوری در نقاط مختلف دمای متفاوتی داشته باشد، کاتالیزور در نقاط مختلف با دمای مختلف کار خواهد کرد. به عبارت دیگر، در نقاطی که دمای پوشش کاتالیزوری بیشتر است، فرایند شیمیایی سریعتر اتفاق می‌افتد و کاتالیزور بیشتر فعال خواهد بود. در نقاطی که دمای پوشش کاتالیزوری کمتر است، فرایند شیمیایی کندتر اتفاق می‌افتد و کاتالیزور کمتر فعال خواهد بود.

به همین دلیل، تعادل حرارتی موضعی باعث بهبود کارایی کاتالیزور می‌شود، زیرا کاتالیزور در نقاط مختلف با دمای مختلف کار می‌کند و این باعث افزایش کارایی آن می‌شود.
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Table 1 e Governing equations used in the mathematical
model of the simulated microchannel reactor.

Free-fluid

Continuity equation

V,ðruÞ ¼ 0

NaviereStokes equations

ðu,VÞru ¼ �VPþ mV2u

Energy equation

V,½ruðP
i

Yihi þ juj2Þ� ¼ V,ðkVT�P
i

hiJiÞ

Species equation

V,ðrYiuÞ ¼ V,½rðDi;MVYi þ Di;TVTÞ�
Solid wall

Energy equation

V,ðkVTÞ ¼ 0

Catalytic washcoat

Continuity equation

V,ðruÞ ¼ 0

Forchheimer's modified formulation of Darcy Equations

ðu,VÞru ¼ �VPþ m'V2u� m
k
u� C2

2 rjuju
Energy equation

V,½ruðP
i
Yihi þ juj2Þ� ¼ V,ðkeffVT�P

i
hiJiÞ þ

P
i
hi
bRi

Species equation

V,ðrYiuÞ ¼ V,½rðDi;effVYi þ Di;TVTÞ� þMi
bRi

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( 2 0 1 6 ) 1e2 14
conservation equations of momentum, energy and mass

transfer for continuous fluids were used. Gravity and other

body-forces were ignored in the conservation equations since

low-density gas fluid was simulated. In energy and species

equations, the diffusivemass flux of each species (Ji) was driven

together by concentration and temperature gradients:

Ji ¼ �r
�
Di;MVYi þ Di;TVT

� �
i ¼ 1; :::;Ng

�
(1)

whereDi;M andDi;T are themolecular and thermal diffusivities,

respectively. Further, Brinkman number

�
Br ¼ mu2

kðTw�T0Þ

�
of the

fluid was found in the order of 10�5e10�3. Hence, viscous

heating was ignorable with respect to conductive and

convective heat transfer. The dissipation term was then

neglected in the energy equation.

The source term in momentum equations for the catalytic

washcoat acts as a momentum sink, causing a pressure drop

when fluids flow through the porous media. In this study

homogeneous and isotropic porousmedia were hypothesized;

the resulting momentum source term was written as

SM ¼ �m

k
u� C2

2
rjuju (2)

according to BrinkmaneForchheimer model [41]. m is the dy-

namic viscosity of the fluid, k is the permeability of the porous

media, and C2 is the inertial resistance factor of the porous

media. The first and the second terms on the right-hand side

of Eq. (2) stand for viscous and inertial momentum losses,

respectively. Since the pore Reynolds number turned out to be

much smaller than unity for all studied conditions, the inertial

loss term was neglected by setting C2 to zero.

Energy and mass source terms in the energy and species

equations were taken into account for the catalytic washcoat

phase only because we assume no homogeneous reactions.

The source terms, Ri and SH, describe the heat and mass

changes due to chemical reactions:
Please cite this article in press as: Cao C, et al., Numerical analysis on
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SH ¼
X
i

hi
bRi

�
i ¼ 1; :::;Ng þNs

�
(3)

Ri ¼ Mi
bRi

�
i ¼ 1; :::;Ng þNs

�
(4)

where bRi is the creation/consuming rate of species i (molar) on

a per washcoat volume basis, calculated from microkinetics

(see Section Kinetic models for surface catalytic reactions); hi

is the molar enthalpy of species i.

All physical properties of the fluids in this study are tem-

perature- and composition-dependent, as listed in Appendix

1. For the porous media, effective thermal conductivity was

used which was expressed as the volume average of the fluid

thermal conductivity and the solid thermal conductivity

keff ¼ εkf þ ð1� εÞks (5)

where ε is the porosity of porous media, kf and ks are the

thermal conductivity of the fluid and solid phases of porous

media, respectively.

A modified Fick model was used instead of the more

complex Dusty Gas Model (DGM) in this study. The former is

as accurate as DGM under diverse conditions of SMR, while

being much less computationally expensive [42]. In the

modified Fick model, effective diffusion within porous media

wasmodeledwith an equivalent (effective) Fickian diffusivity,

Di;eff , which was computed from molecular diffusivity, Di;M,

and Knudsen diffusivity, Di;k, using a modified form of the

Bosanquet formula [41]:

Di;eff ¼ ε

t

�
1� ai;MYi

Di;M
þ 1
Di;k

��1

(6)

where ε is the porosity, and t is the tortuosity of porousmedia.

The molecular diffusivity of species i in the gas mixture was

calculated from the Wilke equation [43].

1
Di;M

¼ 1
1� Yi

X
jsi

Yj

Dij
(7)

where ai;M was given in:

ai;M ¼ 1�
�

Mi

Mavg

�1=2

(8)

The formula of Knudsen diffusivity was [44]:

Di;k ¼ dp

3

ffiffiffiffiffiffiffiffiffi
8RT
pMi

s
(9)

where dp is the mean pore diameter of porous media.

Kinetic models for surface catalytic reactions

The source terms in energy and species equations rely on the

expression of reaction kinetics for each species involved. For

SMR over Ni catalyst, microkinetics proposed by the

Deutschmann group [45,46] was used in this work (see Table

A.1 in the appendix). Involving 42 elementary reactions of 6

gas-phase species and 13 surface species, this reaction ki-

netics is applicable for a wide range of Ni-based catalysts [47].
steammethane reforming in a plate microchannel reactor: Effect
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In the kinetics the molar creation/consuming rate of spe-

cies, i was calculated on a per catalytic surface area basis as:

bri ¼XKs

n¼1

ni;nkn

YNgþNs

j¼1

�
Xj

�nj;n �
i ¼ 1; :::;Ng þNs

�
(10)

where the rate constants of the nth reaction, kn, were calcu-

lated by a modified Arrhenius equation,

kn ¼ ATa;n exp

��Ea;n

RT

�YNs

i¼1

Q
4n
i exp

�
ei;nQi

RT

�
(11)

which accounts for the coverage dependence of surface re-

action rates (by 4n and ei;n). In particular, the rate constants of

adsorption reactions in Table A.1 were given in sticking co-

efficients g, which could be converted to conventional rate

constants by:

kn ¼ g

Gtn

ffiffiffiffiffiffiffiffiffiffiffiffi
RT

2pMi

s
(12)

For the steady-state simulation considered, invariant sur-

face coverage of each surface species was enforced:

vQi

vt
¼ bri

G
¼ 0 ði ¼ 1; :::;NsÞ (13)

where the site density G for Ni catalyst (the number of active

sites on the catalyst surface) was set as 2.6 � 10�9 mol cm�2 in

the simulation.

The molar rate bri on a per surface area basis in Eq. (13) was

converted to molar rate bRi on a per catalytic volume basis by:

bRi ¼ Fcatdcatrcatbri (14)

where Fcat is the activemetal surface area of catalyst, dcat is the

thickness of the catalytic washcoat, rcat is the density of the

catalytic washcoat.

To model catalytic combustion of methane, we used the

global rate expressions for Pt catalyst developed by Trimm

and coauthors [48,49]:

rc ¼ kcPCH4
P1=2
O2	

1þ KC
CH4

PCH4 þ KC
O2
P1=2
O2


2 (15)

The parameters therein can be found in the references

above. Catalytic combustion provides a certain pattern of

heating profile, but the detail of kinetics is of minor impor-

tance. It was treated as a wall reaction with instantaneous

diffusion, inwhich the catalyst loading and the effective usage

of the internal surface area of catalyst were lumped by a

constant factor [25], and the corresponding mass flux due to

reaction is applied in the boundary condition of the wall. More

details were described in our previous work [37,39].
Boundary conditions

The differential equations in the mathematical model were

solved being subject to the boundary conditions listed in Table

2. Inlet boundaries of the channels were uniform velocity,

which is equal to the average velocity calculated from the

volumetric flow rate. Inlet diffusion of species was not

considered. Outlet boundaries of the channels were constant
Please cite this article in press as: Cao C, et al., Numerical analysis on
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static pressure (1 atm) and zero normal gradients of velocity,

temperature, and species mass fraction.

Adiabatic wall conditions were imposed on the outer walls

because the heat exchange between the reactor and envi-

ronment is expected to be eliminated by suitable insulation.

Symmetric boundaries were imposed on the centerlines of

reaction channels. Specifically, in the reducedmodel, the wall

condition of the reforming channel was constant tempera-

ture. This means under ideal conditions the reactor thermal

management is perfect so that isothermal operation is

achieved.

At the porous media solid wall interface where heat

coupling has to be taken into account, thermally coupled and

no-slip boundary conditions were applied. Although the

Knudsen number for the porousmedia (~10�1) is in the regime

of slip boundary, applying the no-slip boundary is not ex-

pected to lead to visible deviation due to the negligible fluid

velocity. At the free-fluid porous-media interface, continuity

in the velocity, temperature, pressure and species mass frac-

tion was held. The continuity is inherent in the applied

BrinkmaneForchheimer model [41] for the momentum

transport in porous media. Also the generally used stress-

continuous condition was imposed at the interface; the

against stress-jump condition only yields significantly

different results when the porosity is high [50], which is not

the case in this study.
Model parameters and operating conditions

Table 3 lists the reactor dimensions, material properties and

the range of operating conditions used in the simulation. The

channel lengths were fixed at 55 mm. The gap sizes of the

channels were in the sub-millimeter range: the heating

channel was 0.5 mm in height; the height of the reforming

channel was 0.8 mm (the default) or 0.4 mm according to

different cases in simulation. The metal wall was 1.0 mm

thick. Its thermal conductivity was a fixed value of

20 W m�1 K�1, representative of typical high-temperature

alloy steels.

The current work concerns SMR under atmospheric pres-

sure. The inlet line velocities of the reforming gas varied from

0.175 to 7.34 m/s, corresponding to GHSVs (based on the re-

action channel volume) from 0.29� 104 h�1 to 12.2� 104 h�1 (at

298 K and 1 atm). The inlet line velocity of the fuel gas was

fixed at 1.719m/s (GHSV¼ 2.85� 104 h�1). The feed S/C ratio of

the reforming channel was held at 3.0. The inlet CH4: O2 molar

ratio was 1:2, and balance N2 was introduced to maintain a

fuel to reform volumetric flow ratio of 3.5.

Washcoat thickness in this work varied from 10 to 100 mm,

which was considered typical for catalytic washcoat in

microdevices. The washcoat thickness in our experiments is

estimated to be 20e40 mm. With regard to pore structure pa-

rameters of the catalytic washcoat, typical porosity was re-

ported to be around 0.5 [51], which was made the default in

this work. The tortuosity usually lies in the range of 3e4 [27],

herein it was set to 3. For the pore size of porous washcoat,

unlike some simulation work [22,31] in which a pore diameter

around 300 nm was set according to the industrial Ni catalyst

[52], we used a default value of 20 nm, which is close to the
steammethane reforming in a plate microchannel reactor: Effect
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Table 2 e Boundary conditions for the mathematical
model.

Channels

Inlets

ux ¼ u0; uy ¼ 0; T ¼ T0; Yi ¼ Yi;0

Outlets
vu
vx ¼ 0; vT

vx ¼ 0; P ¼ P0;
vYi
vx ¼ 0

Walls

Adiabatic wall

u ¼ 0; vT
vn ¼ 0; vYi

vn ¼ 0

Heating wall (in single channel model)

u ¼ 0; T ¼ Tw;
vYi
vn ¼ 0

Symmetry
vu
vn ¼ 0; vT

vn ¼ 0; vYi
vn ¼ 0

Interfaces

Free-fluid - porous medium

uf ¼ up; Tf ¼ Tp; Pf ¼ Pp; Yi;f ¼ Yi;p

Porous medium e solid wall

up ¼ 0; keff
vTf
vy ¼ kw

vTw
vy ;

vYi;p

vy ¼ 0

Table 3 e Model parameters and operating conditions.

Free-fluid Reforming
channel

Heating
channel

Channel height (mm) 0.8 (0.4, 0.8)a 0.5

Channel length (mm) 55 55

Inlet temperature (K) 1173 (873e1173) 1173

Wall temperature (in reduced

model, K)

1173 (873e1173) e

Operation pressure (atm) 1 1

Inlet velocity (m/s) 0.887 (0.175e7.34) 1.719

Inlet composition (vol.) 25% CH4

75% H2O

5.9% CH4

11.8% O2

balance N2

Solid wall

Thickness (mm) 1.0 mm

Thermal conductivity

(W$m�1$K�1)

20

Catalytic washcoat

Thickness (mm) 25 (10e100)

Porosity 0.5 (0.35e0.7)

Tortuosity 3

Pore diameter (nm) 20 (2.5e50)

Thermal conductivity (g-Al2O3,

W$m�1$K�1)

6.5

Density (g-Al2O3, kg$m
�3) 3970

Active Ni surface area of catalyst

(m2$g�1)

4.1 (0.44e8.75)

Permeability (m2) 10�16 (10�8�10�16)

a The number before the bracket is the default value, while the

ones in the bracket denote the range within which the specific

variable is varied in simulation.
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reported value of 10 nm for the Pt/Al2O3 washcoat in monolith

[53].

The density of the catalytic washcoat was calculated by

mass balance as

rcat ¼ rg�Al2O3

1� ε

1�wNiO%
(16)

wherewNiO% was the metal content of the supported catalyst.

For example, taking rg�Al2O3
¼ 3970 kg m�3; ε ¼ 0:5 and
Please cite this article in press as: Cao C, et al., Numerical analysis on
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wNiO% ¼ 15 %, rcat becomes 2335 kg m�3, close to that in

Ref. [52]. The Ni surface area of Ni/g-Al2O3 catalyst was re-

ported to be 4.1 m2 g�1 for the catalyst with a metal content of

15.2%, and 3.6 m2 g�1 for the catalyst with a metal content of

8.7%. In our experiments, Ni content for washcoated catalyst

can be more than 20%. The range of Ni surface area of

0.44e8.75 m2 g�1 in the simulation allows an extensive

investigation on the effect of catalyst loading. The thermal

conductivity of porous washcoat was calculated from Eq. (5)

where ks, the thermal conductivity of the solid phase, was

6.5 W m�1 K�1 for g-Al2O3. The permeability of porous wash-

coat could be estimated from washcoat structure, such as

using empirical correlation for granular media [41]. Since the

actual washcoat structure may be complex, the correlations

are far from being precise. Therefore, we pre-set the perme-

ability in simulation. The default value of 10�16 m2 leads to

impermeable porous media.
Model implementation and solution scheme

The governing equations of the mathematical model were

discretized by structured meshes to be implemented in the

commercial CFD software FLUENT 6.3. In meshing, we refined

the grids near the interfaces (between free fluid and catalytic

washcoat, and between catalytic washcoat and solid wall) in

order to capture sharp velocity, temperature and concentra-

tion gradients. This is crucial for good convergence. Also the

2nd-order upwind discrete scheme was adopted for mo-

mentum, energy, and mass conservation equations to reduce

the discrete error. For the structural unitmodel, the number of

mesh elements ranged from 29,985 to 53,585 depending on the

washcoat thickness and channel height. Mesh grids for the

reduced model were approximately half of that for the struc-

tural unit model. Refining the mesh did not cause significant

change in results.

The discretized equations were solved numerically by

FLUENT, whose solver handles the governing equations of

fluid transport. Whereas, an in-house C-based stiff ODE solver

computes the chemical source terms. The porous media

model in FLUENT was enabled to deal with the momentum

and heat transfer problems in the catalytic washcoat. The

effective diffusivity Di;eff in the catalytic washcoat was calcu-

lated by means of the user-defined functions (UDFs) provided

by FLUENT. For calculation of the velocity field within the

catalytic washcoat, we chose the default superficial velocity

usu from the porous media model offered by FLUENT instead

of the physical velocity uphy. The two velocities are correlated

by porosity as

usu ¼ εuphy (17)

Although using physical velocity takes into account the

velocity increase in the porous media relative to the free fluid

region, it causes convergence difficulty because the continuity

of velocity is preserved across the free fluid porous media

interface. Since the actual velocity in porousmedia was rather

small, using superficial velocity is a cost-effective option that

would not cause significant accuracy loss.

The proposed solution scheme for FLUENT implementa-

tion of the mathematical model is as follows: FLUENT first
steammethane reforming in a plate microchannel reactor: Effect
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solves for the velocity, temperature and concentration fields

in the computational domains; the information is whereafter

past to the in-house stiff ODE solver through UDFs as initial

conditions; the stiff ODE solver iteratively solves the set of

kinetic equations using a semi-implicit discrete method [54];

the obtained chemical source terms are then returned to

FLUENT through UDFs to update the flow field. This process

continues until the solution is convergent. The convergence

criteria are: The residuals of all governing equations are below

10�6; the velocity, temperature, and concentration fields

remain unchanged between two iterations (relative

difference < 0.1%).
Results and discussion

Model validation

The washcoat-resolved CFD model was validated against our

previous experimental data [39]. In the experiments catalyst

substrates were coated with three catalyst loadings (defined

as weight of the coated catalyst per substrate area), namely,

6.8 g/m2, 3.4 g/m2, and 1.6 g/m2. For the 6.8 g/m2 catalyst

loading, the Ni content was 15.2%. The corresponding Ni

surface area was set to 4.1 m2 g�1 in simulation [55]. For the

3.4 g/m2 and 1.6 g/m2 loadings, Ni surface areas were set

proportional to their loadings as 2.05 m2 g�1 and 1.03 m2 g�1,

respectively.

As shown in Fig. 2, the simulation results in this work agree

well with the experimental data. The simulated CH4 conver-

sions and CO2 selectivities for the 6.8-g/m2 loading quantita-

tively coincide with experimental data within a wide range of

temperature and space velocity. Simulations for the other two

loadings also reproduce conversion trends in accord with the

experiments. Nonetheless, catalyst activity appears some-

what underestimated in the simulation for the 3.4-g/m2

loading, especially at high space velocities, while the pre-

dicted catalyst activity for the 1.6-g/m2 loading is slightly

higher at low temperatures. These deviations are most prob-

ably due to the inaccurate Ni surface areas used as we

assumed the linear relationships between catalyst loading

and metal surface area. It has been reported that the 8.7 wt%

Ni catalyst has a metal surface area of 3.6 m2/g, which is close

to 4.1 m2/g of the 15.2 wt% catalyst [56]. It is probable that the

real Ni surface area of the 3.4-g/m2 loading catalyst is greater

than 2.05 m2 g�1, while the Ni surface area of the 1.6-g/m2

loading catalyst is less than 1.03m2 g�1. Better agreementwith

experiment can be obtained by using more appropriate metal

surface area. Correlating the metal surface area with factors

such as the metal content, the support structure, and the

preparation method, etc. is however beyond the scope of this

study. Overall, catalytic reaction and the simultaneous mass

transfer within the washcoat are properly described by the

proposed modeling scheme.

It should be noted that the results generated by our pre-

vious model [37], as indicated by the dashed lines, are also

consistent with experiments. However, the newly proposed

model here has taken account of washcoat with finite thick-

ness; it does not rely on the empirical Surface Area Factor

(SAF, ratio of active catalytic surface area to the geometrical
Please cite this article in press as: Cao C, et al., Numerical analysis on
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area), which requires fitting to experiments, as used in the

previous work. Instead, the total active catalytic surface area

was calculated from the physical properties of the catalyst (Eq.

(16)) without any additional fitting.

In addition, the heat-transfer sub-model included in the

modeling scheme has been validated in Ref. [36], in which it

was coupled with SMR over Rh. In this sense, we are confident

that the developed model in the present work is reliable for

investigating the effect of washcoat properties for an inte-

grated microchannel reactor running SMR over Ni.

Basic flow, temperature and concentration fields

We first investigated the basic flow, temperature and con-

centration fields in the catalytic washcoat and free fluid region

inside the reforming channel. The results were based on the

reduced channel model with a channel height of 0.8 mm

under the baseline operating condition (uin ¼ 0.887 m/s,

Tw ¼ 1173 K) with the catalyst loading of 6.8 g/m2.

Fig. 3a depicts the contours of axial velocity component

(the transverse velocity component was found to be too small

to have visible effects) for washcoat thickness of 25 mm and

100 mm, representing normal and thick washcoat, respec-

tively. For both washcoat thickness, bulk gaseous flows are

close to laminar. The axial velocity develops along the channel

due to a net species generation (of a factor > 3) from SMR until

the end, indicating that the full length of the reactor is uti-

lized. In the porous washcoat, however, the velocities are

small (in the order of 10�3 m/s) and resemble plug flows. The

flow pattern with such impermeable washcoat (k ¼ 10�16 m2)

indicates that the reactants flow by rather than through the

catalyst, in accord with Tonkovich et al. [10]. Hence, thicker

washcoat is equivalent to smaller cross-sectional area, and

results in greater average velocity in the open gap of the

channel (free fluid region). As can be seen, the maximum

outlet velocity for the thick washcoat (2.47 m/s) is larger than

the normal washcoat (2.03 m/s), although the net species

generation for the former is less because of its lower CH4

conversion. Therefore, the residence time of gaseous species

is largely influenced by washcoat thickness at fixed volu-

metric flow rate.

Fig. 3b and c shows the axial velocity profiles in the

transverse direction at x ¼ 22.5 mm (in the middle of the

channel). The axial velocity distributions are different, espe-

cially at the interface, with permeability ranging from 10�8 to

10�16 m2. For the permeability of 10�8 m2, the washcoat ap-

pears fully permeable, marked by the smooth transition of

axial velocity at the interface. When the permeability is less

than 10�12 m2, the axial velocity distributions are almost

indistinguishable. The washcoat is impermeable except for

the region very close to the interface. In that transition area,

velocity gradient exists which decreases with permeability

(see the zoomed-in parts). Even though the washcoat perme-

ability has significant effect on the velocity distribution, it

hardly changes the CH4 conversion (<0.8%) regardless of

washcoat thickness. It suggests that convective mass transfer

is trivial compared with diffusion within the catalytic wash-

coat. In addition, we estimated the permeability of catalytic

washcoat in experiments using empirical correlation for

granular media [41], which resulted in no more than 10�14 m2.
steammethane reforming in a plate microchannel reactor: Effect
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Fig. 2 e Comparison of simulated and experimental results of CH4 conversion and CO2 selectivity for (a) and (b): Tw ¼ 1173 K,

GHSV ¼ (0.29e2.86) £ 104 h¡1; (c) and (d): Tw ¼ 873e1173 K, GHSV ¼ 0.88 £ 104 h¡1. In all cases, Hr ¼ 0.4 mm and Tin ¼ Tw.
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It implies that impermeable porous media is a good approxi-

mation for the catalytic washcoat. Consequently, the perme-

ability of 10�16 m2 was set as default in the other simulations.

Fig. 4 demonstrates the temperature profile along the

centerline of the reforming channel for different inlet tem-

peratures. The temperature in the channel reaches the wall

temperature in 5 mm from inlet (dashed line). The corre-

sponding changes in the CH4 conversion are lower than 0.3%.

The temperature curves for the case of 25-mm washcoat

overlap with that for the 100-mm washcoat (not shown for

clarity), indicating the microchannel reactor has the same

heat transfer capability with the 100-mm washcoat as the 25-

mm one. Under the condition of coupled catalytic combustion

and reforming, similar rapid heat-up of inlet flow is observed

(Fig. 10) which will be discussed with more detail in Section

Optimization of catalytic washcoat. This tremendous trans-

verse heat transfer performance guarantees high space ve-

locity operation of the intense endothermic SMR.

Fig. 5 shows the contours of themass fractions of CH4, H2O,

H2, CO and CO2 for the 100-mm washcoat. For all species, the

transverse gradients in the open gap are insignificant

compared with those in the catalytic washcoat, indicating

much more intense diffusive resistance in the porous media

region than in the gas phase. These trends are also observed

with 25-mm washcoat though less obvious (not shown). On

reactant side, CH4 mass fraction is non-zero throughout the

washcoat in the anterior part of channel (x < 0.02m) as shown

in Fig. 5a. All active sites of the catalyst are accessible in this

region even for this thick washcoat. However, the gradient

increases towards the end of the reactor. In the end of the

channel, the active sites at the bottom of washcoat cannot be

accessed by CH4. The excessive reactant H2O behaves differ-

ently from CH4. Owing to its abundance, the mass fraction of
Please cite this article in press as: Cao C, et al., Numerical analysis on
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H2O is no less than 0.45 over all active sites in the entire

channel (Fig. 5b). The resulting H2O conversion does not vary

with washcoat thickness much. Yet the mass fraction

gradient close to the inlet is apparently larger than CH4,

implying somehow faster consumption of H2O in this region.

On the product side, Fig. 5c and d shows that the mass

fractions of H2 and CO exhibit similar tendencies. They

distribute everywhere in the washcoat, but H2 has smaller

transverse gradients compared with CO, as indicative of the

faster diffusion due to its low molecular weight

(MH2 ¼ 2 � 103 kg/mol). However, Fig. 6e indicates that the

mass fraction of CO2, the heaviest product

(MCO2 ¼ 44 � 10�3 kg/mol), does not vary notably across the

washcoat. Also, the formation of CO2 is completed within the

first 0.01 m of the channel, and the gradient of mass fraction

within washcoat is only observed at the inlet region

(x < 0.01 m). A remarkable difference found among the prod-

ucts is that CO generates more slowly than the other two, as

inferred from its greater axial gradients. It is clear the for-

mation of products is not simultaneous but rather follows

different reaction paths.

The intense CO2 formation near the inlet suggests the ex-

istence of massive O(s) (surface adsorbed oxygen), which

further oxidizes CO(s) into CO2(s) through reaction R21 in

Table A.1. As O(s) originates from the decomposition of H2O(s),

the region featuring more CO2 formation also features faster

H2O decomposition (reaction R16 in Table A.1), which pro-

duces more H2 (through reactions R16 and R7 in Table A.1).

This in turn explains the above-mentioned larger gradient of

the mass fraction of H2O within washcoat in the inlet region.

With the growth of H2 along the channel, coverage of H(s)

increases resulted from the adsorption/desorption equilib-

rium. H(s) suppresses the decomposition of H2O and finally
steammethane reforming in a plate microchannel reactor: Effect
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Fig. 3 e (a) Contours of axial velocity in the reforming channel; transverse axial velocity profiles at x¼ 22.5 mm for (b) 25-mm

washcoat and (c) 100-mm washcoat with different permeabilities.

Fig. 4 e Temperature profiles along the centerline of the

reforming channel with dcat ¼ 100 mm.
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the oxidation of CO(s), so that CO2 is seldom formed in the

remaining channel. From amacroscopic view, H2 is generated

by both SMR and WGS close to the inlet, but mostly by SMR

alone in the rest of the channel. The obtained knowledge of

catalyst usage and dominant reactions under the baseline

condition provides the clue to analyze the reactor perfor-

mance under various theoretical and practical conditions.

Basics of coupled reaction and internal mass transfer

Although the catalytic washcoat coated on the reactor wall is

thin, it has been suggested from the significant concentration
Please cite this article in press as: Cao C, et al., Numerical analysis on
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gradients that internalmass transfer limitationmaybe critical for

SMR in microchannel reactor. We therefore investigate the basic

problem regarding the coupling of surface reaction and mass

transfer in the catalyticwashcoat, involving the limiting regimeof

process, catalyst usage for different washcoat dimension (thick-

ness), and the possible effect of washcoat structure on reactor

performance. These aspects regarding internal mass transfer

limitation were explored by simulations concerning the reform-

ing channel and reforming catalyst within the reduced model

geometry under the assumption of constant wall temperature.

The limiting regime of the process can be verified by

varying the washcoat dimension with other parameters fixed.

The reactant conversions and product yields and selectivity

were explored at 1173 K and 1073 K, which represent high and

low operating temperatures, respectively. In each set of

simulation, the washcoat thickness was varied from 10 mm to

100 mmwith the overall catalyst loading fixed, while GHSVwas

kept as 1.48 � 104 h�1 all along. Fig. 6a shows that the CH4

conversion decreases linearly with increasing washcoat

thickness for all three loadings and both temperatures. As

demonstrated, the CH4 conversion is not equilibrium-limited;

hence, the figure shows evident effect of internal mass

transfer. It is also noted that the H2 yield decreases with

increasing washcoat thickness following the CH4 conversion

(not shown). On the other hand, decreasing the catalyst

loading from 9.1 g/m2 to 4.5 g/m2 leads to a decrease of the CH4

conversion up to 10%, which is comparable to that caused by

increasing washcoat thickness from 10 mm to 100 mm. The

reactor thereby appears to run in a mixed limiting regime of

reaction and internal mass transfer.

The H2O conversion in Fig. 6b does not vary significantly

with washcoat thickness. The difference between H2O and
steammethane reforming in a plate microchannel reactor: Effect
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CH4 is not likely due to diffusion in that they have similar

diffusivity. On one hand, the conversion trend can be attrib-

uted to the fact that H2O is largely excessive: Under S/C ¼ 3,

H2O conversion is 1/3 of CH4 conversion if water-gas shift is
Fig. 5 e Contours of species mass fractions of (a) CH4 (b) H2O (c

dcat ¼ 100 mm.
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ignored. On the other hand, it is probable that the consump-

tion of H2O is more reaction-controlled, because the adsorp-

tion and decomposition of H2O over Ni surface (reactions R9,

R16 and R18 in Table A.1) tend to be slower than that of CH4
) H2 (d) CO and (e) CO2 in the reforming channel with

steammethane reforming in a plate microchannel reactor: Effect
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http://dx.doi.org/10.1016/j.ijhydene.2016.09.034
http://dx.doi.org/10.1016/j.ijhydene.2016.09.034
araminit
Highlight



Fig. 6 e (a) CH4 conversion, (b) H2O conversion, (c) CO selectivity, and (d) H2/CO molar ratio at different washcoat thickness

with overall catalyst loading (weight of coated catalyst per unit substrate area) fixed.
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(reactions R12, R23 and R31 in Table A.1) concerning the cor-

responding reaction barrier heights.

In Fig. 6c, the CO selectivity (defined as nðCOÞ
nðCOÞþnðCO2Þ) de-

creases with increasing washcoat thickness. This trend

probably arises from the kinetics of SMR over Ni that CO2

forms prior to CO as discussed before. As CH4 conversion de-

creases with increasing washcoat thickness, incomplete CO

formation leads to lower CO selectivity. Fig. 6d demonstrates

that the molar ratio of H2 to CO increases with washcoat

thickness. The increasing trend of H2/CO indicates that the

decrease of the CO selectivity (and thus the CO yield) out-

weighs the decrease of the H2 yield, possibly as a result that

the decrease of the H2 yield can be partially compensated by

WGS, which is not weakened thatmuch by the thickwashcoat

due to the abundance of H2O.

To confirm the limiting regime at which the reactor is

operated, we plotted the Damk€ohler number (Da) profiles on

CH4 and H2O basis in Fig. 7 for different washcoat thicknesses.

The definition of Da used for catalyst with slab geometry was

Da ¼ Riðy ¼ dcatÞd2cat
Ciðy ¼ dcatÞDeff

(18)

Fig. 7a and b shows that Da increases with washcoat

thickness, as indicative of the ever-stronger process limitation

by internal mass transfer. Fig. 7a indicates that Da on CH4

basis remains in the range of 10�1e101 all along the channel

with washcoat thickness in the range of 10e100 mm. The
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situation is similar at 1073 K or with other loadings (not shown

for brevity). That is to say, the surface reaction and mass

transfer for CH4 have comparable rates; therefore, they are

strongly coupled. Thus, it is verified that the process is in a

mixed limiting regime. Da on H2O basis as shown in Fig. 7b

mostly stays below unity, indicating a more reaction

controlled regime for H2O. It justifies the second reasons

proposed before why the H2O conversion remains roughly

constant with varying washcoat thickness (Fig. 6b).

When comparing the dependence of CH4 conversion on

washcoat thickness in this work (Fig. 8a) with that of Stutz and

Poulikakos [14], we found remarkable similarities. They

showed that for partial oxidation of CH4 over Rh inmonolithic

reactor, the CH4 conversion also decreases monotonically and

almost linearly with washcoat thickness (although with

greater magnitude) if the inlet velocity remains constant.

Given that Rh-based SMR is reaction-controlled in micro-

devices [57], theNi-based process seemsundoubtedly reaction

limited owing to the relatively lower catalytic performance of

Ni. Preliminary analysis on relevant time scales of transport

and reaction indicates that the characteristic time of internal

mass transfer is 1e2 orders of magnitude smaller than that of

surface reaction. However, washcoat thickness, despite its

small dimension, shows a significant effect on the reactor

performance for Ni-based SMR. To clarify the mode of the

reaction-diffusion interplay, we analyzed the spatial distri-

bution of effectiveness factor along the channel. As shown in
steammethane reforming in a plate microchannel reactor: Effect
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Fig. 8a, the effectiveness factor profile on CH4 basis rises

drastically close to the entrance, forming a developing region,

but then quickly flattens out. Within the ~5 mm developing

region, the effectiveness factor increases with decreasing

washcoat thickness and shows no convergence trend. Near

the outlet, the effectiveness factor is approximately fully

developed and approaches unity for the thin washcoat. The

pattern of effectiveness factor profile implies high initial rates

of surface reaction that overwhelms the rate of mass transfer

within the thin washcoat. The high initial rate, which is

intrinsic in the kinetics of SMR, is strengthened in micro-

channel reactor due to its high space velocity and large cata-

lyst loading. Hence higher reactor throughput eventually

leads to more strongly coupled reaction-diffusion and thus

inevitable internal diffusional limitation. With this respect,

the dimension of catalytic washcoat has to be optimized to

avoid unnecessary loss of catalyst productivity due to internal

diffusion for SMR over Ni in microchannel reactor.

For completeness, the effectiveness factor profile on H2O

basis is shown in Fig. 8b as the counterpart of Fig. 8a. It is

obvious that the distribution is substantially different from
Fig. 7 e Damk€ohler number along the reaction channel on

(a) CH4 and (b) H2O basis at 1173 K with overall catalyst

loading of 6.8 g/m2.
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that on CH4 basis. Thinner washcoat corresponds to larger

effectiveness factors at the channel inlet, and the effective-

ness factor starts to grow along the channel. At x ¼ 27.6 mm,

the effectiveness factor of the thinnest washcoat (10-mm) is

exceeded by the 25-mm washcoat, which is again exceeded by

the 50-mm washcoat at x ¼ 47.5 mm. Although the thickest

washcoat (100-mm) holds the lowest effectiveness factor all

along the channel, it seems to be an issue of the restricted

channel length: with sufficiently long reaction channel, the

effectiveness factor of the 100-mm washcoat would undoubt-

edly exceed all those of the thinner washcoats. Another

remarkable feature is that the effectiveness factor on H2O

basis can exceed unity e a feature more obvious for the

thicker washcoat. It suggests that the surface reaction

consuming H2O inside the washcoat becomes faster than at

the interface in the posterior part of reactor. It can be attrib-

uted to the fact that at specific point of the reactor the water-

gas shift reaction changes its direction (from positive to

negative), which happens outside-in the catalyst bed [52]. Also

noted is that in comparison with global kinetics models, the

use of microkinetics herein avoids the negative or asymptotic

values of effectiveness factor [52,58e61], which are counter-

intuitive. In contrast, the effectiveness factors in this work

correspond to net consumption of CH4 and H2O over catalyst

surface, that is, the difference between adsorption and

desorption rates, thus providing a clear and realistic scheme

of the complex transport-reaction phenomena at washcoat

scale. Although the effectiveness factor on H2O basis is not

related to reactor performance herein due to high S/C, it would

be intriguing to extend the investigation to lower S/C ratios

(e.g., <2), at which new characteristics may araise.

Fig. 8c illustrates the overall catalyst usage as a function of

washcoat thickness. The overall catalyst usage, h, was defined

as a characterization of the “efficiency” active sites usage in

the whole catalyst bed,

h ¼ reactant actually converted in catalyst bed
reactant converted without internal diffusion

¼ 1
L

ZL
0

hðxÞdx (19)

where the effectiveness factor h corresponding to catalyst

slabs was:

h ¼ apparent reaction rate
intrinsic reaction rate

¼

Z dcat

0

RiðyÞdy
dcatRiðy ¼ dcatÞ (20)

It is clear that the catalyst usage monotonically increases

with decreasing washcoat thickness, and there is no trend for

the increase to slow down until 100% usage. With increased

catalyst loading and temperature, the catalyst usage de-

creases due to the faster surface reaction that competes with

internal mass transfer. Nonetheless, with a normal washcoat

thickness around 25 mm, the catalyst usage is over 80%

regardless of loading and temperature. In comparison, the

industrial Ni-based catalyst used in fixed-beds has orders of

magnitudes lower effectiveness factor, which is usually set in

the range of 0.001e0.1 in simulation [62e66]. Thus, the simu-

lation proves that thin catalytic washcoat in microchannel

reactor can lead to immense improvement of catalyst usage
steammethane reforming in a plate microchannel reactor: Effect
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Fig. 8 e Effectiveness factor profiles along the reaction channel on (a) CH4 and (b) H2O basis for different washcoat thickness

with overall catalyst loading of 6.8 g/m2; (c) overall catalyst usage on CH4 basis as a function of washcoat thickness.
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compared with the catalyst in the form of shaped extrudates

due to effective reduction of intra-particle temperature and

concentration gradients.

Optimization of catalytic washcoat

The practical implication of optimizing the catalytic washcoat

is drawn from the detailed reaction and mass transfer

coupling within the catalytic washcoat revealed by the

washcoat-resolved CFD model. By tuning the washcoat

properties, we are able to trade off among stable operation,

high reactor throughput and catalyst productivity, etc. in

process development to fulfill various specific demands. In the

sub-sections below, we are to discuss two most basic and

important aspects of the washcoat properties, i.e., washcoat

structure and washcoat dimension (thickness).

Washcoat structure
Since SMR in microchannel reactor is limited by reaction and

internal mass transfer, the reactor performance is expected to

be significantly affected by the effective diffusivity of the

washcoat. Effective diffusion within washcoat is the combi-

nation of molecular diffusion, which occurs in macropores,

and Knudsen diffusion, which governs the mass transport in

micropores. Therefore the textural properties of catalyst

support, e.g., pore size, porosity, tortuosity, etc., dominate the

effective diffusivity (see Eq. (6)). It is then of great interest to

conduct a parametric study on the impact of the support

structure on reactor performance. We varied the pore diam-

eter and porosity in the simulations with the single channel
Please cite this article in press as: Cao C, et al., Numerical analysis on
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model at constant wall temperature of 1173 K and with a

washcoat thickness of 25 mm. Fig. 9a and b shows the

respective species concentration profiles corresponding to

varying the pore diameter and porosity with other parameters

fixed. With a typical washcoat porosity of 0.5, increasing pore

diameter improves CH4 and H2O conversions and H2 and CO

yields (Fig. 9a). The CO2 yield, however, remains unaffected by

the pore diameter, although larger pores do lead tomore rapid

formation of CO2 in the anterior part of the reactor. We also

notice that the slope (absolute value) of the concentration

curve increases with the pore diameter especially near the

reactor inlet, indicating the notably higher initial reaction

rates enabled by the larger pores. However, the improvement

of the overall reactor performance is less significant when the

pore diameter is increased from 8 nm to 50 nm than from

2.5 nm to 50 nm.

The sensible response of species concentration profiles to

the pore diameter is consistent with the fact that Knudsen

diffusivity is ~2 orders of magnitude smaller than molecular

diffusivity, which means the small micropore size is the

limiting factor of effective diffusion within porous washcoat.

The pore size of alumina support is greatly tunable: It could

range from the order of 10 nm [53] for the catalytic washcoat

in monolith, to the order of 300 nm [52] for the industrial

catalyst used in fixed-beds. By contrast, the limit of porosity

on effective diffusion is much weaker, given that the porosity

never exceeds 1 and the typical value is around 0.5. This is in

accord with Fig. 9b in which the porosity shows little impact

on the species profiles with a pore diameter of 20 nm. In all,

the simulation results suggest to increase the fraction of
steammethane reforming in a plate microchannel reactor: Effect
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Fig. 9 e Species concentration profiles for different (a) pore

diameters and (b) porosities. In (a) the porosity was 0.5

while in (b) the pore diameter was 20 nm.
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macropores rather than the total pore volume for better

effective diffusion within the catalytic washcoat.

The other vital impact of the washcoat structure is that it

possibly plays a role in the thermal management of micro-

channel reactor. It is a well-known advantage of micro-

channel reactor for highly endothermic SMR that on-site

catalytic combustion can be integrated. For catalytic com-

bustion assisted SMR in microchannel reactor, co-current

configuration (sketched in Fig. 1a) is preferred to counter-

current or cross-current configuration in light of the more

even temperature field within and between reforming chan-

nels [67]. This better temperature distribution is resulted from

the good overlap of corresponding reaction zones, that is, the

synchronized rates of catalytic combustion and SMR in the

anterior part of the reactor. However, bearing in mind that

catalytic combustion is a very fast reaction relative to SMR, the

Ni-based process has inherently poorer heat match due to

slower reforming kinetics than the Rh-based one. The unde-

sired mismatch could be even worse when the apparent

reforming rate is further limited by internal mass transfer,

leading to possible hotspot formation. This issue with regard

to reactor thermalmanagement necessitates the optimization

of washcoat accounting for the coupled reaction, mass

transfer, and heat transfer.

We investigated the temperature profiles of the reforming

channel under the catalytic-combustion assisted condition

using the structural unit model, taking into account several

combinations of washcoat thickness and pore diameter with

the reference to the case of instantaneous diffusion (neglect-

ing internal mass transfer limitation). CH4 was used as the

combustion fuel, whichwas pre-mixedwith stoichiometric O2

and balanced N2, and the fuel to reform gas molar ratio was

1:3.5. As shown in Fig. 10, the temperature of the reforming

channel increases with washcoat thickness with the fixed

pore diameter of 20 nm and catalyst loading of 9.1 g/m2. The

hotspot temperature with the thickest washcoat (100 mm) is

46 K higher than the hypothetical condition of instantaneous

diffusion. However, this high temperature does not benefit

CH4 conversion: a higher CH4 conversion (94.1%) is obtained

with the 25 mm washcoat, which corresponds to lower tem-

perature close to the condition of instantaneous diffusion. In

brief, longer diffusion length reduces the mass transfer rate

and thus the apparent reaction rate, causing remarkable

temperature rise, which however cannot offset the reaction

rate loss in return if the washcoat is as thick as 100 mm.

The temperature curve for the pore diameter of 2.5 nm,

which represents smaller effective diffusivity of washcoat,

has both the highest peak temperature and the greatest

temperature difference along the channel compared with all

the others. In this case, the CH4 conversion is also consider-

ably low while the H2/CO ratio is close to other cases. The

specific shape of the temperature curve corresponding to

small effective diffusivity can be explained by a slower initial

apparent reforming rate and higher apparent rate at the later

stage, in accord with the form of concentration profile for the

small pore diameter demonstrated in Fig. 9a. It is clearly

suggested that washcoat with a small pore diameter is unfa-

vorable regarding productivity and materials and catalyst

stability because of the low CH4 conversion and high tem-

perature difference.
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It is important to note that in the simulation the non-

optimal combustion catalyst loading and fuel flow rate, as

well as the relatively high inlet temperatures (1173 K) all

amplify the temperature difference within the reactor leading

to higher hotspot temperature. Therefore, former discussions

are not quantitative indication but rather general trends,

which highlighted the importance of providing sufficiently

high effective diffusivity and limited dimension for washcoat

so as to achieve better reactor temperature control and ther-

mal management.

Washcoat thickness
The pursuit for a high reactor throughput, which is especially

crucial for microchannel reactor, can be achieved primarily by

increasing the catalyst productivity. In practice, volumetric

catalyst productivity can be improved via two routes:

increasing the volumetric loading of active Ni within a given

catalyst support, and increasing the active surface area pro-

vided by the Ni particles. Although enlarging volumetric

loading or reducing crystal size (for larger superficial area) is
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Fig. 11 e Effectiveness factor profiles for different residence

times with overall catalyst loading of 4.5 g/m2 and

Hr ¼ 0.4 mm.
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not severely limited by the textural properties of catalyst

support and metal particles, in consideration of long-period

catalyst stability, substantially large volumetric loading or

undersizedmetal crystalmay lead to high risk of sintering and

leaking, which cause catalyst deactivation. Hence, catalyst

productivity is limited after volumetric loading and active

metal surface area have been maximized through optimiza-

tion of catalyst preparation.

What remains to increase the throughput of microchannel

reactor with plate-type structured catalyst is to washcoat

thicker catalyst e thus carrying more active phase e on the

substrate, to increase the overall catalyst loading. Using

thicker washcoat that contains proportionally more active

sites enables to convert additional feedstock, leading to higher

reactor throughput. However, the increased volumetric

reactor performance comes at the expense of reduced catalyst

productivity. As summarized from Fig. 6, longer diffusion

length and faster surface reaction lower the catalyst usage

owing to internal mass transfer limitation. In addition to

those, higher GHSV may also reduce the catalyst usage due to

lower residence time for transverse mass transfer to occur.

The effect of GHSV on mass transfer within the washcoat is

studied with a halved channel height of 0.4 mm. Smaller

channel height could reduce the possible confusive impact of

GHSV on external mass transfer e It has been shown [21] that

with channel heights less than 0.70 mm, the CH4 conversion

remains constant at WHSV up to 2.8 � 103 h�1. For a 25 mm

washcoat as shown in Fig. 11, with increasing GHSV, the

effectiveness factor reduces visibly at the inlet region, and its

profile developsmore slowly. The overall catalyst usage at the

largest GHSV (corresponds to the residence time of 15 ms) is

found ~90% of that at the smallest GHSV (corresponds to the

residence time of 104 ms). If the washcoat is thicker, the

reduction of effective catalyst usage with increasing GHSV

would be even more severe than the presented case.

To clarify the decline of catalyst productivity with

increasingwashcoat thickness at constant volumetric catalyst

loading, we conducted additional simulation with the 0.4 mm
Fig. 10 e Wall temperature of the reforming channel for

different washcoat thickness and pore diameters with

overall catalyst loading of 9.1 g/m2.
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channel and the catalyst loading corresponding to 10 wt% of

Ni. This volumetric loading was achieved by fixing the active

surface area at 2.6 m2/g, under the assumption of the linear

relationship between the active surface area and catalyst

loading. Fig. 12 shows the contours of CH4 conversion with

respect to WHSV (based on the weight of catalyst, as an

indication of catalyst productivity) and washcoat thickness,

where zero washcoat thicknessmeans instantaneous internal

diffusion. At any given CH4 conversion, the WHSV decreases

with increasing washcoat thickness up to 75 mm. The

descending catalyst productivity with washcoat thickness is

more serious at higher WHSVs, as indicated by the steeper

contour lines, showing combined effects of longer diffusion

length, enhanced total surface reaction, and reduced resi-

dence time.With this continuous loss of catalyst productivity,
Fig. 12 e Contours of CH4 conversion with Hr ¼ 0.4 mm and

Ni content ¼ 10 wt%. X axis indicates washcoat

thicknesses and Y axis indicates WHSV. Zero washcoat

thickness corresponds to instantaneous diffusion.
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the reactor throughput can hardly be increased further by

coating thicker washcoat, as the extra catalyst is unusable. As

a result, the reactor productivity would approach a limit.

Fig. 13 shows the contours of the CH4 conversion and the

H2/CO ratio in the product with respect to the reactor pro-

ductivity, as characterized by GHSV, and washcoat thickness,

proportional to catalyst loading. Othermodel parameters used

were the same as those in Fig. 12. Fig. 13a demonstrates that

the reactor productivity can be well improved by adopting

thicker catalytic washcoat with constant volumetric catalyst

loading within the upper limit of washcoat thickness of 75 mm

in simulation. With the objective of 95.5% CH4 conversion, the

maximum allowed reactor productivity increases from
Fig. 13 e Contours of (a) CH4 conversion and (b) molar ratio

of H2 to CO with Hr ¼ 0.4 mm and Ni content ¼ 10 wt%. X

axis indicates washcoat thicknesses and Y axis indicates

GHSV.
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2.0 � 104 h�1 to 3.3 � 104 h�1 when the washcoat thickness is

increased from 25 mm to 75 mm, which corresponds to

increasing catalyst loadings from 6.8 g/m2 to 20.4 g/m2. How-

ever, the reactor productivity shows a trend to stop the growth

beyond 75 mm, as suggested by the decaying catalyst pro-

ductivity (Fig. 11). Fig. 13b further indicates that the product

becomes slightly more H2-rich when increasing washcoat

thickness at specific CH4 conversion (see points A, B and C). It

is the greater diffusivity of H2 than CO that primarily con-

tributes to the increment, which is preferable for downstream

processes of low-CO tolerance. We should add that the volu-

metric catalyst loading corresponding to 10 wt% used in these

presented results is far below the extreme capacity of activeNi

metal for porous g-Al2O3 support. Increasing the volumetric

catalyst loading is beneficial for the reactor productivity, but is

not anticipated to result in a contour distinct from Fig. 13a,

that is, the increase in reactor productivity tends to stop

beyond 75 mm of washcoat thickness.

To summarize, optimal washcoat dimension depends on

the overall economics balancing the catalyst productivity,

reactor productivity and product distribution. Being moder-

ately priced and little in the coated amount, the investment

cost of Ni-based catalyst is minor compared with that of bulk

materials of microchannel reactor. In such case it is inclined

to use a relatively thick washcoat (likely to be up to 75 mm)

for large catalyst loading. The choice would certainly be

different if more precious catalyst, like a Rh-based one, was

used in microchannel reactor. Under that condition, the

weight of catalyst productivity is larger in economic evalua-

tion, and the catalyst usage deteriorates more rapidly with

increasing washcoat thickness due to faster intrinsic ki-

netics. The cost-effective solution could then be speculated

to be a small washcoat dimension that ensures high catalyst

productivity.
Conclusions

Washcoat-resolved simulation of a microchannel reactor has

been performed concerning alumina supported Ni-based

catalyst, using detailed chemistry of SMR and 2-D CFD

models. The model properly described and revealed the

kinetic-transport interactions for both the bulk gas phase and

the porous washcoat phase. The flow, temperature and con-

centration fields, and the basics of the coupling between re-

action and internal mass transfer have been investigated

theoretically, followed by further discussion on the optimi-

zation of washcoat involving its dimension, pore diameter

and porosity subject to process demands. The major conclu-

sions are:

� In a microchannel reactor which is wall-coated with

typical alumina supported catalysts, the interior axial

velocity profile is approximately parabolic in the gas

phase, while resembles plug flow within the washcoat.

Thicker washcoat leads to reduced gas-phase residence

time at a constant inlet volumetric flow. With increased

permeability, viscous momentum transfer is intensified

at the gas phase - porous media interface, leading

to increased velocity gradient within the washcoat.
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However, convective mass transfer is always trivial

compared with diffusion, which dominates mass trans-

fer into washcoat.

� Microchannel reactor has superb heat transfer and

external mass transfer performance in the transverse di-

rection. Rapid heat-up of feedstock to wall temperature is

completed within a negligibly short region right after the

entrance, which shows no sign of reduction with a thick

washcoat of 100 mm. Species concentration gradients in the

bulk gas phase is minute.

� SMR over Ni-based catalyst in a microchannel reactor is

under mixed control of reaction and mass transfer

within washcoat. High initial rate of reforming leads to

unavoidable, considerable internal mass transfer resis-

tance in the entrance region, even for a thin washcoat of

10 mm. Nonetheless, the catalyst usage with a typical

washcoat thickness of 25 mm is no less than 80% at

all temperatures with all catalyst loadings, being 1e2

orders of magnitude higher than that used in fixed-bed

reactors.

� Washcoat structure, especially pore diameter, has signifi-

cant impact on the heat coupling of an integrated micro-

channel reactor. Washcoat containing larger fraction of

macropores (having large mean pore diameter) contributes

to better heat match through enhancing internal mass

transfer, which lowers the hotspot temperature and axial

temperature gradients in the anterior part of the reactor. By

contrast, the role of porosity is minor.

� Using thicker catalytic washcoat to carry a greater

loading of catalyst is feasible for increasing the reactor

throughput within washcoat thickness of 75 mm, at the

expense of certain loss of catalyst productivity. While

this trade-off is cost-efficient for the moderate-price

Ni-based catalyst, the solution could not be migrated to

noble metal catalysts. Overall, optimization of washcoat

properties must consider synthetically the catalyst ac-

tivity and the overall economics influenced by catalyst

price.
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Nomenclature

x Length in x direction, m

y Length in y direction, m

u Velocity, m/s

P Pressure, Pa

C Species concentration, kmol$m�3

h Molar enthalpy, kJ$mol�1

k Thermal conductivity, W$m�1$K�1

T Temperature, K

N Number

J Diffusive mass flux, kg$m�2$s�1

Cp Specific heat, J$g�1$K�1

X Molar fraction
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Y Mass fraction

D Mass diffusivity, m2$s�1

M Molecular weight, kg$mol�1

R Universal gas constant, J$mol�1$K�1

kB Boltzmann constant, J$K�1

S Source terms in momentum and energy

conservation equations

d Diameter, m

R Mass rate of reaction on a per washcoat volume

basis, kg$m�3$s�1bR Molar rate of reaction on a per washcoat volume

basis, mol$m�3$s�1

r Creating or consuming rate of each species in

combustion, kmol$m�2$s�1

kn Rate constant of the nth elementary reactions of

SMR, in [cm, mol, s]br Molar rate of reaction on a per surface area basis,

mol$cm�2$s�1

A Pre exponential factor, cm, mol, s;

Ea Activation energy, kJ$mol�1

e Activation energy modified by surface coverage,

kJ$mol�1

rc Reaction rate of CH4 catalytic combustion,

kmol$kg�1
cat$h

�1

kc Reaction rate constants of CH4 catalytic combustion,

kmol$kg�1
cat$h

�1$bar�1:5

KC Adsorption constant, bar�1

F Surface area, m2

w Weight percent

L Total length of catalyst bed, m

Greek letters

r Density, kg$m�3

m Viscosity, Pa$s

k Permeability, m2

si Collision diameter of the ith species, �A

εi Characteristic LenardeJones energy of the ith

species, J

g Viscosity coefficient

UD Collision integral

d Thickness, m

ε Porosity

t Tortuosity

Q Surface coverage

4 Exponent of surface coverage

a Temperature exponent

tn Number of active sites occupied by adsorpted

species in the nth elementary reaction of SMR

y Stoichiometric coefficient

G Density of active sites, mol$cm�2

h Effectiveness factor

Subscripts

eff Effective

avg Average

cat Catalyst

su Superficial

phy Physical

H Heat

M Momentum, molecular
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w Wall

k Knudsen

p Pore

g Gas phase

f Fluid

s Solid; Surface

i,j The ith species

n The nth elementary reaction

C Driven by concentration gradients

T Driven by temperature gradients
Appendix

1 Physical properties

The viscosity of each gas species and the gas mixture were

calculated using ChapmaneEnskog's kinetic theory and the

mixed gas formula [43].

mi ¼ 2:6693� 10�6

ffiffiffiffiffiffiffiffiffi
MiT

p
s2Um;i

(A.1)

mf ¼
XNg

i¼1

XimiPNg

j¼1 Xj
1ffiffi
8

p
�
1þ Mi

Mj

��0:5�
1þ

 
mi
mj

!0:5�
Mj

Mi

�0:25�2 (A.2)

The heat capacity of each species cp;i was computed by

polynomial correlations. The thermal conductivity of gas

species i was computed by ChapmaneEnskog's kinetic theory

[43]:

ki ¼ 15
4

R
Mi

mi

�
4
15

cp;iMi

R
þ 1
3

�
(A.3)

The heat capacity and thermal conductivity of gas mixture

were calculated by mass-weighted mixing-law:
Table A.1 e Microkinetics of SMR on Ni catalyst [45].

Elementary reactions

Adsorption reactions (R1)H2 þ Ni(s) þ Ni(s) / H(s) þ H(s

(R2)O2 þ Ni(s) þ Ni(s) / O(s) þ O(s

(R3)CH4 þ Ni(s) / CH4(s)

(R4)H2O þ Ni(s) / H2O(s)

(R5)CO2 þ Ni(s) / CO2(s)

(R6)CO þ Ni(s) / CO(s)

Desorption reactions (R7)H(s) þ (7)H(s) / H2 þ Ni(s) þ N

(R8)O(s) þ O(s) / O2 þ Ni(s) þ Ni(s

(R9)H2O(s) / H2O þ Ni(s)

(R10)CO(s) / CO þ Ni(s)

(R11)CO2(s) / CO2 þ Ni(s)

(R12)CH4(s) / CH4 þ Ni(s)

(R13)H(s) þ O(s) / OH(s) þ Ni(s)

(R14)OH(s) þ Ni(s) / H(s) þ O(s)

(R15)H(s) þ OH(s) / H2O(s) þ Ni(s)

(R16)H2O(s) þ Ni(s) / H(s) þ OH(s)

(R17)OH(s) þ OH(s) / H2O(s) þ O(s

(R18)H2O(s) þ O(s) / OH(s) þ OH(s
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cp;f ¼
X
i

Yicp;i (A.4)

kf ¼
X
i

Yiki (A.5)

The binary diffusivity Dij and thermal diffusivity Di;T were

calculated as [43,68]:

Dij ¼ 0:001858T3=2

�
1=Mi þ 1



Mj

�1=2
Ps2

ijUD
(A.6)

Di;T ¼ �2:59� 10�7T0:659

26664 M0:511
i XiPNg

i¼1 M
0:511
i Xi

� Yi

37775,
26664
PNg

i¼1 M
0:511
i XiPNg

i¼1 M
0:489
i Xi

37775
(A.7)

where sij ¼ ðsi þ sjÞ=2 is the arithmetic average of the collision

diameters; UD is the collision integral, computed by:

UD ¼ A
TB
N

þ C
expðDTNÞ þ

E
expðFTNÞ þ

G
expðHTNÞ (A.8)

in which A ¼ 1.06036, B ¼ 0.1561, C ¼ 0.193, D ¼ 0.47635,

E¼ 1.03587, F¼ 1.52996, G¼ 1.76474,H¼ 3.89411; TN was given

in

TN ¼ kBT
εij

(A.9)

where kB is the Boltzmann constant and εij ¼ ðεiεjÞ1=2 is the

geometric average of the characteristic LenardeJones

energies.

2 Microkinetics model
A/[cm, mol, s] Ea/[kJ/mol]

) 0.01 0

) 0.01 0

0.008 0

0.1 0

1E-5 0

0.5 0

i(s) 2.545E19 81.21

) 4.283E23 474.95

3.732E12 60.79

3.563E11 111.27e50qCO(s)

6.447E7 25.98

8.705E15 37.55

5.0E22 97.9

1.781E21 36.09

3.0E20 42.7

2.271E21 91.76

) 3.0E21 100

) 6.373E23 210.86
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Table A.1 e (continued )

Elementary reactions A/[cm, mol, s] Ea/[kJ/mol]

Surface reactions (R19)C(s) þ O(s) / CO(s) þ Ni(s) 5.2E23 148.1

(R20)CO(s) þ Ni(s) / C(s) þ O(s) 1.354E22 116.12e50qCO(s)

(R22)CO2(s) þ Ni(s) / CO(s) þ O(s) 4.653E23 89.32

(R23)CH4(s) þ Ni(s) / CH3(s) þ H(s) 3.7E21 57.7

(R24)CH3(s) þ H(s) / CH4(s) þ Ni(s) 6.034E21 61.58

(R25)CH3(s) þ Ni(s) / CH2(s) þ H(s) 3.7E24 100.0

(R26)CH2(s) þ H(s) / CH3(s) þ Ni(s) 1.293E22 55.33

(R27)CH2(s) þ Ni(s) / CH(s) þ H(s)

(R28)CH(s) þ H(s) / CH2(s) þ Ni(s)

3.7E24

4.089E24

97.1

79.18

(R29)CH(s) þ Ni(s) / C(s) þ H(s) 3.7E21 18.8

(R30)C(s) þ H(s) / CH(s) þ Ni(s) 4.562E22 161.11

(R31)CH4(s) þ O(s) / CH3(s) þ OH(s) 1.7E24 88.3

(R32)CH3(s) þ OH(s) / CH4(s) þ O(s) 9.876E22 30.37

(R33)CH3(s) þ O(s) / CH2(s) þ OH(s) 3.7E24 130.1

(R34)CH2(s) þ OH(s) / CH3(s) þ O(s) 4.607E21 23.62

(R35)CH2(s) þ O(s) / CH(s) þ OH(s) 3.7E24 126.8

(R36)CH(s) þ OH(s) / CH2(s) þ O(s) 1.457E23 47.07

(R37)CH(s) þ O(s) / C(s) þ OH(s) 3.7E21 48.1

(R38)C(s) þ OH(s) / CH(s) þ O(s) 1.625E21 128.61

(R39)HCO(s) þ Ni(s) / CO(s) þ H(s) 3.7E21 50qCO(s)

(R40) CO(s) þ H(s) / HCO(s) þ Ni(s) 4.019E20 132.23

(R41) HCO(s) þ Ni(s) / CH(s) þ O(s) 3.7E24 95.8

(R42) CH(s) þ O(s) / HCO(s) þ Ni(s) 4.604E20 109.97

The site density of Ni is 2.6 � 10�9 mol,cm�2; the rate constants for adsorption reactions are given in sticking coefficients.
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