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Abstract

The characteristics of a compact plate-fin reformer (PFR) which integrates endothermic and exothermic reactions into one unit have been
investigated by experiment as well as by numerical simulation. One reforming chamber was integrated with two vaporization chambers and
two combustion chambers to constitute a single unit of PFR. In the PFR, which is based on a plate-fin heat exchanger, catalytic combustion of
the reforming gas is used to simulate the fuel cell anode off gas (AOG) which supplies the necessary heat for the methanol steam reforming.
Temperature distributions in all chambers and composition distribution in reforming chamber have been studied, and the effect of the ratio of
H O/CH OH on the performance of the PFR has also been investigated. A model of the PFR was derived using a three-dimensional numerical
m ement with
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odel for a cross-current flow arrangement. Theoretical predictions of the temperature distributions in the PFR were in good agre
xperimental values. In addition, the numerical model was able to accurately predict the methanol conversion and the reformate c

n reforming chamber.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Hydrogen is generally expected to play an important role
n future energy systems. In recent years, much attention has
een paid to the use of hydrogen as an energy carrier in fuel
ells and mobile vehicles, due to its high-efficiency and very
ow to zero pollution[1]. In addition, due to their high-energy
torage density, liquid fuels such as primary alcohols, gaso-
ine and diesel are attractive for fuel cell application. The two
op fuel contenders for the fuel cell market today are methanol
nd gasoline. From the technological point of view, methanol
learly has distinct advantages as a fuel for fuel cell vehicle
pplications: methanol is liquid at atmospheric conditions

Abbreviations: AOG, fuel cell anode off gas; HEX, heat-exchanger;
FR, plate-fin reformer; PROX, CO preferential oxidation; RWGS, reverse
GS reaction; SR, steam reforming reaction
∗ Corresponding author. Tel.: +86 411 8466 2365;

ax: +86 411 8466 2365.
E-mail address:wangsd@dicp.ac.cn (S. Wang).

and has a high hydrogen-to-carbon ratio relative to gaso
and it can be reformed to hydrogen at much lower tem
atures (200–300◦C), and is more efficient as compared
gasoline (700–800◦C). In addition, methanol is an enviro
mentally friendly fuel, as it is readily biodegradable in
soil and water. When methanol is used in a fuel cell veh
emissions are extremely low.

Steam reforming of methanol reaction has been a h
developed and thoroughly studied process[2–8]. It can offer
the highest maximum hydrogen content in the product
(75%) while maintaining a high selectivity towards carb
dioxide. On the other hand, steam reforming is an endo
mic reaction which requires heat supply from an exte
source. This can be met by the combustion of the fuel
anode off gas (AOG) in a fuel cell system. Currently,
creasing attention is being paid to the low temperature s
reforming of methanol to produce hydrogen as the fuel in
cells[9–13].

For the last 10 years, rapidly growing interest in fuel c
and hydrogen technologies has aroused continuing effo
385-8947/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.cej.2004.12.042
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Nomenclature

A pre-exponential factor
C concentration (mol/m3)
E internal energy
g gravitational force
h sensible enthalpy,

∫ T
Tref
cp dT

�H heat energy of reaction (J/mol)
keff effective thermal conductivity (W m−1 K−1)
mi the mass fraction of speciesi
Mi molecular weight (kg/mol)
P pressure (Pa)
R universal gas constant
Sh volumetric heat source
T Temperature (K)
u velocity (m/s)

Greek letters
µ viscosity (Pa S)
ρ density (kg/m3)
τ stress tensor

Subscripts
k chamber (1: combustion chamber, 2: reforming

chamber)
op operating condition
out outlet
0 inlet

develop small-scale fuel processors and hydrogen production
systems. The trend is to develop more compact and simpler re-
formers. Starting from the conventional “long tube” refinery-
type steam reformer, fuel cell developers shifted towards the
more compact “heat exchange”-type steam reformers. Plate-
type reformers are now undergoing development and testing
for fuel cell applications[14–18]. The main concept of the
plate-type reformers is coupling endothermic reforming re-
action with exothermic reaction. Hunter and McGuire were
among the first ones in suggesting the coupling of endother-
mic with exothermic reaction by means of indirect heat trans-
fer [19]. They considered catalytic heat exchangers in which
catalytic combustion or a highly exothermic reaction is used
as the heat source for an endothermic reaction. The feasibil-
ity of combining in an autothermal micro-channel reactor for
methanol reforming with total oxidation of methanol as the
heat source has been demonstrated by Reuse et al.[20]. The
coupling of methane steam reforming with catalytic combus-
tion in adjacent channels has also been studied by Zanfir and
Gavriilidis [18] and Frauhammer et al.[21].

In the present work, a highly favorable design for efficient
coupling of an endothermic steam reforming reaction with a
heat source has been proposed, and the main feature is the
adopting of a compact plate-fin reformer (PFR) derived from

a plate-fin heat exchanger. The plate-fin configuration offers
a high degree of compactness and minimizes heat transfer
resistance. In this paper, we have studied a reaction system,
in which part of reforming gas catalytic combustion cou-
pled with methanol steam reforming. In addition, a three-
dimensional numerical model was derived for cross-current
flow arrangement.

2. Plate-fin reformer

One reforming chamber, two vaporization chambers and
two combustion chambers were integrated into a unit of com-
pact plate-fin reformer (PFR). The scheme of this concept is
given inFig. 1. For a more detailed examination of the thermal
behavior of the reformer, it is useful to investigate the temper-
ature distributions of the various chambers of the PFR. Fifteen
thermocouples, placed in the PFR as defined inFig. 1, were
employed. Each thermocouple could be moved along the ax-
ial direction of the chambers so that it could measure any
temperature point along the axial positions. Each chamber of
the reformer had a plate-fin configuration, and a cross-flow
mode was arranged in alternate chambers (Fig. 2). In order to
increase the rate of heat transfer, perforated fin was adopted
in our research. The specification of the fin is also shown in
Fig. 2.
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The PFR, which had a volume of 150 mm× 125 mm×
0 mm, was made of stainless steel. First, 45.19 g of the
ustion pellet catalyst of Pt/Al2O3 (catalyst were designe

n our lab) and 158.40 g of the reforming pellet catalys
u/ZnO/Al2O3 (catalyst CB-7 from the Catalyst Plant
ichuan Chemical Works Group Ltd.) were loaded into
FR. The catalyst of Cu/ZnO/Al2O3 was ground and sieve

hen the catalyst sample with appropriate particle diam
as obtained for loading into the reforming chamber c
actly. A particle size of 0.442–0.681 mm was used in
ork. If air and hydrogen are mixed directly at the entra
f the combustion chamber, the temperature will incre
o quickly that it will lead to an uncontrolled run-away of

ig. 1. Configuration of the PFR, in which catalytic combustion is cou
ith methanol steam reforming in a cross-flow mode. The locations o

hermocouples in the PFR are also shown.
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Fig. 2. Typical cross-flow arrangement of PFR (a) cross-flow arrangement and the computational domain used to model the PFR (b) configuration of perforated
fin.

exothermic reaction. Therefore, two H2 distributors, which
functioned to make the hydrogen-rich gas to distribute uni-
formly, were arranged inside the combustion chamber so that
excessive temperature excursions can be avoided (Fig. 2).

3. Experimental procedure

The Cu/ZnO/Al2O3 catalyst was initially in a calcined
oxidation state, and should be activated in a reducing at-
mosphere. Temperature programmed reduction of the steam
reforming catalyst was performed at atmospheric pressure
in the reforming chamber of the PFR. The steam reforming
catalyst was heated in a reducing gas stream at a linearly pro-
grammed rate of 4◦C/min from 25 to 300◦C. The reduction
was performed in a H2–N2 mixture (3 mol% H2) flowing
at a rate of 500 mL STP/min. The reduction was maintained
at 300◦C until the concentration of H2 became unchanged

after the reducing gas passed through the reforming
chamber.

A scheme of the hydrogen generation system is depicted
in Fig. 3. During the start-up, hydrogen and air from gas
cylinders were introduced into the combustion chambers to
heat up the reforming chamber. When the reforming chamber
reached the desired temperature, distilled water and methanol
were first pre-mixed and then fed into the two vaporization
chambers through a pulseless pump. After being gasified,
the reactants were fed into the reforming chamber. After the
reforming reaction was progressing steadily, a part of the re-
forming gas produced in the reforming chamber was sent to
the combustion chambers, while hydrogen from the cylinder,
which was used for the start-up, was shut off. In practical
applications, if the PFR is used to supply hydrogen for a
fuel cell, the anode off gases from the fuel cell will be fed
into the combustion chambers. In our experiment, the prod-
uct gas from the reforming chamber was cooled to remove

te-fin r
Fig. 3. Scheme of the pla
 eformer experimental set-up.
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of unreacted methanol and moisture, and then was analyzed
with an on-line gas chromatograph (GC-14C, Shimadzu Co.),
using a thermal conductivity detector (TCD), and with argon
as the carrier gas. The total flow rate of the dry product stream
was measured by a mass flow meter.

4. Numerical model

A comprehensive three-dimensional model has been de-
veloped for a PFR in order to determine the composition and
temperature distributions inside the reformer. The computa-
tional domain for the PFR is shown inFig. 2(a). Thus, three
different domains could be identified: chamber 1, where cat-
alytic combustion of hydrogen and air takes place, chamber
2, where the methanol steam reforming occurs and the plate
wall. The numerical simulation of the PFR was performed
with three-dimensional, steady state in a cross-flow arrange-
ment and Standardk–ε Model flow system. The numerical
model simulates the catalytic combustion of the reforming
gas coupling the methanol steam reforming. The governing
equations for the modeling are written as follows:

Continuity equation

∂

∂xi
(ρkuki) = 0 (1)

M

w

τ
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i tivity

and the solid conductivity:

keff = γkf + (1 − γ)ks (6)

In Eqs.(5) and (6), Sh
s is the solid medium enthalpy source

term, kf is the fluid phase thermal conductivity,ks is the
solid medium thermal conductivity,γ is the porosity of the
medium.

Energy equation in the plate wall regions

∂

∂t
(ρh) + ∂

∂xi
(ρuih) = ∂

∂xi

(
k
∂T

∂xi

)
+ Sh (7)

Equation of state for ideal gas

ρk = (pop)k
RTk

∑
i′m

′
ki/M

′
ki

(8)

The catalytic combustion of H2 can be represented by the fol-
lowing one-step reaction(9). The reaction rate of H2 over the
Pt catalyst was calculated with Eq.(10) proposed by Mitani
and Williams[22]

H2 + 1
2O2 = H2O (9)

R = ACH2CO2 exp

(−E
RT

)
(10)

with A= 2.196× 1012 mol−1 cm3 s−1, E= 109.2 kJ mol−1.
es

f t
a tion
( tion
( rod-
u ed by
A ion
p action
w

C

C

r

a

r

a
tical

m em-
p dary
o ber,
e po-
n d to
b flow
a flux
f

omentum equation

∂

∂xj
(ρkukiukj) = −∂pk

∂xi
+ ∂τij

∂xj
+ ρkgi + Ski (2)

here

ij =
[
µk

(
∂uki

∂xj
+ ∂ukj

∂xi

)]
− 2

3
µk
∂ukl

∂xl
δij (3)

ki = −

 3∑
j=1

Dijµkukj +
3∑
j=1

Cij
1

2
ρ(ukj|ukj|)


 (4)

n the momentum equation(2), the pellet catalysts were mo
led as a porous media by the addition of a momentum s

erm to the standard fluid flow equations. The porous m
odel can be used for solving problems concerning fl

hrough packed beds and perforated plates.Si is the sourc
erm for thei-direction (x, y, or z) momentum equation, an

andC are prescribed matrices.
Energy equation

∂

∂xi
(uki(ρkEk + pk))

= ∂

∂xi


(keff)k

∂Tk

∂xi
−

∑
j′
hkj′Jkj′ + ukj(τij)eff,k




+�Hh + (1 − γ)Sh
s (5)

he effective thermal conductivity in the porous medium,keff,
s computed as the volume average of the fluid conduc
Purnama et al.[23] have illustrated the reaction schem
or methanol steam reforming over a Cu/ZnO/Al2O3 catalys
s follows: (i) the methanol steam reforming (SR) reac
Eq.(11)) and (ii) the reverse water gas shift (rWGS) reac
Eq.(12)). They also indicated that CO is a consecutive p
ct by the rWGS reaction. The same results were obtain
grell et al.[24]. The power rate law and the kinetic react
arameters of the SR reaction and the reverse WGS re
ere given below[23]:

H3OH + H2O
k1−→ CO2 + 3H2 (11)

O2 + H2
k2�
k−2

CO+ H2O (12)

SR = k1P
m
CH3OHP

n
H2O, m = 0.6, n = 0.4

pparentEa = 76 kJ mol−1, k0 = 8.8× 108 s−1 g−1
cat

rWGS = k2PCO2PH2 − k−2PH2OPCO

pparentEa = 108 kJ mol−1, k0 = 6.5× 109 bar−1 s−1 g−1
cat.

FLUENT software was used to solve the mathema
odel. The distributions of stream-wise velocity and t
erature were assumed to be uniform at the inlet boun
f both the combustion chamber and the reforming cham
xcept for the distribution of hydrogen. The velocity com
ents in thez-direction at the inlet boundary were assume
e zero. At the outlet of the computational domain, the
nd thermal fields were treated to obey the zero diffusion

or all flow variables in the axial direction.
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Fig. 4. Axial temperature distribution in the whole PFR (H2O/CH3OH = 1.2;
flux of CH3OH–H2O was 5 mL/min; 7.7 L/min air and 2.9 L/min reforming
gas were fed into the combustion chambers).

5. Results and discussion

For a more detailed examination of the thermal behavior
of the reformer, it is useful to investigate the distributions in
different chambers of the PFR. Fifteen thermocouples, placed
in the PFR as defined inFig. 1, were used to detect the tem-
perature distributions in the whole PFR, and the results are
shown inFig. 4. The axial temperatures of the reforming
chamber and the vaporization chambers were uniform, while
those in the combustion chambers were also uniform, except
for the points at the entrance and the exit of the combustion
chamber. At the entrances of the combustion chambers, the
combustion gas was distributed unevenly, thus resulting in
obvious temperature differences. At the exit of the combus-

Fig. 5. Calculated temperature distributions in different chambers of PFR
(H2O/CH3OH = 1.2; flux of CH3OH–H2O was 5 mL/min; 7.7 L/min air and
2.9 L/min reforming gas were fed into the combustion chambers).

tion chambers, a design for heat recovery caused a decrease
in temperatures.

In order to establish a reference point for the calcula-
tions, the following conditions were employed: 5 mL/min
H2O–CH3OH (molar ratio = 1.2:1) were fed into the reform-
ing chamber, while 7.7 L/min air and 2.9 L/min reforming
gas were fed into the combustion chambers.

Fig. 5 shows the calculation results of the temperature
distributions in one combustion chamber and one reforming
chamber. To validate the calculation results in detail, they
were compared with the experiment.Fig. 4(a) and (b) shows
the comparison between the calculation and experiment about
temperatures at same locations in the combustion chamber
and reforming chamber. The overall trends in temperature
variation with the axial length of the chamber agreed quite
well. The calculation shows a little difference in the catalytic
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Fig. 6. Locations of planes A and B defined in PFR.

combustion performance with those of the experiment. This
was probably caused by the fact that the performance of the
H2 distributor did not turn out as what was designed. More
hydrogen-rich gas was distributed at the place near 1# by the
actual H2 distributor, which made the temperature of com-
bustion 1–1# be a little higher than others in experimental
results.

For a more detailed examination of the thermal behavior
of the reactor, it is meaningful to present the cross-sectional
temperature distributions in planes A and B, as shown in
Fig. 6. The calculated results of these cross-sectional tem-
perature distributions were also presented inFig. 7, and it
shows 10–40◦C temperature difference is needed to transfer
heat across the plate wall.

The proton exchange membrane fuel cell (PEMFC), which
is easily deactivated when carbon monoxide is present, re-
quires the CO to be below 50 ppm. Thus, it is necessary that
the model should be able to accurately predict the composi-
tion of CO in the reforming gas. In this work, both CO and

Fig. 8. Calculated composition distributions of CO in reforming chamber
(H2O/CH3OH = 1.2; flux of CH3OH–H2O was 5 mL/min; 7.7 L/min air and
2.9 L/min reforming gas were fed into the combustion chambers).

H2 composition distributions in the reforming gas, which in-
clude water–vapor, were calculated (Figs. 8 and 9.) The trend
of the composition distribution of CO in reforming chamber
was in agreement with the temperature distributions showed
in Fig. 5(b).

The influence of the molar ratio of H2O/CH3OH on the
composition of the reforming gas (dry product stream) was
investigated by the experiment and numerical calculation,
and the conditions used for comparing between the exper-
iment and calculation are given inTable 1. In Fig. 10, the
content of H2 is kept at about 74.5% with different molar
ratios of H2O/CH3OH. The content of CO decreases with

F = 1.2; ng
g

ig. 7. Calculated temperature distributions in planes A and B (H2O/CH3OH
as were fed into the combustion chambers).
flux of CH3OH–H2O was 5 mL/min; 7.7 L/min air and 2.9 L/min reformi
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Table 1
Conditions used for comparing between the experiment and calculation

Chamber 1 (catalytic combustion) Chamber 2 (methanol steam reforming)

Air inlet (L/min) Reforming gas inlet (L/min) Molar ratio of H2O/CH3OH Flow rate (mL/min)

7.7 2.9 1.2 5
7.7 2.8 1.3 5
7.7 2.9 1.4 5
8.0 2.9 1.5 5
8.0 3.0 1.6 5

the increasing of the H2O/CH3OH ratio, while it can be con-
trolled to be less than 1%. The calculation results show a
higher CO composition than that of the experiment under
higher molar ratio of the H2O/CH3OH. This may due to the
fact that the calculated reforming temperature is a little higher
than the actual value.

Fig. 9. Calculated composition distributions of Hin reforming chamber
( d
2

F
r

Fig. 11. Comparison between computation and experiment for the methanol
conversion as a function of the molar ratio of H2O/CH3OH.

To understand the characteristics of the methanol steam re-
forming in the PFR, the conversion of the methanol as a func-
tion of the molar ratio of H2O/CH3OH is shown inFig. 11.
The conversion of methanol steam reforming was calculated
by the following equation:

conversion of methanol (%)= C0 − Cout

C0
× 100 (13)

whereC0 andCout are the inlet and outlet molar concentra-
tion, respectively.

From a comparison between the calculated and experi-
mental results, it can be found that the conversion of methanol
in steam reforming could reach up to approximately 100%
under different molar ratio of H2O/CH3OH, with an appro-
priate flux of reactant.
2

H2O/CH3OH = 1.2; flux of CH3OH–H2O was 5 mL/min; 7.7 L/min air an
.9 L/min reforming gas were fed into the combustion chambers).
ig. 10. Influence of the molar ratio of H2O/CH3OH on composition of
eforming gas.

6. Conclusions

The characteristics of a compact plate-fin reformer (PFR)
which integrates endothermic and exothermic reactions into
one unit have been investigated by experiment as well as by
numerical simulation. The reformer can integrate methanol
steam reforming, vaporization, catalytic combustion and heat
recovery into one unit. In the experiment, catalytic combus-
t the
c ou-
p de.
T per-
f rical
ion of part of the reforming gas was adopted to simulate
ombustion of fuel cell anode off gas (AOG), and was c
led with methanol steam reforming in a cross-flow mo
he isothermality of the system is the key issue during the

ormance of the PFR. Both the experimental and nume
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simulation results showed that temperature distributions were
uniform in different chambers of the PFR. Besides, both in-
ternal plate-fins and external catalytic combustion were used
to enhance heat transfer of the reformer, which allowed the
requirement of only small temperature difference for heat
transfer across the plate wall. The calculated results also could
accurately predict the conversion of methanol and the refor-
mate composition.
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