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ABSTRACT

A three-dimensional numerical analysis is
performed to estimate the effect of divergent fuel
channel on the reforming performance and non-
isothermal reactant transport in a plate-shape reactor
under methanol steam reforming and water-gas-shift
reactions. The hydrogen yield was then employed to
evaluate the net power output from a proton exchange
membrane (PEM) fuel cell. These results display that
the application of divergent fuel channel to plate-shape
reactors plainly betters the hydrogen production from a
reformer and net PEMFC power output. As compared to
an ordinary reactor, the novel reactor with the divergent
fuel channel of How/Hin = 4.0 creates the most notable
improvement in the hydrogen production of 24.03 %.
Furthermore, this novel reactor also gains the greatest
advance of 6.39 % in the net power output form a
PEMFC under implementing the pressure drop for the
reactor channel.

INTRODUCTION

A PEMFC power source utilizes hydrogen and
oxygen as the fuel to provide the advantages of
zero-carbon emission, low-operating temperature, and
high-energy efficiency (Wu, 2016; Yang et al., 2019).
About the hydrogen fuel, methanol owns significant
benefits of higher hydrogen-to-carbon ratio and
lower-reforming temperature (Ouyang et al., 2017).
Huang et al. (2013) integrated microfluidic channels and
Pt catalytic layers in a co-fired ceramic methanol
reformer to study the effect of Pt catalyst thickness. A
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PEMFC stack combined with a miniature plate
methanol steam reformer (MSR) is generally regarded
as a major portable power source (Zhang et al., 2018).
Accordingly, designing a plate MSR is significant to
advance the hydrogen yield from MSR and raise the net
power output from PEMFC.

The plate-shape wall-coated reactor possesses the
benefits of higher ratio of surface area to volume,
uniform flow distribution, and lower pressure drop as
compared with the packed-bed cylindrical reactor (Ke et
al., 2019). Therefore, the plate-shape reactor is
developed to augment the heat transfer inside the reactor
to promote the catalytic reaction. The application of
divergent channel to the reactor had been mentioned for
improving chemical reaction within the catalyst in
numerous literatures. Chowdhury and Akansu (2017)
applied novel convergent and divergent serpentine
channels to PEMFC bipolar plates. The experimental
results revealed that this novel channel can enhance
PEMFC performance. Perng et al. (2017) investigated
numerically the heat and fluid flow, methanol
conversion, hydrogen production, as well as net power
of fuel cell through installing a diffuser in front of the
reactor. Their results showed that the diffuser evidently
improves methanol conversion and hydrogen production
of a cylindrical MSR, because of increasing the
residence time of fuel and enhancing the mixing of fuel
within the reactor. From the findings of the cited
literatures, the divergent channel can clearly perform
superior catalytic reaction as compared to the ordinary
straight-channel due to longer residence time of fuel and
better mixing of fuel.

For lowering the cost of experiments, the scholars
commonly performed numerical methods to simulate
the catalytic reaction and flow filed within the reactor
during fuel reforming. A CFD model (Ji et al., 2018)
was developed to simulate the catalytic reaction of
methane steam reforming inside a sorption enhanced
membrane reactor. Perng et al. (2019) estimated
numerically the influences of bottomed ribs along the
fuel channels on the gained hydrogen and net PEMFC
power. Fluent software was applied to evaluate how the
operating and the geometric parameters influenced the
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reforming performance of a micro reactor under
methanol steam reforming (Jang et al., 2010). Chang et
al. (2019) solved mass balance, chemical reactions, and
conjugated heat transfer in a double-pipe type of
reformer with CFD code. The above cited literatures
revealed that the numerical methods could simulate
reasonably the thermal-flow fields and the catalytic
reaction processes inside the reactor. However, they
have never explored how a divergent fuel channel
advanced the hydrogen yield and evaded a larger
pressure drop to better the net PEMFC power output.

Consequently, the motive of this study is to
evaluate how a divergent fuel channel affects the
hydrogen yield, the CO emission, and the net PEMFC
electric-power output from various reactors during
methanol steam reforming.

CFD SIMULATING MODEL

This CFD simulating model, which concerns
continuity, momentum, energy, and species equations, is
employed to simulate the thermal-flow fields along the
fuel channels inside various plate-shape reactors during
methanol steam reforming (SR) and water-gas-shift
(WGS) reactions. In Figure 1, the novel plate-shape
reactor is invented through arranging a divergent
channel in an ordinary plate-shape reactor. The main
geometric parameter is the ratio of channel-outlet height
to channel-inlet height (How/Hin). This parameter is
considered as 4.0, 2.0, 1.33, and 1.0 with constant
channel-outlet height and space velocity (SV). Houw/Hin =
1.0 indicates an ordinary channel. The catalyst layer is
mantled above the fuel channel and contains stationary
catalyst within the reactor. The CH3OH blended with
H20 is supplied into the fuel channel at z = 0, and the
positive z means the stream-wise direction along the
channel.

Ty
.

comstant
1 1 1 1 4 Ld

| Cataby fayar |c..

CHOH+HD

.
T Reformed gas o, W

Hea 5 Hee

v
T o |+
[

Fig. 1. Computational doméins of (a) ordinary fuel
channel and (b) divergent fuel channel of a reactor.

The assumptions of this simulating model for this
reactor are listed as follows.
(1) The reacting fluid is ideal gas.
(2) The thermal flow field is laminar, incompressible,
and steady.
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(3) A homogeneous and isotropic catalyst is considered
in this study.

(4) All chemical reactions carry out merely within the
catalyst layer.

(5) As compared with the convection, the radiation and
conduction is disregarded at the gas state.

The principle equations of this 3D simulating
model for this reactor are depicted through the
subsequent equations.
Continuity equation: Vel=0 Q)
Momentum equation:

e(lov)l=——2 vp4+ Hmey2_ Huc ﬂ—%“|ﬂ|(2)

pmix pmix pmixK
Species equation:
n
s(LrJ OV)Ci = DeffVZCi +SZ M, iR, 3)

r=1
where k, €,and B mean separately the permeability,
the porosity, and the inertial loss coefficient of the
catalyst layer. p.ix and p. denote the density and
viscosity of mixed gas shown as Egs. (4)-(6). c;
means the molar concentration of i-th species. D

indicates the effective diffusivity. The last term of Eq. (3)
represents the source arisen from the catalytic reactions.
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Catalytic reaction equations :

In this simulating model, methanol SR as well as
WGS catalytic reactions are merely considered as Egs.
(7) and (8) because the decomposition of methanol
needs greater heat and carries out more slowly than SR
of methanol (Sé et al., 2011).

CH,OH +H,0—4CO, +3H, AH298:49.5£I (7)
mo
kJ

CO+H,0*CO, +H, AH,,, = _41'2W (8)

In view of Arrhenius chemical model (Wan et al.,
2016), the rates of above principle reactions are
estimated from the next equations:

E
SR: RSR = le%€|3OHC?—CO EXp[_R_ill.J (9)
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Table I. Major parameters for this simulating modeling

Quantity Value
Channel length, L (mm) 30.0
Inlet height, Hi, (mm) 0.375~1.5
Outlet height, Hout (Mmm) 1.5
Channel width, W (mm) 1.5
Thickness of catalyst layer, e, (mm) 0.5
Space velocity, SV (h) 4000
Inlet temperature, T, (°C) 120
Heating temperature, Twai ( °C) 300
Operated pressure (atm) 1
Catalyst density (kg m) (Lu et al., 2018) 1480
Thermal conductivity (W m™ K?), Kg 10
(Palma et al., 2018) '
Permeability, Kk (m?) (Sa et al., 2011) 2.379x107%?
Mass diffusion coefficient (m?s™) (Sé et =
al., 2011) 6.8x10
Universal gas constant, R (J molt K?) 8.314
Porosity of catalyst, € (Sé et al., 2011) 0.38
Tortuosity of catalyst, T (S4 et al., 2011) 15

— I
Activation energy of SR, E_ (J mol™) 7 0x10%
(Palma et al., 2018)
— I

Activation energy of WGS, E_, (J mol™) 1.0x105
(Palma et al., 2018)
Reaction constant of SR, k; (Palma et al., g
2018) 8.0x10
Reaction constant of WGS, k. (Palma et g
al., 2018) 4.0x10
WGS:

E
Ry =k,C.p C, EXp| ——22
WGS 2¥C0, “H, p( RT

E
j - kZCCOCHZO EXp[_R_a.Fj (10)

where k; and k, mean the reaction constants.
Energy equation :

(pC, ) (Lo V)T = K (V2T +£S, (11)
where Cp, means the specific heat. K. indicates the

effective thermal conductivity of the porous catalyst
layer and is evaluated from K, =eK, +(1-¢)K, .
Moreover, the source term of Eq. (12) is originated from

all catalytic reactions within the catalyst layer, and
evaluated from

S, = _z[:/l_°+ j.CPYidTJ(Ri)

! Tref

(12)

where h? means the enthalpy of the i-th species.

The boundary conditions of this simulating model
are displayed in Fig. 1. On the inlet face, the
temperature of uniform inlet flow is 120°C. On the
outlet face, the atmospheric pressure is specified as the
outlet condition. The no-slip condition is designated for
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all walls of a reactor. On the heated-wall surface, the
temperature is controlled at 300°C. On the interface
between reactor fuel channel and catalyst layer, all
physical quantities are specified to be continuous. The
space velocity (SV) is fixed at 4000 h. The molar ratio
of H,O/ CH30H (S/C) is 0.9 at the inlet. The operated
pressure is fixed at 1 atm within the reactor. The catalyst
considered for reforming is CuO-ZnO/Al,O3. Moreover,
other major parameters are cataloged in Table I.

NUMERICAL METHODS

This solving procedure is based on the SIMPLE-C
algorithm (Van Doormaal and Raithby, 1984) linked
with an improved conjugate gradient method (Kershaw,
1978; Van Der Vorst, 1992) for predicting the
three-dimensional flow fields and all catalytic reactions
about SR of methanol and WGS in the divergent fuel
channel of a reactor. Under specifying 0.5 to be the
under-relaxation factors of all principle equations, this
computational program will be terminated while the
residuals of major physical quantities are lower than
108,

RESULTS AND DISCUSSION

The present study explored numerically the effect
of divergent fuel channel on the reforming performance
and non-isothermal reactant transport in a plate-shape
reactor under methanol SR and WGS reactions. In
addition, the yielded hydrogen from the reactor can be
used to evaluate the net power output from a PEMFC.
The main geometric parameter (How/Hin) of the fuel
channel is specified as 4.0, 2.0, 1.33, and 1.0 with
constant channel-outlet height and space velocity (SV).
The present study performed the independent process
for deciding the mesh density of computational domain.
Three densities of structural hexahedron mesh system
are tested and the related results are displayed in Fig.
2(a). The relative variances of major reforming
performances between the two denser mesh densities for
various heating temperatures are all smaller than 0.05 %.
Accordingly, the second mesh density (38x80x750) is
counseled for all reactor domains. In addition, as shown
Fig.2(b), our previous study (Perng and Wu, 2019) had
utilized the experimental data (Kim and Kwon, 2006) to
certify that our solving program could be carried out for
simulating the methanol SR and WGS catalytic
reactions within a plate-shape reactor.

Figs. 3 and 4 demonstrate how the divergent effect
of fuel channel acts on the species conveyance and the
fluid velocity. Inside the catalyst layer (the region upon
the dash-line), the reactants (CHsOH and H.O) lower
progressively and the products (H, and CO) grow
gradually downstream because the methanol SR and
WGS catalytic reactions undergo inside the catalyst
layer. A higher hydrogen contour signifies a greater
hydrogen output while a lower methanol contour stands
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Fig. 2. (a) Mesh-independent tests of major reforming
performances in an ordinary reactor; (b) Comparison of
our numerical predictions (Perng and Wu, 2019) with
the experimental data (Kim and Kwon, 2006).
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Fig. 3. The profiles of (a) CH3;OH and (b) H,O inside
various reactor channels on the y-z plane (x = 0.75 mm).

for better reforming of methanol. Consequently, the
divergent fuel channels obviously bring about higher
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Fig. 4. The profiles of (a) Hz, (b) CO, and (c) z-velocity
inside various reactor channels on the y-z plane (x =
0.75 mm).
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product and lower reactant concentrations than an
ordinary one. This is since a diffused channel retards the
fluid velocity to longer the residence of reactants inside
the catalyst layer and enhances the mixing of fuel within
the reactor, and then obtains better catalytic reactions
for advancing the hydrogen output. Additionally, larger
variations of species and velocity profiles are caused
from a greater Hou/Hin, which strengthens the diffusing
effect to enhance the methanol SR and WGS reactions
to advance the conversion of methanol, the hydrogen
output, as well as carbon monoxide emission. The
present work plotted Fig. 5 to value the application of
divergent fuel channel to a reactor through related
reforming performance. It obviously reveals that three
divergent channels bring about higher methanol
conversion and mass fraction of yielded hydrogen than
the ordinary channel (Houw/Hin = 1.0), and higher How/Hin
acquires more notable improvement in reforming
performance. Compared with an ordinary channel, the
divergent channel of Houw/Hin = 4.0 applied to the novel
reactor results in the greatest enhancement of the
hydrogen vyield of 24.03 %. However, ameliorated
hydrogen vyield accompanies trade-off rise of CO
emission from a reactor. These CO emissions are all less
than 6 ppm from three novel reactors with various
divergent channels. Accordingly, this still avoids the
critical problem of PEMFC catalyst poisoning.

Because a larger pumping power of transporting
the fluid is induced from a greater pressure drop within
the reactor, the pressure drop needs to be properly
studied in obtaining the net power of PEMFC system.
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The pressure drop is decided by the variation of
pressure from the inlet to the outlet of reactor, expressed

as AP =(Pet —Poutiet ) » Where Py symbolizes the

averaged pressure over the inlet surface, and P, the

averaged pressure over the outlet. Furthermore, the net
power (Whyet) is determined by Eqgs. (13) and (14) under
weighing the supplementary pumping power arising
from this increased pressure drop.

Whet = Weemre XM, X Mpemrc — W (13)
W, = APx A, xU;, (14)
where  Wpgpee » the theoretic PEMFC power, is nearly

67 W while the fueled hydrogen is about 375 sccm
(Nehe et al., 2015). Moreover, the efficiency of PEMFC
(Mpemec ) operation is commonly 60%, and the fair

depletion of hydrogen (ﬂHz) is close to 80% (Nehe et

al.,, 2015). W, signifies the supplemental pumping
power of transporting the fluid through a reactor, Ach the
inlet area of reactor, and ui, the uniform velocity at the
inlet. It can be found from Fig. 6 that higher Hou/Hin
brought on greater pressure drop within the reactor,
which requires larger pumping power of transporting
the mixture inside the reactor. However, the greatest
Hout/Hin (= 4.0) channel brings about the largest pressure
drop, and the scheme of excessively expanded channel
is thereby unsuitable for improving the net PEMFC
power.

As a result, the greatest net PEMFC power is
brought from the divergent channel of How/Hin = 4.0
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under weighing the impact of pressure drop on the net
PEMFC power output. As compared to an ordinary
reactor, the novel reactor with this divergent fuel
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— 130
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Pressure drop (pa)

=110
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100

02—
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Fig. 6. Influence of Hou/Hin on the pressure drop within
a reactor and the net PEMFC power output.

channel of Houw/Hin = 4.0 earns the greatest advance of
6.39 % in the net PEMFC power output.

CONCLUSION

This numerical study carried out the 3D
simulations to estimate the effect of divergent fuel
channel on the reforming performance and non-
isothermal reactant transport in a plate-shape reactor
under methanol SR and WGS reactions. In addition, the
yielded hydrogen would be utilized to evaluate the net
PEMFC power output. The major conclusions excerpted
from the above results are described as follows. The
divergent channel brings a reactor better reforming
performance and a PEM cell greater net power output
than the ordinary channel. This is since a diffused
channel retards the fluid velocity to longer the residence
of reactants inside the catalyst layer and enhances the
mixing of fuel within the reactor, and then obtains better
catalytic reactions for advancing the hydrogen output.
Moreover, a greater Houw/Hin divergent channel
strengthens the diffusing effect to improve the methanol
SR and WGS reactions, and thereby the divergent
channel of How/Hin = 4.0 brings a reactor greater
hydrogen vyield than other fuel channels. As compared
to the ordinary channel, the above divergent fuel
channel brings about the most notable improvement in
the hydrogen production of 24.03 %. Furthermore, this
divergent channel produces a PEM cell the greatest
advance of 6.39 % in the net power output under
implementing the pressure drop through the reactor
channel.
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