
Available online at www.sciencedirect.com
www.elsevier.com/locate/ijhmt

International Journal of Heat and Mass Transfer 50 (2007) 5323–5327
Technical Note
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Abstract

In this paper, a 3-D mathematical model incorporated with Fluent computer code is described to investigate the flow and heat transfer
for developing laminar flow in the micro direct methanol fuel cell (lDMFC) with serpentine flow fields. The continuity, momentum, and
energy equations are simultaneously solved by a general computational fluid dynamics code. Local, channel-mean, bended region-mean,
and overall channel mean friction factors and Nusselt numbers were thus calculated and discussed. Finally, overall channel mean friction
factor and Nusselt number were correlated in terms of the relevant parameters.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

With the advances in MEMS technology, various micro-
systems such as micro heat sinks, micro-biochips, and
micro fuel cells have been developed in recent years.
Among these micro fuel cells, the micro direct methanol
fuel cell (lDMFC), using polymer membrane as electro-
lyte, are considered to be one of the most promising power
sources, especially for 3C products because of its high effi-
ciency, clear, quiet, easy handling for fuel delivery, simple
cell design, and fast start-up even at low temperature [1,2].

An elementary lDMFC consists of two thins, porous
electrodes (an anode and a cathode), which are separated
by a polymer membrane that passes only protons. In order
to achieve high utilization of the electrochemically active
surfaces, a planar architecture is frequently used [3], in
which the reactants, namely methanol and oxygen or air
are forced through the slots or grooves etched on fluid dis-
tribution plates. The slots may be of different patterns i.e.,
mesh, serpentine, or intendigitated channels [1,2]. For a
superior performance, good and proper distribution of
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the reactants to minimize the pressure drop in the fluid flow
through the channels is essentially needed as pumping
power reduces the overall efficiency of the cell.

During the past, considerable attention has been given
to numerical simulations to predict fuel cell performance
and to proceed cell optimum design by using one and
two dimensional, even three-dimensional mathematical
model recently. However, most of the existing research
are limited to conventional PEMFC [3–6] or DMFC if
applicable. There are quite a few papers available to deal
with flow configurations in micro fuel cells both experimen-
tally and numerically [3,4].

This study is motivated by a need to broaden a funda-
mental understanding of the flow in the channels of micro
fuel cells and to develop design correlations for the friction
factors (f) and Nusselt numbers (Nu) of straight channels
and 90� bend regions in serpentine flow configurations in
the parametric range of interest to designers of lDMFCs.
The typical serpentine flow channels with the coordinate
system used are shown in Fig. 1a. Detailed configurations
of the flow channels of interest are shown in Fig. 1b. Rel-
evant dimension and size of the present domain of calcula-
tion were listed in Table 1. The FLUENT code (version
6.1) was employed with proper assumptions [7] and bound-
ary conditions.
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Fig. 1. Serpentine flow channel (on xz plane, y = 0) of interest for the present study. (a) Serpentine (4 channel/6 pass) and system coordinate. (b) Zone A,
B, C, D, and enlarged view.
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2. Results and discussion

Unless otherwise stated, these local values were repre-
sented on middle plane (y = 0; xz plane) with pressure as
well as velocity fields, respectively, at different Re. The
overall channel mean velocity U and temperature T was
calculated by averaging the local velocity (spanwise aver-
aged) over the total channel length. With these U and T,
the corresponding Reynolds number, local, channel-mean,
bended region-mean, and overall channel mean friction
factor ð�f ¼ 2DP=qU 2LtÞ and heat transfer coefficient ð�h ¼
1=Lt

R Lt

0
hdxÞ as well as the corresponding mean Nusselt



Table 1
Channel size and dimension and velocity/temperature boundary
conditions

L
(μm)

H
(μm)

R
(μm)

W
(μm)Geometry

22359 200 213 300 

temperature inlet 
(K)

outlet pressure 
(Pa) 

temperature outlet 
(K)

Boundary
Conditions

313.15 101325 293.15 

wall heat transfer coefficient h 
(W/m2K)

wall temperature 
(K)

Wall Boundary 
Conditions

5 298.15 

density, ρ
(Kg/m3)

thermal conductivity, k
(W/mK)

viscosity, μ
(Kg/ms)Methanol

785 0.2022 0.0005495 

Inlet

Outlet

L

L

A A

H: depth 

W: width 

R: rib 

6 pass; each

pass 4 channels 
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number ðNu ¼ �hd=kÞ were deduced, presented, and
discussed.

Vector plots of the velocity on the middle plane (y = 0;
xz plane) for a sharp 90� bend for zone A, B, C, and D at
Re = 421.4 are presented in Fig. 2. Separation (indicated as
sp in Fig. 2a) and flow reattachment can be seen from the
marked region in Fig. 2a. The recirculation area intensity
and size depend on Re. As Re increase (not shown), the
intensity and size increases. The recirculation area size
can occupy 35% of the channel width at Re = 421.4. The
flow was redeveloped after passing through the first bend
region as the flow proceeds downstream, and it seems never
fully developed for entire cases before the flow approaching
the last (the 6th) pass. To observe the flow in xy plane (i.e.
z = 0), Fig. 2b shows the accompanied plots of Fig. 2a.
Again, flow separation also occurs in the bended region
with two rotating symmetric clockwise vortices and seems
much stronger. The axial symmetry exists along the
straight channels.
The temperature distribution for both straight channels
and bend regions (zone A, B, C, and D) at Re = 84.9, 238,
and 421.4, were computed. Generally, the average temper-
ature of the channels is about 310 K and the difference
between the maximum and minimum temperature is about
8 K at Re = 421.4. It is found (not shown) that a relatively
uniform temperature can be obtained for straight portions
of the channel. As the flow approaching the bend region
either zone A, B, C, or D, the temperature field in these
regions is significantly distorted as the corresponding
velocity vector profile does.

Since the present micro-channel flow is laminar
(Re 6 421), diffusion would expect to be dominant. Such
effect can be examined by the ratio between the mass trans-
port due to pressure driven and that due to methanol
molecular diffusion. This ratio is a dimensionless number,
the Peclet number (Pe), given as Pe = Ud/a where d is
the hydraulic diameter (�240 lm) of the channel, U is
overall channel mean velocity, and a is the thermal diffusiv-
ity. With Pe in hand, the present overall channel mean
Nusselt number can be correlated in the form of
Nu ¼ 1:2Pe0:064, which can be found in Fig. 3a. The expo-
nent of the correlation seems small (�0.064). Besides, Nu
values are small, as compared to those in conventional lar-
ger systems (�3.66 for fully developed value). However, the
power is still significant somehow especially in micro-flu-
idic situations. The correlation indicates that in the present
micro-channels, using Pe number as a parameter seems
more relevant than that of Re and Pr for Nu correlation
development in the conventional systems. In fact, the
Reynolds number dependence of the Nusselt number in
micro-channels is not apparent, which indicates the major
transport process is molecular diffusion.

Another feature of the present flow involving the Pe is
the difference between Taylor dispersion flow and pure
convective flow. The present Pe(�600–3000) is about one
or two order of magnitude higher than the length (L) to
width (W) ratio (�80). Consequently, Taylor dispersion
is weak. Taylor dispersion is a superposition phenomenon
which includes direct movement of flow due to convection
and some molecules of flow diffuse from low velocity area
to high velocity area and vice versa. This somewhat big dif-
ference (Pe� L/W) again explains that the axial convec-
tion still exists, as stated previously. Furthermore, the
present Nu was compared to Qu et al. [9] whose work
was dealt with heat transfer for water flow in trapezoidal
silicon micro-channels. The present results seem higher
than those reported (d = 114.5 lm) in [9] as also illustrated
in Fig. 3a. This difference may be because the present study
has a larger d(=240 lm) and different working medium
(methanol) with hydrophilic surface. Nevertheless, the
agreement is not bad and again, this proves that the present
numerical simulation works in lDMFC flow channels.

Although the present Nu seems not to have the form of
Reynolds number dependence (using Pe instead) as it usu-
ally does in conventional larger systems, the overall chan-
nel mean frication factor (�f Þ can still be correlated in



Fig. 2. Velocity vector plot of bended regions for zone A (on xz and xy plane) at Re = 421.4.
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terms of Reynolds number with a smaller power depen-
dence as compared to those of conventional channels
(�0.87 vs �1) as shown in Fig. 3b. Nevertheless, the fric-
tion factor is also strongly dependent on Reynolds number.
This finding is similar to those of previous studies [3,4] with
different working medium. Moreover, the results show that
the present �f values are 30–40% higher than those of the
conventional larger systems. This is again due to the meth-
anol fluid with the hydrophilic surface microchannel, which
is opposite to the findings from Hsieh et al. [8] where
there is hydrophobic surface in deionized water flow
microchannels.
3. Conclusion

A 3-D numerical simulation was successfully performed
to investigate the flow and heat transfer in a laminar devel-
oping flow in lDMFC flow channels (4 channels and 6
pass) for 10 6 Re 6 421.4. Local, channel-mean, bended
region-mean, and overall channel mean frication factor as
well as the corresponding Nusselt number were calculated.
Detailed velocity and temperature distributions in sharp U-
bend regions were obtained and discussed. Flow separa-
tions were found in bended regions for all the cases under
study.



Fig. 3. Nu vs Pe and �f vs Re and their comparisons with those of previous
studies.
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The values of channel mean frication factor �f are consis-
tently higher (�30–40%) than those of conventional larger
systems at the corresponding Reynolds number. While for
Nusselt number, the present channel gives a relatively
lower value than that in conventional larger channels.
Moreover, pressure drop in the U-bend regions was found
to be negligible as compared to that in straight channels.
This behavior is the same as that in straight conventional
larger systems.

Although the channel considered only for four channel
and six pass, the number of channel and pass is not limited
as long as the serpentine flow channel is applied. Further-
more, this study also proves conventional Fluent computer
code can still be employed in micro-fluidics with liquid as
working medium at Re 6 421 based on the present study.
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