Energy Conversion and Management 188 (2019) 438-446

journal homepage: www.elsevier.com/locate/enconman

Contents lists available at ScienceDirect

Energy Conversion and Management

%
Energy
Conversion
$Management

Power generation enhancement in direct methanol fuel cells using R

Check for

non-uniform cross-sectional serpentine channels el

Xu-Qu Hu", Qin-Wen Yang™*, Gang Xiao™"™', Xiao-Ting Chen™', Xiang Qiu"

# State Key Laboratory of Advanced Design and Manufacturing for Vehicle Body, College of Mechanical and Vehicle Engineering, Hunan University, Changsha 410082,

China
® CRRC Zhuzhou Institute Co., Ltd, Zhuzhou 412001, China
€ School of Science, Shanghai Institute of Technology, Shanghai 201418, China

ARTICLE INFO ABSTRACT

Keywords:

Direct methanol fuel cell
Flow-field design
Non-uniformity

Non-uniform cross-sectional designs of serpentine channel in direct methanol fuel cells are systematically stu-
died in the present work. A parametric design is proposed to describe and classify channel geometries whose
effects on cell performance are numerically and experimentally analyzed. Numerical results show that the non-
uniform converging designs are beneficial for both in- and through-plane methanol transportations, and thus to

enhance the peak power generation performance as much as 12% at high-current-density operations.
Effectiveness of non-uniform designs for power generation enhancements is also validated by experimental
studies which consider various operating conditions, and significant enhancement of power generation (18.4%) is
noticed by the usage of non-uniform converging design. Optimal application conditions for the non-uniform
converging designs are determined to be the high-current-density operations with high temperatures.

1. Introduction

Direct methanol fuel cell (DMFC) is regarded as a promising power
source for mobile applications attributing to its advantages of simple
structure, rapid recharge and high energy density [1]. However, further
improvements are still greatly needed for accelerating its commercia-
lizations [2]. In the past decade, lots of efforts have been contributed
for power generation enhancements in DMFCs by optimizing the cata-
lyst loading [3], proton exchange membrane (PEM) structure [4] and
water management [5], etc.

For liquid feed DMFCs, the essential processes such as reactant
supply and product removal are normally realized through anode flows.
An appropriate design of anode flow fields is highly beneficial in im-
proving the efficiencies of fuel supply, methanol distribution and CO,
removal and thus to achieve DMFC performance enhancement [6].
Since the pioneering works initiated in 1990s [7], the design of anode
flow fields has received increasing attention. Lots of flow-field designs
were creatively proposed and comparatively investigated, including but
not limited to the serpentine and parallel channels [8], the grid [9] or
interdigitated [10,11] fields and the bio-inspired configurations
[12,13].

Despite of the multiplicity of new designs that have emerged, the
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advantages of serpentine configuration have been continuously em-
phasized in previous literatures. It was shown to be able to depress
methanol crossover [14], to improve velocity distribution uniformity
[15], to increase methanol transport efficiency [16] and also to enhance
power generations [17]. Attributing to these competitive advantages,
the serpentine configuration has become one of the most popular flow-
field designs [13], and its geometry optimizations have attracted con-
siderable interest from both fundamental and practical points of view.
One of the earliest studies on the geometric effects of anode serpentine
channel on DMFC performance was performed by Yang and Zhao [18].
Their experimental results indicated that both open ratio and flow
channel length had significant influences on the cell performance.
Subsequent researches have elucidated the effects of channel depth
[19,20], channel width [21], rib width and channel/rib aspect ratio
[22,23] on the energy conversion performances of DMFCs. There is also
growing evidence for the existence of optimal serpentine geometry for
DMEFC performance [24,25]. However, the majority of previous studies
have assumed a constant cross-section for serpentine channel during
geometry optimisations. The influence of non-uniform cross-sectional
designs on DMFC performance has been ignored to some extent [26]. In
recent years, the non-uniform cross-sectional designs for serpentine
channels has begun to emerge. Certain non-uniform designs, such as
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Table 1
Summary of common flow-filed designs in fuel cells.
Designs Types Ref.
Uniform Parallel Conventional configuration DMFC [18]
Serpentine Conventional configuration DMFC [18]
Channel depth DMFC/PEMFC [19,20]
Channel width DMFC [21]
Rib width DMFC/PEMFC [22,23]
Cross-section aspect ratio PEMFC [23]
Non-uniform Bio-inspired Leaf-like shape DMFC [12,13]
Lung-like shape DMEFC [12,13]
Serpentine Convergent/divergent depth PEMFC [27]
Wavy width PEMFC [28]
Streamline-graded structure PEMFC [29]

varying depth [27], wavy width [28] and converging and diverging
shapes [29], were shown to provide considerable advantages in power
generations for proton exchange membrane fuel cells (PEMFCs). How-
ever, the studies of non-uniform designs in DMFCs cannot be easily
available till now (see Table 1). The underlying mechanism of non-
uniform designs is still in great need for DMFC system designers.
Moreover, the existing non-uniform designs normally involve complex
geometries, which would make considerable difficulties in manu-
facturing or assembling process. A concise non-uniform design of ser-
pentine channel in DMFCs thus becomes the initial motivation of the
present work. And comprehensive study using numerical and experi-
mental techniques is designed to investigate its coupling effects with
operating conditions on the power generation performance. In the
present study, non-uniform cross-sectional designs of serpentine con-
figuration are firstly proposed (Section 2.1). In Sections 2.2 and 2.3,
numerical model that is applied for the investigations of geometric ef-
fects on cell performance is described and experimentally validated.
Numerical results of methanol concentration distribution, current
density distribution and global power generation performance are
carefully discussed in Section 3 to clarify the underlying mechanism of
non-uniform designs. Thereafter, systematic experimental studies are
performed to further validate the numerical revealings and also to
clarify the optimal application conditions of non-uniform designs
(Section 4). Conclusions are available in Section 5.

2. Methods and models

Systematic analysis about the effects of non-uniform cross-sectional
design of serpentine channels on the power generation performance in
DMFC systems is performed based on the collaborations of experi-
mental and numerical techniques. The non-uniform cross-sectional
designs (Section 2.1), the applied numerical model (Section 2.2) and its
experimental validations (Section 2.3) are all presented in this section.

2.1. Non-uniform cross-sectional designs

Serpentine channels with uniform cross-section (Fig. 1(a)) have

(b)

been regularly embedded in many DMFC systems, for which the cross-
sectional area S is constant in both straight and U-turn sections. A
parametric design of non-uniform channel cross-sections is proposed for
serpentine configurations in the present study. Specifically, the cross-
sectional area of each straight pass is considered to be gradually varied
along the flow direction, while an area recovery is designed to occur at
the U-turn sections, as shown in Fig. 1(b) and (c).

The variation of cross-sectional area is realized through the change
of channel width, while the channel depth is kept to be constant. A
variation ratio o is introduced to quantify the geometrical change of
channel cross-section, which is defined as,
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where S; and S, indicate the upstream and downstream cross-sectional
areas of each straight section. Therefore, the so-called “regular design”
of uniform cross-section for serpentine channel can be represented by
o = 1.0 (Fig. 1(a)), while o < 1.0 and >1.0 denote the converging and
diverging designs, respectively, as shown in Fig. 1(b) or (c).

In the present study, a regular design (o = 1.0) of serpentine channel
of 22 channel passes (i.e., 21 U-turns) is selected as reference state
according to our experimental experience [30-32]. The channel width
and depth are designed to be 0.85 mm and 1 mm for the regular con-
dition, respectively, while the corresponding active area of membrane
electrolyte assembly (MEA) is 12.25cm?. Considering that the pass
number, channel depth, MEA active area and upstream cross-sectional
area S are all kept the same as reference state, three non-uniform de-
signs are proposed for comparative study of o effects, i.e.,
o = 0.6, 0.8, 1.25.

Detailed information about the four designs is summarised in
Table 2. The channel volume and the open ratio (i.e., the ratio between
the open area and the active area [33]), are both found to increase with
the cross-sectional variation ratio o. However, the effects of o on power
generation can not be simply determined from geometrical parameters.
It deserves to be fully investigated, and systematic studies are thus
performed using numerical techniques in the following sections.

inlet inlet

(c)

outlet

outlet outlet

Fig. 1. Regular (a), convergent (b) and divergent (c) cross-sectional designs for serpentine channel.
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Table 2

Geometrical parameters for the four main cross-sectional designs.
Variation ratio (o) Open ratio (%) Channel volume (mm?3) Info.
0.60 42.44 527.34 Converging
0.80 47.64 591.89 Converging
1.00 52.81 656.14 Regular
1.25 59.15 734.97 Diverging

2.2. Numerical model

A three-dimensional numerical model that couples the equations of
species transport, mass and momentum conservations and the semi-
empirical electro-chemical expressions was developed in our previous
work to describe the energy conversion process in DMFC systems
[30-32]. Relevant governing equations are summarised in A for con-
venience. It has shown a good agreement with experimental results
from different DMFC systems, and was successfully applied to study the
effects of different operating parameters and to derive an optimal op-
eration strategy for voltage stability enhancement [31,32]. This well-
constructed numerical model is adapted in the present study.

Numerical simulations are performed using a Computational Fluid
Dynamics (CFD) code known as Fluent 16.0 which is based on the finite
volume method. For regular design, its flow domain is discretized into
structured grids consisting of 1146194 cells and 1343512 nodes. No-
slip conditions are employed on boundary walls, and the conditions of
velocity inlet and pressure outlet are defined at the inlet and outlet of
flow channel. Operating parameters are set as experimental conditions.
Governing equations of this incompressible flow can be solved by the
implicit and pressure-based solver, and the pressure-velocity coupling
is processed using SIMPLE algorithm. Numerical computations are
considered to be steady and terminated when the current density has
reached a stable value through sufficient iterations.

2.3. Model validation

Fig. 2left) shows the experimental platform applied for the DMFC
testings in present study. The methanol solution composed by deionized
water and pure methanol is transported by the peristaltic pump
(BT300LC) into the DMFC anode, while an air compressor (OUTSTA-
NDING OTS-550) regulated by a rotameter (OMEGA FMA-2605A) is
used to pump the air into the cathode. Operating temperature is ma-
nipulated using a supplementary heating apparatus controlled by
temperature controller (Omega CSC32). Real-time monitoring of DMFC
performances is realized using an electrochemical workstation
(CHI660E). An electronic load device (ITECH it8211) is applied to
regulate the current density, with the corresponding voltage output
being measured at the same time. The CO, generation is constantly
measured using a CO, concentration detector (JA500-CO2-IR1).

Based on this experimental platform, some preliminary experiments
are prepared to collect referential results for numerical model valida-
tions. A customised single-cell DMFC with regular serpentin channel is
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Fig. 3. Comparison of numerical and experimental IV curves at typical oper-
ating conditions.

used for these preliminary experiments. It consists of a five-layer MEA
sandwiched by graphite end plates. For the MEA with an effective ac-
tive area of 12.25 cm?, the catalyst and diffusion layers are sandwiched
at both the anode and cathode sides. Specifically, the anode catalyst
layer is with 4.0 mg/cm? Pt-Ru loading and the cathode catalyst layer is
with 4.0 mg/cm? Pt-C loading. A regular serpentine channel (o = 1.0,
constant cross-section of 0.8 mm?) of 22 passes are embedded inside the
graphite end plates at both anode and cathode sides.

The experiments have been designed to consider four main operating
parameters, i.e., temperature (T), input methanol concentration (Cy),
methanol flow rate (Fy) and air flow rate (F,). Fig. 3 shows the com-
parisons of experimental and numerical IV (current density-voltage)
curves at different operating conditions. The main operating parameters
(i.e., [T, Cy, Fu, F4l) are [343.15K, 0.75 M, 4.5 ccm, 500 ccm],
[343.15K, 1.00 M, 2.0 ccm, 500 ccm] and [313.15K, 0.75M, 2.0 ccm,
500 ccm] for Case 1, 2 and 3, respectively. Although the operating con-
ditions vary a lot among the three cases, it can still be noticed that the
numerical predications coincide well with experimental IV curves. Such a
good agreement between numerical and experimental results has vali-
dated the reliability and feasibility of the constructed numerical model.

3. Numerical results and discussions

Effects of non-uniform cross-sectional design on the power genera-
tion performances in DMFCs are then investigated using the validated
numerical model (see Section 2.2). Concentrating on geometrical
effects, numerical simulations of various cross-sectional designs are
carried out at the same operating conditions, i.e., T = 343.15K, Cy =
1.00 M, Fyy = 2.0 ccm and F; = 500 ccm. Comparative studies are then
carried out on the numerical results of methanol concentration dis-
tributions (Section 3.1), current density distributions (Section 3.2) and
current density—voltage relationships (Section 3.3) to clarify the effects

Fig. 2. Experimental platform of a single-cell DMFC system (left) and the regular serpentine channel with uniform cross-section (right).

440



X.-Q. Hu, et al.

Energy Conversion and Management 188 (2019) 438-446

(a) Conc. (mol/L) 6=0.6 6=0.8 o=1.0 =125
. 0950 € 5 € — C S € =
— C [ [
0855 & — = S 4
0760 &= —— & —— C = S,
0570 &= — = —— C = € -4
0 285 [ [ (— [ cm— [ -
- —_— —_—) — —y
0.095 € C— [ e— &=
—} —y —
0.000 | CE— | c— C [\ e
(b) Conc. (mol/L) 0=0.6 0=0.8 o=1.0 o=1.25

5=0.6 5=0.8

o=1.0 o=1.25

Fig. 4. Methanol concentrations distributing on CD (a), DC (b) and CP (c) planes. The channel inlet is at the top right corner, while the outlet locates at the bottom

right.

and mechanisms of non-uniform designs on DMFC performance.
3.1. Methanol concentration distributions

Fig. 4 shows the distributions of methanol concentration on three
typical planes inside the DMFGC, i.e., the interfaces between the channel
and diffusion (CD) layers, the diffusion and catalyst (DC) layers and the
catalyst and PEM (CP) layers. On CD plane (Fig. 4(a)), the methanol
concentrations for the four designs are all found to be higher at the
upstream region than the downstream. This non-uniform distribution
coincides well with the physical predication that the methanol fuel is
gradually diffused and consumed during its transportation along the
flow channel [14,30]. Attributing to the porous structure of diffusion
and catalyst layers that allows methanol to diffuse and fulfill in- and
through-plane transportations, the striped-like distributions of me-
thanol concentrations can be observed on both DC and CP planes
(Fig. 4(b) and (c)). Moreover, successive decrease of methanol con-
centrations can be noticed from CD to DC and to CP plane, which
mainly lies in the effects of fuel consumption and methanol crossover.
As the above numerical revealing coincides well with previous litera-
tures [12,13,22], it can validate to some extent the rationality and
reasonability of the present numerical results.

With the increase of o, the overall colour for each planar distribu-
tion of methanol concentration on DC and CP planes is observed to
become decreasingly bright in Fig. 4(b) and (c). It could come out from
the varying pressure drops in different serpentine configurations
[34,35]. The pressure drop is found to be 701.3 Pa for o = 0.6 but only
325.2 Pa for o = 1.25 (see Fig. B.10left) in B). The larger pressure drop in
converging channel (o < 1) than in diverging one (o > 1) could give
birth to an enhanced through-plane methanol transportation. There-
fore, a relatively small o can be beneficial for the through-plane me-
thanol transportation from channel layer to the catalyst layer.

Moreover, the accumulation of methanol concentration at the re-
gions near U-turns on DC and CP planes is also found to be enhanced for
the decrease of o, as shown in Fig. 4(b) and (c). It lies in the specific
design of cross-sectional recovery at the U-turns, as described in Section
2.1. This specific design requires the channel geometry to be recovered

at the U-turns, i.e., the straight converging sections are connected by
diverging U-turns (or vice versa). Therefore, the effect of flow decel-
eration at U-turns can be much more significant with a decrease of o, as
we have found the largest decline of flow velocity among the four de-
signs being at the U-turns with o = 0.6, which is about 57% as the ve-
locity magnitude decreases from 0.1 m/s to 0.043m/s (see Fig. B.10right)
in B). As flow deceleration normally means depressed species transport
and enhanced material accumulation, the specifically designed U-turns
thus become the highly-inclined destinations for the in-plane methanol
transportations, especially when o is designed to be small as 0.6.

Summarily speaking, both the in- and through-plane methanol
transportations can be enhanced by the decrease of o. Although an
enhanced through-plane transportation usually improves power gen-
erations [12,16,17], the accumulated methanol concentration near U-
turns (caused by in-plane transportation) might also degrade the planar
distribution uniformity, which is usually considered undesirable for
efficient power generations [22,34]. Further investigations about the
effects of o on DMFC output performances are still needed.

3.2. Current density distributions

Current density distributing on the CP plane are shown in Fig. 5.
Striped-like distributions have been experienced in local current den-
sities for all the four o = 0.6, 0.8, 1.0 and 1.25. They are very similar to
the methanol concentration distributions as shown in Fig. 4(c). It co-
incides with the well-recognized fact that the current generation is
positively correlated to local methanol concentration [34]. Moreover,
the overall color for planar distributions of current densities is found to
become increasingly bright as the o is gradually diminished from 1.25 to
0.6. This result implies that the current generation can be enhanced by
the decrease of o at this given operating condition.

Quantitative analysis was also performed to better understand the
mechanism of non-uniform cross-sectional designs. Facet average of
current density distribution on the CP plane, as well as the corre-
sponding standard deviation, are summarized in Table 3. They are both
observed to gradually augment with the decrease of variation ratio o. It
indicates that the reduction of o, which was shown to improve the
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Fig. 5. Current densities distributing on CP plane.

Table 3
Facet average and standard deviation of current densities distributing on CP
plane.

Variation ratio (c) Facet average (A/m?) Standard deviation (A/m?)

0.6 4.4353 x 10° 6.2331 x 10°
0.8 4.2288 x 10° 7.0629 x 103
1 4.1850 x 10° 7.2879 x 103
1.25 4.1119 x 10° 8.3661 x 10°

through-plane methanol transportation in Section 3.1, has effectively
enhanced the power generation performance in the DMFC with ser-
pentine configuration. Moreover, the standard deviation that is sup-
pressed by o reduction indicates an improved uniformity of current
density distribution. As gas production is often in direct proportion to
the current generation, this result also implies an uniform gas genera-
tion on the catalyst layer for o reduction, which could be beneficial for
operation stability and system. The effectiveness of o reduction in
current generation performance has thus been validated in these nu-
merical results.

3.3. Power generation performances

Effects of non-uniform cross-sectional designs on the global per-
formance of power generation in DMFCs can be well described using IV
(current density-voltage) and IP (current density-power density) curves
[32,34]. Corresponding to the same operating conditions as applied in
Section 3.1 and 3.2, the numerical predications of IV and IP curves
obtained with different variation ratio o are shown in Fig. 6. At low
current density (<250 mA/cm?), the IV/IP curves for different o are
adjacent to each others, but the difference becomes increasingly large
as the operating current density continues growing. This result coin-
cides well with previous revealings that the effect of flow-filed designs
could be indistinctive at low-current-density operations [8,10,27].
However, for high current density (> 250 mA/cm?), the power genera-
tion performances (both the voltage and power density) are shown to be

0.8 160
Low o effect
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Fig. 6. Effects of non-uniform cross-sectional design on IV and IP curves.
Variation ratio o varies from 0.6 to 0.8 to 1.0 and to 1.25.
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effectively enhanced by the reduction of o. It indicates that the non-
uniform cross-sectional design with o < 1 can be an effective approach
for the enhancements of power generation performances, especially
when the DMFC system is required to be operated at high current
densities.

4. Experimental validations

To further validate the numerical revealings, systematic experi-
ments based on non-uniform serpentine configuration are discussed in
this section. Experimental setup is summarised in Section 4.1. There-
after, experimental investigations of non-uniform geometric effects on
the IV and IP curves are presented in Section 4.2. Power generation
performances of non-uniform design at various operating conditions are
also carefully examined in Section 4.3 to discuss about the optimal
application conditions.

4.1. Experimental setup

Effects of non-uniform serpentine design on cell performances are
experimentally investigated based on the experimental platform as
presented in Fig. 2left). The regular serpentine channel (o = 1.0) that
has been presented in Section 2.3 is applied as reference case. Although
the maximum performance enhancement is numerically determined to
be achieved under an extremely low o = 0.6 (see Fig. 6), the non-uni-
form case for experimental tests is still selected to be with a relatively
low o = 0.8, to avoid potential practical difficulties in machinability
and assembling operations [36]. This non-uniform serpentine channel
takes the same pass number, depth, length and inlet area as the regular
one. More precisely, its takes 22 passes and its depth is kept at 1.00 mm,
while its width is designed to decrease from 0.85 to 0.68 mm in straight
sections.

Taking advantages of a digital microscope (VHX-1000 series), the
microscope photographs of the manufactured non-uniform channel in
graphite end plate can be obtained, as shown in Fig. 7. The divergent
design in straight sections, as well as the cross-sectional recovery in U-
turns, have been both clearly demonstrated in these 100-times magni-
fied photographs. In experiments, this non-uniform serpentine design is
applied as the anode flow channel in the customised single-cell DMFCs
as mentioned in Section 2.3. Four main operating parameters, i.e.,
temperature (T), input methanol concentration (Cy), methanol flow
rate (Fy) and air flow rate (F,) have been considered, which are de-
signed to lie in the following ranges,
T = [298.15, 343.15] K, Cy; = [0.75, 1.5] M, Fy; = [1.5, 4.5] ccm and
E, = [400, 500] ccm.

4.2. IV and IP curves

For comprehensive validations, experiments based on the regular
and non-uniform designs are firstly performed at the same operating
conditions as numerical simulations, ie., T=
343.15K, Gy = 1.00 M, Fyy = 2.0 ccm and F4 = 500 ccm. Extended ex-
periments are then carried out for different Cy; = 0.5, 1.5 and 2.0 M,
with the other three parameters being fixed, to further study the
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Fig. 7. Microscope photographs of non-uniform
cross-sectional designed flow channels.
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Fig. 8. Effects of input methanol concentrations on the output voltage and power density. Solid-lines: non-uniform channel (o = 0.8), Dashed-lines: regular channel

(o = 1.0).

effectiveness of non-uniform design under varied operational condi-
tions. The IV and IP curves obtained from above experiments are shown
in Fig. 8.

For a low methanol concentration of Cy; = 0.5M (Fig. 8(a)), the IV/
IP curves obtained in regular and non-uniform designs are almost su-
perimposed at low current densities (< 160 mA/cm?). But as the current
density grows, the difference between two designs becomes increas-
ingly distinguishable. Similar phenomena can be also revealed in ex-
periments of different methanol concentrations. This result, which co-
incides well with numerical revealings in Section 3.3, could validate the
effectiveness of non-uniform designs in high-current-density opera-
tions. Moreover, comparisons among the four cases show that the
DMEFC performance has been depressed by an increase of Cy; exceeding
1.0 M, which could lie in the effects of methanol crossover and/or MEA
degradations [37,38]. However, the advantages of non-uniform design
over regular one have also been strengthened by the increase of Cy,. It
has implied the necessity of non-uniform designs in extreme DMFC
operations, especially in some potential applications that a high me-
thanol concentration has to be encountered.

4.3. Power generation enhancement

Quantitative analyses are performed based on experimental IP
curves, to accurately assess the power generation enhancement im-
posed by non-uniform design. The growth ratio of power density (1)
between the non-uniform and regular designs is defined as,

Py - Py
hE TRy @)
where j denotes the operating current density, Py; and Pg; represent the
power densities at j generated by non-uniform and regular channels,
respectively. The determined power generation enhancement (7)) at
various operating conditions are presented in Fig. 9.

Fig. 9(a) corresponds to the experiments in Section 4.2 that are
designed to consider the effects of input methanol concentrations. All
the power density enhancements (7)) are observed above 0%, despite of
the variation of methanol concentrations. It indicates that the non-
uniform design (o = 0.8) could always generate positive effects on the
power generations. Especially when the current density exceeds
160 mA/cm?, the power generation enhancements increase at accelerate
rates for all the four methanol concentrations. Taking Cy = 1.0 M for
instance, the non-uniform cross-sectional design (o = 0.8) has gener-
ated a considerable power density enhancement above 4% when the
operating current density becomes larger than 160 mA/cm?, and it could
even reach about 9.6% at 269 mA/cm?. It is also encouraging to discover
that, the case of C)y = 1.0 M experiences the largest power density en-
hancement above 147 mA/cm?, even if its power output is relatively low
among the four cases in Fig. 8. It implies that the negative effects of
methanol crossover and MEA degradation could be largely depressed by
this non-uniform design, which is found to be able to distribute me-
thanol concentrations (and generated current densities) more uniformly
inside DMFCs (see Section 3.1 and 3.2). The necessity of non-uniform
designs in extreme DMFC operations has thus been further validated.
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Fig. 9. Power generation enhancement by the non-uniform cross-sectional designs (o = 0.8).

Table 4

Supplementary experiments for consideration of multi-parameter variations.
No. T (K) Cy M) Fy (ccm) F4 (ccm)
1 343.15 0.75 3.5 500
2 343.15 0.75 4.5 500
3 343.15 1.00 2.0 500
4 328.15 0.75 2.0 500

Compared with experiments in Section 4.2 that only concern about
single-parameter effects (input methanol concentration), some supple-
mentary experiments are provided to further investigate the effects of
multiple operating parameter variations. Differences in operating
temperature, methanol concentration and methanol flow rates are
considered (Table 4), other than the anode air flow rate that is normally
sufficient in DMFC operations. Fig. 9(b) shows the power density en-
hancement analyses on the IP curves obtained from these supplemen-
tary experiments. For Case 1, the power generation is found to be en-
hanced by non-uniform design at high current densities (i.e., n > 0% for
j > 164 mA/cm?), and it achieves an average enhancement of about
7 = 4.9% at the current density range of [163.3, 302.0] mA/cm?. More
encouraging enhancements of power generations can be noticed for
Case 2 and 3. Especially for Case 3, it experiences an average en-
hancement of about 7 = 10.8% in the current density range of
[163.3, 310.2] mA/cm?, and a significant enhancement of 7 = 18.4% can
be fulfilled at 310.2 mA/cm?. However, this non-uniform design
(o = 0.8, converging channel) could also generate unfavorable effects in
power generation, e.g., the low-current-operations in Case 1. Moreover,
the power generation is found to be always depressed for 7 < 0% in Case
4 in which a relatively low operating temperature is imposed. The
above results remind us that this non-uniform design of converging
channel (o = 0.8) could be specifically beneficial for power generation
enhancements in high-current-density DMFC operations at high oper-
ating temperatures.

5. Conclusions

Effects of non-uniform cross-sectional designs on the power gen-
eration performance in DMFCs with serpentine configurations are sys-
tematically investigated in the present study. A parametric design was
proposed to describe and classify different channel geometries. The
underlying mechanisms and the optimal application conditions of non-
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uniform cross-sectional designs have been carefully analyzed using
numerical and experimental techniques. The main findings in the pre-
sent study can be summarized as follows,

1)Converging channels (o < 1.0) in non-uniform cross-sectional de-
signs are numerically shown to be beneficial for both in- and
through-plane methanol transportations, which yields the uni-
formity-improved distributions of methanol concentration and cur-
rent density at typical DMFC operating conditions. Considerable
enhancement in power generation performances has also been re-
vealed from numerical IV/IP curves as a result of o reduction,
especially in high-current-density operations.

2)Effectiveness of converging designs for power generation en-
hancements has also been validated by experimental studies. Non-
uniform converging design (o = 0.8) is proposed to be beneficial for
the depression of methanol crossover and MEA degradation.
Specifically, a considerable power generation enhancement of about
4 — 12%, which is quantified from experimental data, have thus
been noticed at the operating current density range of
[160, 269] mA/cm? for this machined converging design (o = 0.8).
3)More significant enhancement of power generation (18.4%) has
also been achieved using converging design (o = 0.8) in experiments
of multi-operating-parameter variations. Non-uniform converging
designs are proposed to be highly beneficial for power generation
enhancements in high-current-density DMFC operations at high
operating temperatures. However, special attention is also proposed
to be paid on low-temperature conditions, in which the power
generation enhancement by the usage of converging design could
cease to be effective. It suggests subsequent studies on the coupling
effects of cross-sectional designs and operating conditions.
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Appendix A. Relevant governing equations in numerical models

Governing equations that are applied in our numerical models are as follows,

1Continuity equation (mass conservation):

N
V(50V) = Sy, 3
where ¢ is the porosity of physical domain, p is the mixture density, v is the velocity of mixture and S, is the mass source term.
2Momentum conservation equation:

V(epVV) = =V (eP) + V2(UV) + Spuoms @

where P denotes the pressure, u is mixture viscosity and S, denotes the momentum source term caused by the resistance of porous media.
3Species transport equations:

- - -

V-(eVy) = VDI Vy) + Sy, (5)
where y, denotes the mass fraction of specie k and D denotes the effective diffusion coefficient of specie k.

4Electro-chemical expression (local volumetric current density):

EO - Ecell g — N

>

taclRmem (6)

Ja

where E| is the open circuit voltage, E,, is the cell potential, ¢, is the thicknesses of catalyst layer and Ry.» represents the area specific resistance
of membrane. The over-potential values at anode and cathode sides, 7, and 7,, are derived from semi-empirical equations.

Appendix B. Variations of flow pressure and velocity magnitude along the flow channels
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B.10. Variations of flow pressure (left) and velocity magnitude (right) along the flow channels. Channel position denotes the axial position of the flow channel,

0m for inlet and 0.775 m for outlet.
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