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Abstract

The behavior of water in the air—water flow inside a serpentine channel for a proton exchange membrane (PEM) fuel cell was investigated
using the FLUENT software package. The volume-of-fluid (VOF) model was adopted to track the dynamic air-water interface. Five cases
with varying initial water phase distribution corresponding to different fuel cell operating conditions were numerically simulated to obtain
a better understanding of water behavior inside a serpentine micro-channel. Results show that the bend area of a serpentine flow channel
has significant effects on the flow field, which in turn affects the air—water flow and water liquid distribution inside the channel or along the
interior channel surfaces. The simulation results also indicate that water flooding could occur in the “after-bend” section of a micro-channel.
For the case with larger amount of water in the two-phase flow, the simulation shows that the “after-bend” water distribution might block the
reactant supply to reaction sites and, in some extreme situations, might block the reactant transport inside the flow channel, thus decreasing
fuel cell performance.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction fully saturated conditions due to the requirement of maintain-
ing good proton conductivityl]. Thus, water management
Proton exchange membrane (PEM) fuel cell is the most has been a critical issue for fuel cell design and optimiza-
promising power source for automotive and portable appli- tion and gained immense attention from both industry and
cations in the 21st century due to its high power density, rel- academic institutions.
atively quick start-up, rapid response to varying loads, low  Water management should also be considered in porous
operating temperature, and most importantly, zero emission,electrodes and reactant flow channels. Since the operating
which is directly attributable to the reduction of air pollution temperature of a PEM fuel cell is lower than the boiling
and greenhouse effect. However, to achieve commercializa-point of water, the inlet saturated gas stream could condense,
tion of fuel cells, the performance of contemporary PEM fuel consequently limiting mass transport by blocking reactant
cells needs to be significantly improved, by means of engi- transport through the gas diffusion layer (GDL), especially
neering optimization, to reduce the cost. As the core com- at high current density. In addition, the non-uniform distribu-
ponent of a PEM fuel cell, polymer membrane transferring tion of reactants over the effective electrode area, due to the
protons across its thickness could only function well under non-uniformly distributed water pattern inside the gas flow
channel, could result in poor cell performance. Thus, a better
mpondmg author. Tel.: +1 519 253 3000x2630; _und_erstanding of wate_r behavior inside fuel cell com.ponents
fax: +1 519 973 7007. is highly desired for high-performance fuel cell design and
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In the past decade, almost all the focus related to water micro-channel are significantly different from those of larger
management was on water retention and transport inside thechannels, with respect to two-phase pressure {t6pl7]
membrane and gas diffusion layer. The model proposed byand two-phase flow pattefti6,18] In the present work, an
Springer et al[2] considered both electro-osmotic drag and attempt, at seeking a practical approach that is capable of
diffusion of water through the membrane. They concluded simulating the fluid dynamics and predicting liquid water
that water transported through the membrane could be in-distribution in a serpentine micro-channel without involv-
significant compared to the amount of water generated from ing details of electrochemical reaction, was made. It is well
the electrochemical reaction in a PEM fuel cell. In 1993, known that the electrochemical reaction is the key for a high-
Nguyen and Whitg3] presented a steady, two-dimensional performance fuel cell. However, considering the fact that no
heat and mass transfer model for a PEM fuel cell, which con- electrochemical reaction is involved inside the gas flow chan-
sidered the transport of liquid water through the membrane nel and the water inside the micro-channel comes from either
by electro-osmotic drag and diffusion and included the phase-the electrode surface (liquid water produced through electro-
change of water. However, the membrane electrode assemehemical reaction in the catalyst layer is transported through
bly (MEA) was greatly simplified by assuming “ultra-thin”  the porous electrode and enters the gas flow channel) or being
gas diffusion electrode. Bernardi and Verbruddes] and carried in by feeding reactant, the current problem could be
Springer et al[2] investigated reactant transport through the simplified as a fluid mechanics problem with water sources
GDL and only vapor-phase water transport was consideredinside its physical domain or on its boundaries.
in the gas flow channel. In the following section, the numerical model, boundary

Water transport along the gas flow channel is very impor- conditions, as well as the grid independency validation are
tant for fuel cell design and optimization since this is where introduced. The main body of the work, the 3D numerical
the product water leaves the cell. Water transport inside the simulation of water behavior in part of the serpentine micro-
gas flow channel is usually modeled as a component of anchannel for a PEM fuel cell cathode performed by use of a
overall fuel cell model. The effect of water vapor on gas con- commercial computational fluid dynamics (CFD) software,
centration along the reactant flow direction for various flow the FLUENT packag§l9], is presented in the third section.
rates was simulated by Fuller and Newnj@hwho showed Five cases with varying initial water phase distribution were
that water and thermal management were tightly interrelated. simulated to investigate the two-phase flow inside a gas flow
In 1992, Kimble and Vanderbordli] proposed a model in ~ channel under five possible and typical fuel cell operating
which the effect of liquid water on the reactant concentration conditions. Finally, in Sectiod, conclusions from the nu-
profile along the channel was considered. Yi and Ngygén  merical study are drawn.
developed a multi-component, two-phase fuel cell model to
evaluate the effects of various operating conditions on cell
performance and concluded that counter-coolant flow was?2. Numerical model and boundary conditions
preferred for thermal and water management purposes. Re-
cently, a hydraulic model along the flow direction using the 2.1. Physical and computation domain
Navier—Stokes equation was proposed by Gurau €9al.

They claimed that some of the convective flow along the gas A U-shaped micro-channel is the key component of a
flow channel could penetrate into the gas diffusion layer.  serpentine gas flow channel, which is extensively used in
Some researchers have been trying to improve fuel cell PEM fuel cells.Fig. 1 shows a schematic illustration of
performance by innovating gas flow channel configuration. the computation domain employed showing the U-shaped

An interdigitated channel design proposed by Amakawa channel of 40 mm long for a round-trip with rectangular
and Uozumi[10] was greatly studied by other researchers cross-section of 1 mm 1 mm. The simulations using one
[11-13] This modified flow field configuration was expected

to improve the reactant transport rate with a unique feature:

driving liquid water out from the GDL to the gas flow chan-

nel. In 2001, a serpentine flow field design was reported to i e MEh ke el
improve the utilization of the electrode area under the rib l:(
[14]. The corresponding modeling work, which considered

both a straight flow field and a serpentine flow field with pres-

sure variation along the flow channel, was presented by Dutta

et al.[14,15] However, effects of the bends in the gas flow
channel on the flow dynamics were not included.

To date, most of the flow field models have focused on :a‘mz
flow field plates with simple structures, such as conventional 0g
straight flow and grid flow channels and thus a model for s "
the commonly used serpentine flow field is highly desired.

In addition, the two-phase flow characteristics in a gas flow Fig. 1. Part of the serpentine cathode channel for the numerical simulation.
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U-shaped micro-channel are capable of providing invaluable The volume fraction for the primary phase (air in the present
information for fuel cell flow field design and optimization.  study) can be computed based on the following constr-
aint:

SRt )

The air-water transport process inside the micro-channel:—{
is modeled as a 3D transient two-phase flow. No-slip bound-
ary condition is applied to all interior walls. A velocity For a multi-phase mixture, the average properties could be
inlet boundary condition (uniform velocity distribution of obtained through interpolation, for instance, the mixture den-
10m st with direction normal to the inlet boundary) was sity p can be calculated as:
applied at the inlet of the channel. At the outlet, the bound-
ary condition was assigned as outlet flow (the gradients of all p = Z F;p; (6)
flow parameters are zero). To simulate water behavior under
various PEM fuel cell operating conditions, initial water dis-  The effects of surface tension along the interface between
tribution inside the computation domain was carefully set up each pair of phases and wall adhesion play an important role
and the details are given in Sectign in the two-phase flow process in the micro-channel and it

could be included in the VOF modgl9]. In the present
2.3. Computational methodology work, a widely used surface tension model, the continuum
surface force (CSF) model proposed by Brackbill ef20]

The numerical simulation for a 3D transient two-phase was adopted. With this model, the consideration of surface
flow in the U-shaped micro-channel was performed using tension results in a source termi,in the momentum equa-
the FLUENT software. An inspection of the numerical setup tion (2). Additionally, effects of wall adhesion were taken
employed showed that the Reynolds number of the flow inside into account by specifying a wall adhesion angle in con-
the channel was less than 700 hence indicating that the flowjunction with the CSF model in the FLUENT throughout the
was in the laminar regime. It was also assumed that the flow simulation.
was underisothermal conditions, i.e., the flow was considered
without temperature variation. The conservation equations
governing an unsteady laminar flow can be writteijl£5:

2.2. Boundary conditions

2.4. Validation of grid independency

¢ Continuity equation: In the present study, a 3D structured orthogonal grid with
about 358,000 computation nodes was employed. The grid

9 +V-(pv) =0 (1) independency was validated by performing numerical simu-

ot lation for one droplet case (Case 1Table 1 with varying

e Momentum equation: number of nodes. This original grid has been refined twice
. by adding 20 and 40% of the cell number in every direction

3(pv) 4V (oB0) = -Vp+V-@ +pa+F ) Iea_lding toa95.0 and 204._5% finer grid,_ respec_tively. S_im_u-

ot lation results showed that it was almost impossible to distin-

guish the droplet outlines among these three different-node-
number cases at the same time instant. In addition, because
computational cost (iteration per second) increased linearly

wherep is the static pressur_@“, a momentum source term
due to surface tension, andthe stress tensor, which is

given by with increasing number of nodes, considering the processing
T=u(Vi+ Vo) — %MV .ol ©) time limitation, the original computational grid with 358,000

nodes was adopted for all simulation cases presented in this
whereu is the dynamic viscosity antithe unit tensor. study.

Totrack the air—water interface inside the computation do-

main, the volume-of-fluid (VOF) model implemented in the . .

FLUENT [19] was adopted. The VOF model was designed 3- Results and discussions

for two or more immiscible fluids, where the position of the ) ] o

interfaces between fluids is of interest. In the VOF model, an 10 investigate water behavior in the two-phase flow along

advective equation for volume fractiof, needs to be solved ~ & Serpentine micro-channel for a PEM fuel cell, five numer-

and the reconstruction of the interface throughout the com- ic@l Setups in the order of increasing initial water content

putation domain is required. For thigh phase, the volume ~ Were designed to simulate corresponding possible and typ-

fraction equation has the following form: !cal fuel cgll operathg conditions as listed Table 1 The
issues, which are of importance to fuel cell flow channel de-

IF; +3-V(F)=0 4 sign and optimization, are addressed in the following related

ot v sections.
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Table 1

Five simulation cases for varying PEM fuel cell operating conditions

Case no. Inlet velocity () Initial water (mn?) Initial water distribution Corresponding PEM fuel cell operating

condition

1 10 335x 1072 Single spherical droplet€ 0.2 mm) freely Fundamental study of droplet deformation
suspended at micro-channel inlet inside the airflow micro-channel

2 10 181 A series of droplets € 0.2 mm) freely Feeding reactant flow with liquid water for
suspended along a micro-channel centerline saturation

3 10 153 A series of droplets-€ 0.2 mm) attached to ~ Small amount of liquid water generated or
a side wall of micro-channel (distance condensed on the surface of MEA sidewall
between droplet center and wall is 0.1 mm)

4 10 920 A liquid water film with thickness of 0.2 mm  Large amount of liquid water generated or
covering the imaginary MEA surface condensed on the surface of MEA side wall

5 10 1610 A liquid water film with thickness of 0.1 mm  Extreme case—Ilarge amount of liquid
covering all interior surfaces of the water, due to electrochemical reaction,
micro-channel water condensation or reactant feeding,

covering all interior surfaces

3.1. Case 1: a single droplet freely suspended at the Furthermorelrig. 2also shows that there was only a slight
entrance of micro-channel displacement in the verticap (coordinate) direction when
water droplet(s) traveled in the straight channel. Therefore, it

In Case 1, a single droplet with diameter of 0.2 mm was could be concluded that the effect of gravity is not significant

initially placed at the inlet of the micro-channel. The sim- compared to that of inertia force for this small-amount-of-

ulation for the single droplet case was performed to inves- water micro-channel application.

tigate droplet deformation and the interaction between the

droplet(s) and the surrounding airflow in both the straight 3.1.2. Air-water behavior in bend area

and bend sections. With the deformed droplets approaching the U-shaped
bend, the velocity field in the vicinity of the outer bend surface

3.1.1. Single droplet deformation and behavior in bend varied dramatically. The originally slightly branched velocity

area field expanded significantly due to the fact that the approach-

Fig. 2 shows the droplet deformation versus time on the ing droplets squeezed the airflow between the droplets and
center-plane of-direction when a droplet travels in the bend-wall surface to the surrounding space; clearly demon-
U-shaped channel. At=0, the droplet was placed at the strated inFig. 3.
channel inlet and was in its initial spherical shape. As time  When the deformed droplets hit the bend-wall surface,
progressed, droplet deformation (elongation) in the flow one or more higher-pressure zones could be observed near
direction, which is due to a combination of droplet surface the bend surface as shownHig. 4. The formation of these
tension and shear stress from surrounding airflow, could behigh-pressure zones is due to the collision (momentum ex-
observed. In other words, the enlargement of droplet surfacechange) of the droplets against the bend-wall surface. It is
area increased the surface tension such that the force balancte collision that significantly affected the water behavior
on the droplet could be achieved. With further development, since both the velocity field and the water droplet distri-
smaller droplets would form and be separated from the bution changed significantly compared to those before the
original droplet, as shown in the close-to-the-bend area collision.

(r=1.25, 1.4, 1.6 and 1.85ms) Ifig. 2 This indicates that Driven by the expanding airflow, the deformed droplets
the surface tension is not sufficient to prevent disintegration moved to the corner areas (or the intersections of side walls
of the original droplet. and outer bend surface) and then moved downstream along
t=0s 0.1ms 0.2ms 0.3ms 0.4ms 0.6 ms 1.1 ms 1.25ms 1.4 ms 1.6 ms 1.85ms
ol o1 0 0 A Y Y I A A A
0.003 -
|‘.‘.‘.‘.. - - -— = —-———-—-— - —
E 0.002 |
= )
0.001 — — _ ~—v ¥
0 | J f' 2 ' /\" : -"' W \\ \
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0 0. 005 0.015

L 002
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Fig. 2. The deformation of a single droplet at different time instants inside U-shaped micro-channel.
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Fig. 3. Velocity field on the surface near the outer bend surface before

droplets reach the bend watlH{1.75 ms).
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Fig. 4. Water liquid, velocity distribution and gauge pressure (Pa) on the

center-plane of-direction att=1.85ms.

the corner edges as shownkhig. 5a and b. This could be

It is also noteworthy that small droplets might form when
the deformed water droplets traveled down along the bend
surface, since the velocity difference between airflow in the
channel center and that in the vicinity of corners could pro-
vide strong shear stress resulting in fragmentation of a bigger
droplet into smaller ones as shownHiy. 5b.

3.2. Case 2: a series of droplets freely suspended along
the centerline of the U-shaped micro-channel

In the second case, a series of spherical droplets with di-
ameter of 0.2 mm were freely suspended along the centerline
of the U-shaped micro-channel. By increasing the number
of water droplets, this case could be considered as an exten-
sion of Case 1 and used to simulate the fuel cell operating
condition with some water carried in by feeding reactant. In
addition, the interaction between droplets could be taken into
account for this multi-droplet case.

3.2.1. Droplet deformation

Contrary to Case 1, an individual droplet in the second
case experienced a different deformation process. With time
progressed, the windward surface of the originally spherical
droplets gradually flattened, while the leeward surface did
not elongate due to constraints from its neighboring droplet,
subsequently forming a parachute-shaped droplet. The au-
thors believe this kind of droplet deformation could be caused
by the non-uniform velocity distribution around the droplet.
Fig. 6clearly shows the velocity difference between the wind-
ward and leeward region for several droplets around the bend
area.

Fig. 6 also indicates that, after hitting the bend surface,
these deformed droplets had the tendency of fragmenting
and then entering the central airflow due to the dragging ef-

explained by the fact that the wall adhesion effectin the corner fect from the “U-turn” flow (inside the bend of a U-shaped
area is more significant compared to that in the center of the micro-channel, a flow that must make a U-turn due to con-
bend surface since the corner region doubles the contact areatraints from the bend was termed “U-turn” flow through-

between the walls and water.
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out this work). Obviously, in the bend area, the shear force
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Fig. 5. Development of water pattern and velocity field on the surface near the outer bend surfac:48ms; (by=2.00 ms.
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Fig. 6. Velocity distribution around droplets on the center-planez-of
direction in the bend area at 1.70 ms.

from the airflow is much stronger than the droplet surface
tension, thus together with the inertia force, resulting in sig-
nificant droplet deformation and dramatic water liquid distri-

bution.

3.2.2. Water behavior in the bend area

As earlier mentioned, droplets in the upper straight chan-

P. Quan et al. / Journal of Power Sources 152 (2005) 131-145

beginning {=0.1 ms). This deformation was caused by the
shear stress from the “U-turn” airflow in the bend area.

Att=0.3 ms, the four deformed droplets were further elon-
gated and the strong “U-turn” airflow cut these deformed
droplets into even smaller ones which could move with the
airflow or hit the bend surface as showrFig. 7b.

At r=0.4ms, the droplet that first entered the bend from
the upper straight channel hit the bend-wall surface. This
droplet and previously formed smaller ones could induce a
series of high-pressure zones near the outer surface of the
bend, as shown ifrig. 7c. The variation of corresponding
velocity field, which is the driving force to move the water
downstream, is shown Ifig. 8a—c. The overall trend of water
movement on the surface adjacent to the outer bend surface:
bigger droplets hit the bend wall and expanded to the sur-
roundings of the landing point then moved downstream, is
also illustrated in the same set of figures.

After 1 ms, the overall water pattern on and adjacent to
the bend wall became stableg. 8 shows a typical “band”
pattern on the surface near the outer surface of the bend wall
atr=1.3ms. Driven by the shear force from the surrounding
expanding airflow, these “water bands” moved downwards
along the bend surface, meanwhile, to the corners formed
by the outer bend surface and side walls. It can be observed

nel experienced a “parachute” deformation. However, for the 'that, during the process, the “Water pands” might be torn
initially placed four droplets inside the bend area, as shown into smaller pieces by the expanding airflow due to the non-

in Fig. 7a, significant elongation could be observed at the

0.0035

0.021 0.022

uniformly distributed velocity field.
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0.003

0.0025

0.02
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Fig. 7. Water liquid, velocity field and gauge pressure (Pa) on the center-plardirettion: (a)r=0.1 ms; (b¥=0.3ms; (c¥=0.4ms.
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Fig. 8. Water liquid and velocity distribution on the surface near the outer bend surface0(@ms; (by=0.6 ms; (cy=1.3ms.

3.2.3. Secondary flow development in bend area Fig. 10 shows the variation of secondary flow in different
A significant secondary flow, two axisymmetric vortices cross-sections at varying angles definellign 9. For the flow
occupying the whole channel cross-section, could be ob- before the bend, there were not significant vortices as shown
servedinthe bend area. Toinvestigate the evolution of the sec4n Fig. 10a. At the bend inletKig. 1, i.e.,a =90°), the two
ondary flow along the main flow direction and the interaction axisymmetric vortices appeared in the cross-section. The ve-
between the secondary flow and the water liquid in the bend locity magnitude in the surroundings of the vortices was much
area, several cross-sections were extracted as shdvig. i@ greater than that in the center. From the cross-seatio80
for atypical instant at=3 ms when a fully developed “band”  (Fig. 1) throughe = —30° (Fig. 1Ce), the two vortices were
pattern shown on the surface close to the outer bend surfacefurther reinforced, particularly in the center of the cross-
section, which could enhance the water movement to wall

0004 e0° surfaces. Meanwhile the number of vortex was increasing,
and thus a multi-vortex structure gradually developed. The
0-003 multi-vortex structure could significantly enhance air-water
mixing and make water liquid more evenly distributed in the
g ‘@ & airflow inside the micro-channel. After= —60° (Fig. 10f),

this structure became weak, especially in the straight after-
! bend channel, for instance xat 0.012 m Fig. 1th), the flow
maintained the multi-vortex structure, but it was very weak.
. . . L . From the above analysis, the authors concluded that the
014 .01 x‘!’-g}a 002 Gnee impact of bend on the air-water flow was very important,
because there were no any other driving forces provided to the
Fig. 9. Diagram for the selected cross-sections along the main flow direction. flow except for the ones due to the bend area. In other words,
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it was the presence of the bend that changed the air-watethe water pattern development on the center-plane of
flow field and water liquid distribution along the main flow z-direction inside the gas flow micro-channel. Fig. 11a,
direction, which could have significant impacts on reactant the deformation of the last droplet (in flow direction) in the

diffusion to the reaction sites and water transport inside the lower straight after-bend channel, due to the up-bend airflow
atthe bend exit is clearly shown. The up-bend airflow, caused

by the interaction between water liquid attaching to the lower

3.2.4. Water behavior in the after-bend area outer bend surface and the “U-turn” airflow adjacent to i,
Passing through the bend area, the water liquid would could be observed at the position of arowrs0.02 m in the

move downstream to the after-bend chanféj. 11 shows lower channel. By providing a strong dragging force, this

micro-channel.
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up-bend airflow could move the liquid water attaching on the
outer surface towards inner surface of the after-bend channel,
as shown inFig. 11b. This process might also enhance the
fragmentation of bigger droplets, thus making the liquid
water more evenly distributed within the after-bend straight
channel, which could be beneficial to maintain the airflow
near full saturation. A typical water distribution®2.3 ms)

in cross-sections along the main flow direction is shown in
Fig. 12

3.3. Case 3: a series of droplets attached to the
imaginary MEA side wall of the micro-channel

Following the second case, this time the authors attached
all the previously suspended droplets to a side wall (the dis-
tance between the center of droplets and wall was 0.1 mm),
which could be imagined as the porous electrode surface of a

PEM fuel cell with liquid water generated from or condensed Fig. 12. water distribution in the cross-sections along the flow direction at

on it. r=2.3ms.

139
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Fig. 13. Water liquid, velocity distribution and gauge pressure (Pa) on the plane near the imaginary MEA sidewall:3a)s; (by =0.75ms.

3.3.1. Water behavior in bend area It should be noted that, frofffig. 14b, a significant circu-

For Case 3 with droplets attached to the side wall, wall lating flow along the upper edge formed by imaginary MEA
adhesion affected the water behavior significantly through- sidewall and outer bend surface could be observed. The au-
out the simulation. Thus, as expected, the motion of droplets thors believe that this is evidence that, in the edge area, the ve-
was delayed comparing to Case 2. This is clearly demon- locity is relatively small due to constraints from wall bound-
strated inFig. 13 andFig. 7b, which show the water pat-  aries. Obviously, this circulating zone may hold some of the
tern and velocity/pressure distribution for Case 3 in a plane water transferred from reaction sites or upstream flow and re-
very close to the imaginary MEA sidewall and for Case duce the effective electrode area through which the reactant
2 on the center-plane af-direction at the same instant could diffuse to the reaction sites.

(r=0.3ms), respectively. In addition, as showrFig. 13,

the deformation of a single droplet in the upper straight 3.3.2. Secondary flow development

channel became more parachute-like due to significant wall ~ To investigate the variation of secondary flow in the bend
adhesion. area, some cross-sections (as showkign 9) were extracted

In the bend area, the water behavior was in a similar man- along the main flow direction at=3.95 ms when flow pat-
ner as in Case 2, except that for Case 3, the “water bands” aptern became “pseudo-steady” (sufficient water droplets were
peared at the location close to the MEA siBlgy. 14a shows provided from the upper straight channel to the bend, thus re-
a typical offset “band” pattern on the surface close to the sulting in the steady-like water pattern on the surface near the
outer bend surface at 2.15ms. Similar to the phenomena outer bend surface). The velocity/water distribution in these
observed in Case 2, a high-pressure zone at the water—waltross-sections is shown kig. 15-h.
contact region could also be observed at the same instant, as In the upper channel before the bend, the vortex effect
shown inFig. 14b. was not significant as shown Fig. 15a. However, inside
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Fig. 14. (a) Water liquid and velocity distribution on the surface near the outer bend surfac2. 85 ms. (b) Water liquid, velocity distribution and gauge
pressure (Pa) on the plane near the imaginary MEA sidewad 2115 ms.
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the bend, a double-vortex structure could be observed attributed water liquid on the interior surfaces of the bend.
the beginning of the bend, for instance, in the cross-sectionWhen the air—water flow approached the lower straight
of «=75, although the axisymmetry became weak due channel, these smaller vortices were seen to fade away. A
to the droplets attached to the imaginary MEA side wall single full-scale vortex gradually developed as shown in
(the droplets could not be observed in this cross-section). Fig. 15g and h. Although the intensity of the full-scale vor-
From ¢ =45 (Fig. 14) througha = —-45° (Fig. 15), the tex was not as strong as that in the bend, it could pro-
original two vortices were fragmented into several smaller vide a force to keep the on-the-wall water remaining on
ones which occupied the whole channel cross-section andthe interior surfaces of the channel, and in some way, de-
thus could enhance the air—water mixing in the bend. The liver small dispersed droplets to the surrounding interior
formation of this multi-vortex structure was caused by surfaces, thus affecting the reactant diffusion to reaction
the interaction of the airflow and the non-uniformly dis- sites.
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3.4. Case 4: a liquid water film covering the imaginary

more water generated from the electrochemical reaction.
MEA sidewall of a micro-channel

Wall adhesion played an important role in this simula-
tion; particularly, the combination of wall adhesion, wa-
In the fourth case, a layer of liquid water with thick- ter surface tension, and the shear force from airflow had

ness of 0.2mm was initially attached to the imaginary significant impacts on the water behavior in the bend
MEA sidewall to simulate the working condition with area.

10mis 10mis

0.018 0.019 0.02 0.021 0.022

0.003
0.0025

0.002 . 0.002

| £ E
0.0015 5, 00015 5

0.001 0.001

0.0005 0.0005

() (d)

Fig. 16. Water liquid and velocity distribution on the plane near the imaginary MEA sidewadk- @25 ms; (by = 0.45 ms; and on the surface near the outer
bend surface: (&)=0.25ms; (dy=0.45ms.
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3.4.1. The formation of void space on the plane close to
the imaginary MEA side wall in the bend area

143

the bottom surface to the sidewalls and upper surface of the
micro-channel. The developing velocity field also provided

Inthe bend area, the layer of liquid water experienced sim- a thrust to the newly formed water front and moved it to the
ilar process to that of Case 3. However, due to considerableexit of the lower channel, thus making more void space; this
increase inthe amount of water, some unique water behaviorsjs clearly shown irFig. 17c and d.

which are directly related to the water and reactant transport

in the micro-channel, could be observed.
Figs. 16 and 11lustrate the formation of a void space on

Although liquid water would be continuously generated
from the cathode surface under the working condition of areal
fuel cell, the constantly developing void space can be capable

the plane close to the imaginary MEA sidewall in the bend of making more effective electrode surface area exposed to

area. Atrt=0.25ms Fig. 16), a small void space formed on
the initially uniform water film and then continued to grow up
due to the effect of inertia force as showrHig. 1&. Driven

reactant flow and maintaining the effective mass transport
inside the micro-channel.
For Case 4, the variation of secondary flow along flow

by the shear force from the surrounding airflow, the water direction in the bend was quite similar to that observed in
film on the imaginary MEA side surface inside the lower Case 3.Fig. 18 shows the water liquid distribution in the
channel continuously moved downstream to the exit of the cross-sections along the flow channel at 3.75 ms. Inthe cross-
lower channel, thus developing more void space as shown insections close to the bend, the void space effect and relatively
Figs. 16b and 17a&leanwhile, with more water moving from  weak vortices made the water liquid move along the bottom
the upper straight channel to the bend, the moving water film surface of the lower channel and then the water could be
reached the bend surface and started to expand and cover theoved up to the side walls and upper surface by the up-bend

entire bend surface, which could be observelim 16 and
d.

Due to the interaction between water liquid and airflow,
the “U-turn” airflow would be bent up after leaving the bend
exit in the lower channeFig. 170 and ¢ shows that the up-
bend airflow would continuously drag the liquid water from
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PR T TR T S W | Fa |
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airflow as previously observed. In the lower straight channel,
the water distribution in the cross-sections would be strongly
affected by the full-scale vortex, which could bring water
liquid to the surrounding walls, eventually blocking the path
that the reactant is transported to the reaction sites through
the imaginary MEA sidewall of the micro-channel.
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Fig. 17. Water liquid and velocity distribution on the plane near the imaginary MEA sidewalk- @B0 ms; (by=1.05ms; (cy=3.05ms; (dy=4.05ms.
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w A
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Fig. 20. Water liquid distribution in cross-sections along the main flow di-

Fig. 18. Water liquid distribution in cross-sections along the main flow di- )
rection atr=3.0 ms.

rection atr=3.75ms.
flow and the water liquid became stronger which could lead
3.5. Case 5: a liquid water film covering all interior to significant pressure drop compared to Case 4. Correspond-
surfaces of the micro-channel ingly, the kinetic energy of the airflow decreased. Therefore,
_ L _ less dragging force could be provided to the water attached to
The extreme operating condition inside the micro-channel i jmaginary MEA sidewall. In other words, the forces acted
of a PEM fuel cell could be simulated by covering all interior 5, the water, namely surface tension, wall adhesion, gravity,
surfaces with a liquid water film (0.1 mm thick). The authors’ 54 shear force from the airflow, might get balanced, thus
interest was water behavior on the electrode surface (imagi'forming a stable water pattern on the electrode (or MEA)
nary MEA sidewall) and the water liquid distribution inthe g ;rface in the lower channel. Without the forward-moving

airflow along the micro-channel. void space as observed in Case 4, most of the electrode (or
MEA) surface in the lower channel was covered by liquid
3.5.1. Water behaviors on the electrode surface water film. This is probably the right operating condition for

Water behavior on the electrode (or MEA) surface is very a working fuel cell. Obviously, the liquid water film could
important for better understanding the transport mechanismblock the reactant (air) entering the reaction sites, thus de-
inside a channel, fuel cell design and optimization. In this creasing the fuel cell performance. From a fuel cell operation
study, the focus was on water distribution on the imaginary of view, it might be helpful if an adjustable air pressure was
MEA sidewall in the lower straight channel (after-bend sec- provided to the airflow in case flooding occurred inside the
tion). micro-channel.

Similar to Case 4, the formation of a void space in the
bend area could be observed. However, in Case 4, once the.5.2. Water liquid distribution in the airflow along the
void space was formed, it continuously expanded towards themain flow direction
exit of the lower channel. In Case 5, however, as long as the  Fig. 20 shows the water distribution in cross-sections
water was continuously provided from the upper channel, the along the flow direction at=3.0 ms. It could be observed
position and the shape of the void space remained almost unthat, the originally uniformly distributed water film remained
changed as shown [ig. 19 The essential reason for this sta- attached to the interior channel surfaces; even the bend could
ble void space is attributed to the increased amount of water.not detach the water film from them. This indicates that once
In addition, with more water distributed on the four interior the water transport condition inside the channel is depressed
channel surfaces, the interaction (friction) between the air- (too much water covering the interior surfaces), it would be
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Fig. 19. Water behavior on the plane near the imaginary MEA side wa# 2155 ms.
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(4) The void space in bend area may make positive con-
tribution to the removal of liquid water from the elec-
trode surface; however for the case with larger amount
of water, the void space effect becomes less signifi-
cant.

(5) Inthe case with larger amount of water in the two-phase
flow, the simulation results showed that the after-bend
water distribution might block the reactant supply
to the reaction sites and the reactant transport inside
the gas flow channel, thus decreasing the fuel cell
performance.
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