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Abstract

Water management in a proton exchange membrane (PEM) fuel cell stack has been a challenging issue on the road to commercializatio
This paper presents a numerical investigation of air—water flow in parallel serpentine channels on cathode side of a PEM fuel cell stack by
use of the commercial Computational Fluid Dynamics (CFD) software package FLUENT. Different air—water flow behaviours inside the
serpentine flow channels with inlet and outlet manifolds were discussed. The results showed that there were significant variations of wate
distribution and pressure drop in different cells at different times. The “collecting-and-separating effect” due to the serpentine shape of the
gas flow channels, the pressure drop change due to the water distribution inside the inlet and outlet manifolds were observed. Several gas flc
problems of this type of parallel serpentine channels were identified and useful suggestions were given through investigating the flow pattern
inside the channels and manifolds.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Water content is also an important factor that affects the
ohmic resistance in the membrgé Therefore, keeping an
Low operating temperature and zero/low emission have appropriate amount of water content in the fuel cell to avoid
made Polymer Electrolyte Membrane (PEM) fuel cells both membrane dehydration and water vapour condensation
become the most promising power source for the future in has been a critical issue in improving fuel cell performance.
vehicle and portable applicatiofi$]. However, to achieve In reality, however, it is almost impossible to manage water
commercialization, the performance of PEM fuel cells on both the anode and cathode sides without dehydration
needs to be improved by proper engineering design andand condensation, this is simply because water vapour
optimization. Due to the special chemical structure of the condensation in the gas flow channels of practical fuel cell
PEM, the membrane must be well hydrated to ensure thatapplications is unavoidablg]. Therefore, water manage-
a sufficient amount of hydrogen ions could cross. On the ment, to which many engineers and scientists have recently
other hand, due to the low operating temperature of PEM paid particular attention, has been a critical challenge for a
fuel cells (30—-100C) [1], excessive humidification could high-performance fuel cell design and optimization.
result in water vapour condensation that could subsequently  In the last decade, water management related studies were
block the gas flow channels resulting in a lower air flow rate performed numerically and experimentally for different pur-
on the cathode side, thus decreasing fuel cell performance poses and in several ways. A three-dimensional (3D) numer-
ical simulation of a straight gas flow channel in a PEM fuel
mpondmg author. Tel.: +1 519 253 3000x2630; cell was performed by Dutta et 4B] using a commercigl
fax: +1 519 973 7007. CFD software FLUENT. They found that membrane thick-
E-mail address: bzhou@uwindsor.ca (B. Zhou). ness, cell voltage and current density could affect water trans-
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port across the membrane. Hontanon gddlalso employed
FLUENT to implement their 3D, stationary gas flow model.

A study exploring the steady-state gas transport phenomene
in micro-scale parallel flow channels was conducted by Cha et
al. [5] in which oxygen concentration along a single gas flow
channel and other flow patterns that may affect fuel cell per-
formance were discussed. Similarly, gas concentration of a
steady-state flow along fuel cell flow channels was obtained ©
numerically by Kulikovsky[6]. Djilali and co-workerg[7]
proposed a 3D CFD model of a PEM fuel cell with serpentine
flow channels. Their model accounts for the major transport
phenomena in a PEM fuel cell. However, in all the studies
mentioned above, the effects of liquid water were neglected.
Yi et al. [2] pointed out that water vapour condensation was
inevitable on both the anode and cathode sides of a PEM fuel
cell, and they discussed a liquid water removal technique
that used a water transport plate to lead excess liquid wa-2- Numerical model setup

ter to the coolant flow channels by a pressure difference. You

and Liu[8] considered liquid water concentration in a straight 2-1- Computation domain and boundary conditions
channel on the cathode side and concluded that a multi-phase

model must be employed to obtain a more realistic simulation  Fig- Lillustrates a schematic of the computation domain
result. showing the cathode side of the three-cell parallel serpentine

By far, most numerical simulation models have focused on PEM fuel cell stack considered with the inlet and outlet flow
a single fuel cell or simplified stack with straight channels. Manifolds atthe top and bottom, respectively. Both manifolds
Fuel cell stacks with inlet and outlet manifolds are rarely Weré 12mm long and had a cross-section of 2 méhmm
discussed. In addition, flow behaviour of unsteady, two-phase With three serpentine unit cells connected between them.
flow in a fuel cell stack with inlet and outlet manifolds is very Each unit cell had two symmetric serpentine gas flow chan-
different from that of a single, straight gas flow channel in N€ls with a cross-section of 1 mmlmm and the straight
steady state. Also, in the authors’ knowledge, there is no sectlo_n ofthe gas flow channelsw_as _10 mm long. The |_sother-
literature available to address the liquid water behaviour in M@l air-water transport process inside the computation do-
micro-parallel serpentine fuel cell channels except for the Main was modeled as a 3D two-phase viscous laminar flow.
present authors’ previous reseaféh that only dealt with A no-slip boundary condition was applied to the surround-
part of serpentine channels—the single U-shaped channel. ing walls. A velocity inlet boundary condition (uniform air

To meet these challenges, in this paper, a fuel cell Stackyelocny distribution of 10_m/s with a o_Ilr_ectlon normal to the
cathode consisting of three serpentine unit cells with inlet INlet boundary) was applied at the air inlet of the inlet flow
and outlet manifolds is proposed to investigate the details of Manifold. Atthe outlet, the boundary condition was assigned
fluid flows and predict the distribution of liquid water among @S outlet flow (the gradients of all flow properties are zero).
different cells. The pressure drop along different parts of the Gravity was taken as being along the negagiegrection. To
stack cathode is also presented graphically as it is signifi- Simulate liquid water behaviour under various PEM fuel cell
cantly affected by the liquid water transport. In this work, operatlng_condltlons, the initial water distribution |nS|d¢ the
the details of phase change and electro-chemical reactioncOmputation domain was carefully setup and the details are
were not considered. Based on the authors’ understandingd/Ven in Sectiors.
the effect of the electro-chemical reaction inside the PEM
fuel cell on the liquid water behaviour is mainly to continu- 2.2. Computational methodology
ously supply water. Therefore, inthe presentwork, to simplify
the complex process of real PEM fuel cell operating condi-  The numerical simulations of the 3D, unsteady, laminar,
tions, by considering different initial liquid water distribu- multi-phase flow in the computation domain was performed
tions, various operating conditions for a fuel cell stack could using FLUENT[10]. An inspection of the numerical setup
be simulated without involving details of electro-chemical revealed that the Reynolds number in the model was less
reactions. than 1400, thereby supporting laminar flow assumption. No

In the following, the computation domain, solution proce- energy equations were considered therefore the conserva-
dure and mesh independency are introduced. Then the resultsion of mass and momentum were the governing equations
from the cases with different initial water distributions corre- for the model. To track the air—water two-phase flow in-
sponding to different PEM fuel cell operating conditions are terface inside the computation domain, the volume-of-fluid
presented. Finally, conclusions are drawn and some valuableg(VOF) [10] method implemented in FLUENT was used. The
design and optimization related suggestions are given. VOF model is designed for two or more immiscible flu-

Fig. 1. Computation domain.
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ids, where the position of the interface between fluids is of 0.008
interest.
Then the conservation laws of mass and momentum gov- g

erning unsteady, laminar flow could be written[28]: >
Continuity equation:

ap - : : : : : :
— +V(pv) =0 (1) °5 0.005 0.01 0.015 0.02 0.025
ot Z,m
Momentum equation: ,
Fig. 2. Mesh ony— plane.
APY) | (o) = —Vp+ V@ + g @ . . .
ot almost the same. The difference in results for the different
wherep is the static pressure, amds the stress tensor, which mesh systems is so small that it is negligible.
is given by:
T=pu[(Vo+ V') — %VT)I] 3 3. Results and discussions

wherel is the unit tensor.

) o I i i -ph fl havi insi
Volume fraction of liquid waterdz) could be solved by: n order to investigate two-phase flow behaviour inside

the parallel serpentine three-cell stack with manifolds, four
different cases corresponding to four different PEM fuel cell
stack operating conditions were simulated, as listGébie 1
and shownirfrig. 3. Detailed results and discussions are given
below.

doz
ot
Then the volume fraction of aiwg) could be calculated
by using the relation:

+9Var =0 4)

a1 +az=1 %) 3.1. Case 1: five spherical droplets freely suspended in

Allthe other properties (e.g., viscosity) could be computed the inlet manifold

in a volume-fraction weighted-average manner as: . . .
9 9 The first case was simulated to consider small amount of

w=au2 + (1 — a2)u (6) water transport and distribution. As shownFhig. 3a, five
freely suspended water droplets with radius of 0.2 mm were
2.3. Validation of grid independency placed along the centerline of the inlet manifold. The water

distribution in different cells and manifolds, water transport

There were 198, 144 cells meshed in the computation do- in the serpentine unit cells, pressure drop along different vol-
main.Fig. 2shows the mesh on thhez plane. Each cellinthe  umes, and deformation of small water droplets were studied.
straight channel sections had the same size with dimensions
0.2mmx 0.2 mmx 0.2 mm (along, y, andz directions, re- 3.1.1. Water droplets deformation
spectively). Trapeziform cells were employed to generate the  Fig. 4 shows water droplet behaviour versus time as the
corners of the serpentine gas flow channels. Grid indepen-droplets travelled through the inlet manifold on the vertical
dency was tested by increasing and decreasing the number ofenter-plane with=0.0135 m. At =0, five freely suspended
grid cells by 20 and 50% for case 1 (as showmable 7). The droplets, with their original spherical shape, were placed in
flow phenomena of liquid water and the velocity field were the inlet manifold. Subsequently, droplet deformation along

Table 1

Four simulated cases for different PEM fuel cell operating conditions

Case no. Inlet velocity (m/s) Initial water (Mn  Initial water distribution Corresponding PEM fuel cell stack operating

condition

1 10 0628 Five spherical droplets £ 0.2 mm) freely Fundamental study of water droplet
suspended along the central line of the inlet deformation inside gas flow channels; liquid
manifold water injection at the cathode inlet

2 10 6875 Water films with a thickness of 0.2 mm Excessive liquid water condensed on
attached to surrounding walls near the manifold inlet surface
manifold inlet

3 10 3706 Water films with a thickness of 0.2 mm Most of the liquid water generated on the
placed on the windward (left) side surface of windward side surface (MEA located here)
each gas flow channel in the unit cells of each unit cell gas flow channel

4 10 3706 Water films with a thickness of 0.2 mm Most of the liquid water generated on the

placed on the leeward (right) side surface of leeward side surface (MEA located here) of
each gas flow channel in the unit cells each unit cell gas flow channel
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Fig. 3. Initial water distribution for the four cases (a: case 1; b: case 2; c: case 3; d: case 4).

thex-direction, attributable to effects of dragging force from it could be concluded that the droplets closest to the air inlet
the airflow, could be noticed. Since the size of the water suffered the largest air dragging forces than the droplets far
droplets was very small, the effect of gravity was not sig- away from the air inlet.

nificant. The droplet on the far right section (near the inlet)

had the largest deformation along thelirection. However,  3.1.2. Water amount distribution and its effects on

the droplet on the far left section had its original spherical velocity fields

shape and was only slightly elongated alongstftrection. When the water droplets approached the end wall (at
Because airflow originated at the inlet, the interaction be- *=0.012m) of the inlet manifold, the velocity field at the
tween airflow and the water droplets was significant for the Near-wall surfaces would change with liquid water displace-
droplet on the far right section (near the inlet). Furthermore, Ment.Fig. 5 shows how the velocity field was affected by
the droplet on the far right section blocked some of the airflow iquid water movement on the plane closexts 0.012m.
resulting in reduced airflow effects on the other droplets. In The upper section of this figure shows the cross-section of
other words, shear stress on the droplets would keep decreadhe inlet manifold, it also s_hows that airflow was reflected at
ing along the main flow direction (to the left ig. 4) and the near-yva_ll surfaces. With water approaching the surface,
correspondingly, the droplets on the left side would main- the velocity increased due to the squeeze effect between the

tain their original shapes rather than deforming. Therefore, Wall and the water droplets and hence forced all the liquid
water to expand to both sides along théirection §ig. Sb).

Simultaneously, water would be divided into two parts to the

““10m/s . . . .
0008) T ——————— — both sides of the gas flow channels. The lower section in this
L e bt SR ol it pultul figure shows the cross-section of the outlet manifold. The
E ——— .:‘_ .:'._ -—
> | |- "““t_ ;ﬁz‘_‘r :i-:v!....:_,ﬂk(,m,(,(,(,‘,f two outgoing air streams flowing out of the gas flow chan-
Ubue : N N , nels squeezed each other. After water spread to the gas flow
ooz 0008 0.008 il G hannel hown Fig. 5c, there is still a small amount of
(@) % m channels, as shown Fig. 5, there is still a small amount o
_ water adhering to the wall, attributable to the effect of wall
0008y ———___10mb adhesion and the stagnant effect.
el L SRt o) g e e o R R U Water distribution in 3D view was showng. 6, it could
e 0F e = i
| e A T A be observed that there was almost no water travelling through
e the cells 1 and 2. In other words, the water was not evenly
( o Di003 " Pio0e s € distributed among all the cell§ig. 7 describes the relative
.m

amount of water in different cells and manifolds, cells 1 and
Fig. 4. Water distribution and velocity field on the vertical center-plane 2 ha_-d zero variation of water amount. There was no water
(z=0.0135m) in the inlet manifold for case 1 ¢z 0.006 sy=0.009s). flowing into these two cells and the water amounts remained
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Fig. 7. Water amount variation in different cells and manifolds for case 1.

o 0.008 oot 0015 002 0.028 zero all the time. Frorfrig. 6, it was observed that all the five

water droplets were flowing onto the end walH0.012 m)
facing the air inlet. Eventually, water started spreading on
that wall and moved into cell &ig. 7also shows the process
from 0.0008 to 0.0015s during which the amount of wa-
ter in the inlet manifold decreased rapidly, while increased
in cell 3. Subsequently, the water amount in these two vol-
umes remained constant for a while, while water was flowing
through cell 3. It could also be observed that there was about
4% of water remained in the inlet manifold. Also in cell 3,
Fig. 5. Water movement on the plane close to the walked.012 m for case the relative water amount remained about 96% for most of
1, the inlet manifold is at the top and the outlet manifold is at the bottom (a: the time. As mentioned earlier, this was due to the wall adhe-
1=0.0003's; br=0.0009s; ct=0.006S). sion, and some of the water hitting that wall would stick onto
it, as shown inFigs. 5¢c and 6Also Figs. 5 and Ghow that
even the outgoing air streams were trying to squeeze each
other in the outlet manifold, water still moved toward the

0 0.005 0.01 0.015 0.02 0.025
(c) Z,m

Fig. 6. Water movement in 3D view for case 1{&:0.0009 s; br=0.0015s; cr=0.045s; dr=0.06 s).
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1 have the same geometry, thus the main factor that affect the
& s | pressure drop is the water amount. Different water amount in
S the single cell would change the available cross-section area
2 o6k of the channel for gas to pass through and thus the gas flow
= velocity would be different. At=0, there was no water in the
S 04r three single cells, the pressure drop in cell 3 is still the high-
§ o | est, this means that cell 3 always had a greater flow rate of air
‘ than the other two cells, and cell 3 could be the easiest one
0 . . . . . ) to flow in. At about 0.001 s, while water hit the wall facing
0 0.01 0.02 0.03 0.04 0.05 0.06 the air inlet, the pressure drop along cell 3 increased signif-
Time, seconds icantly. This is because air was squeezed from the end wall

(x=0.012 m) by water hitting on it. As all that water moved
into the cell, the pressure drop decreased. Cell 3 always has a
L ) greater pressure drop than that of the other two cells, it could
outlet, which is good for water drainage. The overall water o considered as the unit cell with the highest possibility of
amount inside the cathode (stack) versus time is shown in having most of the water flowing through (as in this case).

Fig. 8 atr=0.04s, water started moving out from the stack Thjs would also be demonstrated in the next three cases.
indicated by the decrease of the curve. This curve decreased

three times, this means water was collected and separated intg ,
three parts to flow out of the channel, this could also be ob-
served frontig. 6c. The “collecting-and-separating-effects”

from the serpentine shape will be discussed furtherinthe next £\ \water films with thickness of 0.2 mm were attached
three cases. Generally, it was found that it is difficult to attain ) e surrounding walls, as shownfiig. 3. All the water

an even water distribution for these kinds of parallel gas flow \swere5mm long. Water was expected to move into all the

channels. And once most of the water has moved into 0Ny e it cells, the variations of water amount and pressure
cell, the performance of the fuel cell would decrease due to drop in each volume could perform more significantly.

either unstable operation or water flooding.

Fig. 8. Water amount inside stack vs. time for case 1.

Case 2: water films with a thickness of 0.2 mm
attached to the surrounding walls near the manifold inlet

3.2.1. Water “flowing backward”
3.1.3. Pressure drop change due to water movement Fig. 10 shows the water transport and velocity field on
inside the inlet manifold the vertical center plane with=0.0135m of the inlet man-
Fig. 9shows the pressure drop along different volumes for jfold. The gravity force acts in the negativedirection. At
case 1. It could be observed that the pressure drop along celf=0.0003 s, the water films were already flowing away from
3 was always greater than that along cells 1 and 2. Recallingthe air inlet. Part of water close to the air inlet was slightly
the general calculation of pressure drop along a horizontal jifted up by the air stream. The amount of water was small
pipe without considering gravity force (gravity effectis minor  for such an air stream to have gravity effects significantly
factor for the present study due to the size of droplets and shown in the figure. At a later time, water hit the end wall

small amount of liquid waterL1], we have equation: that faces the air inlet, and air was squeezed from the end
I pV2 wall at x=0.012 m. There were two vortices formed at the

Ap=f—— @) top and bottom of the inlet manifold, as water approached the
D 2 wall, as shown irFig. 10a and b, the vortices were squeezed

with fis the friction factor/ the length,D the hydraulic di- and the velocity vectors directed toward the air inlet became

ameter and’ the velocity. For all the three single cells, they much stronger. Water started moving back to the air inlet as
shown inFig. 1Cc and d. Atz=0.009 s, some water already

14 moved half way in the inlet manifold~{g. 10d). Because air
L — Celll was continuously flowing from the air inlet, therefore, water
g —- Cell2 was flowing downstream again to the end wall, as shown in
= — Cell3 Fig. 1Ce. During this time period, gravity effects gradually
g 08 -+ Overall became important and could be noticed as showrign1QGc
£ o6 through f. When this part of water moved back to the end
£ 04 wall at x=0.012m, it already moved down to the bottom
- s f- ___________________ surface of the inlet manifold and adhered to the surround-
' ing walls as shown iffFig. 1(f. The reason that some water
o5 ool 000 005 o001 oo oos flowed backwards after hitting the end wall of the inlet man-
Time, seconds ifold is because water was reflected from this wall. While

water started moving back, the air flow resistance was not
Fig. 9. Pressure drop along different volumes for case 1. significant, as shown iRig. 1, the velocity filed on the left
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Fig. 10. Water distribution and velocity field on the vertical center-plane
(z=0.0135m) in the inlet manifold for case 2 (&0.0003 s; br=0.0012s;

c:t=0.0024s; dr=0.009s; er=0.012s; fr=0.018s).

of initially loaded water was slightly more than that in cell 2
(10%). FromFig. 11d, it could be observed that some water
remained on the end walls of both the inlet and outlet man-
ifolds. With help ofFig. 12 at timer=0.08 s, we could find
that about 10% of water sticking on the end wall of the inlet
manifold, and 4% sticking on the end wall of the outlet mani-
fold. The reason that we have water sticking on the end wall of
inlet manifold was discussed in case 1. The water transportin
the outlet manifold will be discussed in the next section. The
variation of overall water amount inside the cathode (stack)
was shown inFig. 13 The decreasing curve is similar to
Fig. 8for case 1, the reason that the curve is decreasing step
by step is because water was collected and separated into sev-
eral parts through the serpentine flow channels. In this case
water started moving out of the stack at about 0.032 s, this is
earlier than that in case 1. At last, water amount remained at
about 14%, which represents the water in both the inlet and
outlet manifolds.

3.2.3. ‘Squeezing’ of water in the outlet manifold

Fig. 14shows the vertical center plane witkr 0.0135m
of the outlet manifold. Water flowed into the outlet manifold
from both sides of the gas flow channels and then would
amalgamate on this plane. The air streams from both sides of
gas flow channels would also squeeze each other on this plane.
As showninthisfigure, astime progressed, water was flowing
onto this plane and then was squeezed to move along both
the positive- and negativedirections. After that, this part of
water was tearing up, as showrfig. 14c. At a later time, as
shown inFig. 14d and e, some water from cell 1 moved onto
this plane, after being squeezed to both sides along-the
direction, some water moved onto the end wa# 0.005 m)
of the outlet manifold and adhered to it. Therefore, due to the
effect of wall adhesion and surface tension, the water sticking
on this wall would be hard to move to anywhere else, thus
explaining why some water remained in the outlet manifold.

3.2.4. Comparison of both pressure drop and flow
behaviour of cases 1 and 2

As shown inFig. 15 the pressure drop changed more dra-
matically in case 2, just note that the smaller graph in this fig-
ure represents the first 0.003 s period that could not be clearly
shown in the main graph. Within the first 0.003 s, the pressure
drop increase occurred in all the three unit cells while water

side of the water is very small; this is because there are otherpassed the inlet of the three cells. Pressure drop increase first
channels that air could move into (cells 1 and 2). Therefore, occurred at cell 1 and then cell 2, with aimost the same mag-
water could flow backward to the air inlet for such a long nitude of 6 kPa. While such a large amount of water flowing

distance.

3.2.2. Water amount variation

through, air could be squeezed and the pressure at the inlet
would increase significantly, this was also mentioned in case
1. The pressure drop increase in cell 3 occurred later, but with

Fig. 11shows water movement in 3D view, as time pro- the largest magnitude of 25 kPa. This is because there is an
gressed, different from the first case; water was distributed end wall ¢=0.012 m) at the inlet of this cell. As the water

to all the three cellsFig. 12 shows the variation of water

hit this wall, the squeezing effect would become more signif-

amount in different volumes. For most of the time, cell 3 had icant thus increasing the pressure. By looking at the whole
the largest amount of water (about 65% of total amount of time period, it could also be observed that the pressure drop

initially loaded water). Cell 1 with about 15% total amount

in cell 3 was always greater than thatin cells 1 and 2. This is
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Fig. 11. Water movement in 3D view for case 2(a:0.0015s; br=0.003s; cr=0.03 s; d#=0.082s).

similar to the result obtained in case 1. The overall pressure By comparing the flow behaviours in the first two cases,
drop decreased from the beginning because the water wass mentioned before, it is difficult to have evenly distributed
initially flowing away from the air inlet. water among the three unit cells. In this kind of stack, the
By contrast, both cases 1 and 2 showed that cell 3 alwayslast cell (cell 3) that is furthest away from the air inlet and
had a larger pressure drop than cells 1 anBigg. 9 and 1p connecting the end wall of the inlet manifold would always
and most of water moved into this cefli@js. 7 and 12 There- have the greatest pressure drop and the largest amount of
fore, it could be concluded that cell 3 is the most possible cell water distribution from the inlet manifold. By investigat-
to have the largest amount of water in this kind of stack, re- ing the velocity fields in the outlet manifold in both cases
gardless of where water was from in the inlet manifold. Itwas 1 and 2, it was found that the outgoing air streams from
noticed that the water amount in the outlet manifold changed the three cells were blocking and squeezing the water in
dramatically Figs. 7 and 1P This is because while water the outlet manifold. So water from cell 3 would always be
flowed into the outlet manifold, there would be some water the easiest path for water to flow out from the stack, be-
flowing out of the manifold. However, in case 2, it could be cause this part of water would encounter the weakest re-
noticed that finally this curve remained at about 4%, as shown sistance. Therefore, it could be concluded that, if the unit
in Fig. 12 indicating that there was some water remained in cell further away from the gas flow outlet had greater wa-
the outlet manifold. As discussed before, this was becauseter distribution, then the water flowed out from this unit cell

some water passed through cell 1 in case 2. would be blocked by the air streams from the other unit cells.
1 1
— Cell |
0.9 o
S —— Cell 2 08T
g 07 H E
2 06 — Cell3 7 06 f
= <
= 05 . Z
.2 — Inlet manifold g 04 F
= 0.4 5
3 0.3 -- 0 anif =
= utlet manifold 02 L
Z 02 : Z 0.
04(1) \\‘——____\A_\,-t:\‘ . 0 1 1 1 1
0 0.02 0.04 0.06 0.08 0 0.02 0.04 0.06 0.08
Time, seconds Time, seconds

Ei

g. 12. Water amount variation in different cells and manifolds for case 2. Fig. 13. Water amount inside stack vs. time for case 2.
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3.3. Case 3: water films with a thickness of 0.2 mm
placed on the windward (left) side surface of each gas
flow channel in the unit cells

In case 3, the windward (left) side surface of each gas
flow channel was covered with a water film with a thickness
of 0.2 mm. These surfaces were assumed to be the electrode
surfaces of the gas flow channels on the cathode side, on
which water films could be formed by electro-chemical re-
actions and water vapour condensation during PEM fuel cell

operations. Here the electro-chemical reaction was not con-
sidered while the water film was used to simulate water pro-
duction as stated in Sectidrof this paper. The initial water
distribution is shown irFig. 3 for case 3.

3.3.1. ‘Collecting-and-separating-effect” in serpentine
gas flow channel

Fig. 16 shows how generally water was transported
through the cell stack. At=0.0006 s, water in the gas flow
channels was separated into different parts by the U-shaped
corners (U-turns). This is because the water approaching the
U-turns would slow down and hit on the U-turn outside sur-
face due to the inertia effect, but the water leaving the U-
turn would resume its normal speed in the horizontal chan-

0015 m 001 0005 nel. Therefore, the water after the U-turns would move faster
’ than the water coming to the U-turns. Thus that water was
—10mis “separated” by the U-turn was explained. On the other hand,
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because the water coming to the U-turns moved slowly, this
part of water would wait for the water leaving from its up-
stream U-turn. Therefore, at the U-turns of the serpentine gas
flow channels, water was also “collected”. Generally speak-

o0t oo 0008 ing, at the U-turns of the serpentine gas flow channels, water

was collected and then separated into different parts. When

Fig. 14. Water distribution and velocity field on the vertical center-plane the water films were separated into small droplets, it would
(z=0.0135m) in the outlet manifold for case 2(&:0.033 s; br=0.0345s; be much easier to remove them. Therefore the serpentine de-

c:t=0.036s; dr=0.0375s; et=0.0395s).

sign actually can facilitate the water removal by using its
“collecting-and-separating-effect”. This is just like the mili-

On the contrary, better water draining conditions could be tary strategy “divide and conquer”. Fig. 17, atr=0.0006 s,
achieved when the unit cell(s) closest to the gas flow outlet it could be noticed that the velocity fields and water distri-
has (have) the largest water distribution, as in cases 1 andoution were almost the same on the near-wall surfaces of

2.

Pressure drop, kPa

the three unit cells (water in cell 3 moved a little bit faster).
Therefore, it could be expected that water in the three unit
cells would have similar transportation characteristics. This
could be appreciated with the helpféiy. 18 which shows
the water amount variation along different unit cells and man-
—TE ifolds. In particular this case (case 3), since a_relgtively ]arge
0.003 - cdla amount of water was considered as evenly distributed in the
—Cell3 gas flow channels, the water in the inlet manifold would al-
- - Overall ways be maintained at zero. As shownFig. 18 water in
the three unit cells had the same amount of initial water dis-
tribution, and moved into the outlet manifold within almost
) the same time period (cell 3 was slightly faster), it could also
0 0.02 0.04 0.06 0.08 be noticed that the curve representing the water amount in
Time, seconds the three unit cells decreased step by step, which is similar
as inFigs. 8, 13 and 19The reason is as we mentioned, wa-
Fig. 15. Pressure drop along different volumes for case 2. ter was separated into several parts by the U-tUfits. 19

Pressure drop, kPa
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Fig. 18. Water amount variation in different cells and manifolds for case 3.
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Fig. 17. Water on the near-wall surfaces rat0.0006s for case 3 (a:
x=0.012m; bxx=0.009 m; cxx=0.006 m). Fig. 19. Water amount inside stack vs. time for case 3.
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shows the overall water amount inside cathode (stack), thestack. Therefore, more water could stay in the outlet mani-

curve decreased step by step aBigs. 8 and 13Fig. 19also fold at the outlets of cells 1 and 2, and the pressure here could
showed that water started moving out of the stack at aboutbecome very high. This explained why the pressure drop de-
0.015s. creased severelyin cells 1 and 2. At about 0.0022fEgn20,

At t=0.04 s, as shown iRig. 18 water in the three unit  while the pressure drop in cells 1 and 2 decreased, it could
cells was already flown away, and the three curves maintainedbe observed that the pressure drop in cell 3 increased simul-
atalmost zero. Even though the difference was not significant, taneously. Recalling from E7), we know that the flow rate
the results showed that cell 3 had a better water draining or velocity is the main factor that affects the pressure drop.
ability than cells 1 and 2. At a later time, as showfrig. 16, Therefore, while air had difficulty to flow through some gas
water was not just maintained on the windward wall of the flow channels (cells 1 and 2), more air would flow through the
unit cells, most of the water moved onto the bottom surfaces other cells (cell 3), thus decreasing the pressure drop along
and even the leeward surfaces. It is not easy to ascertain tacells 1 and 2 and increasing the pressure drop along cell 3.
which surface water would adhere in such a long time period; The overall pressure drop also increased during this time pe-
this depends on different factors such as shape of the flowriod, because with the unit cells blocked, the pressure in the
channels, airflow velocity, among others. The outlet manifold inlet manifold would be increased, thus increasing the overall
still had excessive water left which was about 5%, as shown in pressure drop. At a later time, by looking at the overall time
Figs. 16d and 18This is because some of the water from cell period, it could be observed that the pressure drop changed
1 was squeezed onto the end wall of the outlet manifold. The dramatically, but the pressure drop in the three unit cells never
same phenomenon was shown in caskigq. 11d and 1 decreased or increased together. This is because when some
unit cells have less air flowed in (the pressure drop would
decrease), other unit cells would always have a much higher
flow rate (the pressure drop would increase) to maintain the

The pressure drop in different volumes for this case is Mass conservation. This could be observeHig 20 Gen-

shown inFig. 20 Different from case 2, the pressure drop €rally, by looking at the overall pressure dropHig. 20 it
decreased in all the three unit cells within the first 0.003 s. could be observed that cell 3 still had a greater pressure drop
This is because as the water flowed into the outlet manifold, than the others, and after 0.05s, as all the water flowed out
the increasing amount of water in the outlet manifold would ©f the cells, the pressure drop in the three unit cells remained
block the outlet of each unit cell, the pressure in the outlet cOnstantand cell 3 still had its greatest magnitude.

manifold and the outlets of the unit cells could become very

high. Therefore, the pressure drop along the unit cells de-3.4. Case 4: water films with a thickness of 0.2 mm

creased. The pressure drop decreased firstin cell 3, then cellgjaced on the leeward (right) side surface of each gas

2 and 1. In cell 3, the pressure drop only decreased by aboutqoy, channel in the unit cells

0.4 kPa, and only for a little while, this is because cell 3 is

easier for the water coming out from it to flow into the outlet Case 4 was simulated to compare with case 3. In this case,
manifold (as was concluded in case 2). But later, the pressurethe MEA side was assumed to be windward (on the left hand
drop decreased more in cells 1 and 2, by about 1kPa, thisside), as shown iffig. 3d. Therefore, the water films formed

is because water flowed out from these two cells could be due to electro-chemical reactions would be assumed on this
blocked by the outgoing air streams from cell 3, and the end sjde and the initial water distribution is shownFiy. 3d.

wall (x=0.005m) of the outlet manifold was connecting to

cell 1, then due to the effect of wall adhesion, water coming

out from cell 1 could be more difficult to move out of the 34d]4 Comparison of water flow behaviours in cases 3
an

Similar to case 3, water was initially broken up at the
U-turn, as shown irFigs. 21 and 22The “collecting-and-

3.3.2. Change of pressure drop when the outlet manifold
blocked with water

(RS

35T ' %_ separating-effect” could also be noticed. As time passes, wa-
£ 3T,. . 3 (1) — Cell I ter in the gas flow channels moved to other surfaces, this is
£25r0 : 1 : . . Cell2 also similar to case 3. Also as shownfiy. 22 the water
E 2 " ' 0 Time scconds 0.003 distribution and velocity fields were almost the same on the
55l — Cell 3 leeward surfaces for the three unit cells. After water moved
é : - Overall away, it could be noticed that there was some water remained

on the end wall of the outlet manifold; this was shown in cases
2 and 3too. Therefore, the authors concluded that, once there
0 0.02 0.04 0.06 0.08 is water flowing through the gas flow channels closest to the
end of wall (the wall facing and furthest away from the air
flow outlet), it is unavoidable to have some water adhering to
Fig. 20. Pressure drop along different volumes for case 3. this wall.

Time, seconds
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Fig. 21. Water movement in 3D view for case 4(a:0.0006 s; br=0.003 s; cr=0.048s; dr=0.0755).
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Fig. 22. Water on the near-wall surfaces r&0.0006s for case 4 (a:

0.005 0.01 0.015

x=0.011m; bx=0.008 m; cx=0.005m).

0.02

Fig. 23 shows the water distribution along different vol-
umes; this figure is very similar teig. 18 But in this case,
it took a time period of 0.06 s to have all the water flow out
of the gas flow channels; longer than that in case 3 which
was about 0.05 s. Also if we look at the overall water amount
inside cathode (stack) for case 4, as showRign 24 no sig-
nificantly difference could be found by comparingrig. 19
both curves decreased step by step, the water flow behaviours
were very similar between cases 3 and 4, the only difference
is that case 3 had faster water drainage. The difference be-
tween cases 3 and 4 is the initial water film arrangement; in
case 3 the water films were placed on the surfaces closer to
the air outlet while in case 4 they were placed further. Bet-
ter water draining was achieved by placing the water films
closer to the air outlet (as in case 3), thus it could be con-
cluded that arranging the MEA side of the unit cells closer

035 ¢ —Cell 1
—Cell 2
IS8
H - Cell 3
2
= = = Qutlet manifold
Z
g
0 0.01 002 003 004 005 006 007
Time, seconds

Fig. 23. Water amount variation in different cells and manifolds for case 4.
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ity fields, the following water management issues have been
identified for this kind of fuel cell stack:

1. If the water is supplied from the inlet, it is almost im-
possible to have evenly distributed water in each gas
flow channel for this type of serpentine stack design.
The gas flow channel that is closer to the air outlet
always has a greater pressure drop and water is most
likely to flow through this channel. But unevenly dis-
tributed water is not good for achieving a stable fuel cell
performance.

2. Water in the outflow manifold could be blocked by air
streams from the gas flow channels, with water continu-
ously flowing into the outflow manifold, the outflow man-

Water inside stack, %

0 1 1 1 | L )
0 0.01 0.02 0.03 0.04 0.05 0.06 0.07

Time, seconds

Fig. 24. Water amount inside stack vs. time for case 4.

3. ifold may be blocked, the pressure in the outflow mani-
25 f £ 2 . fqld and the outlets of the unit cells could become very
S T high. Th_erefore, the pressure drop gnd_ flow rate z_;tl_ong
= e 0 4 —Celll these unit cells could decrease. In this kind of condition,
£ w0 s 003 ||—-Cell2 the pressure drop and flow rate along other cells would
g 1 —Cell 3 become very high, the air flow would become unevenly
£ o0s distributed.
& " - Overall Pressure drop along all the unit cells could never in-

crease or decrease at the same pace, once pressure drop
along some unit cells increase, others’ pressure drop
would decrease.

3. If water hits the wall that faces the air inlet, water could
be moved towards the air inlet again. In this case, water
could not be moved into the gas flow channels on time, and
the inlet manifold may become blocked with continuously
supplied water.

4. Water could adhere to the end wall of both the inlet and
outlet manifolds and it is difficult to remove this part of
water.

5. Wall adhesion effects could slow down the water draining

process, thus reducing the fuel cell performance.

0 0.02 0.04 0.06 0.08

Time, seconds

Fig. 25. Pressure drop along different volumes for case 4.

to the gas flow outlet could obtain a better water draining
process.

3.4.2. Comparison of pressure drop in cases 3 and 4

As shown irFig. 25 the pressure drop in different volumes
is also similar to case 3, as showrHig. 20 In both figures,
the pressure drop along the three unit cells never decreased
or iqcreased at the same instant, as we mentioned earlier, ggme suggestions could be made to manage liquid water
this is because once some cells had lower flow rate (pressurg, 4, efficient way as follows:
drop would decrease), other cells would have higher flow rate
(pressure drop would increase). But cases 3 and 4 approved.. Keeping a unit cell that may have the largest amount of

that the pressure drop along different unit cells in this kind
of cell stack is very sensitive, especially with different water
distribution in each cell. Once one unit cell had a lower flow

water close to the outlet of the outflow manifold is good
for water drainage, thus the performance could become
more stable.

rate, the pressure drop along this cell would decrease, on the2. Keeping the MEA side of the gas flow channels close to
other hand, as the pressure drop decreased, the other cells’ the outlet of the outflow manifold is recommended for

pressure drop would increase due to a higher flow rate, thisis  having faster water drainage.

the problem that is hard to be avoided in this kind of parallel 3. The serpentine gas flow channel’s “collecting-and-
gas flow channels. separating-effect” could facilitate water drainage.
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