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Abstract

Fuel cell flow channel scaling behavior has been investigated for three different flow pattern archetypes (interdigitated, serpentine, and
spiral interdigitated) by employing computational fluid dynamics (CFD). The range of investigation covers flow channels of macro feature
size (>50Qum) to micro feature size<100wm). Each flow pattern archetype exhibits unique scaling behavior. For most flow pattern
archetypes, optimal feature size occurs at an intermediate channel dimension. Extremely small flow channels do not optimize performance
despite improved mass transport. Pressure drop loss and flow travel path in the cathode compartment are major factors determining the
optimal size. The scaling phenomena are explained in conjunction with the details of oxygen distribution in the cathode flow channels and
gas diffusion layer.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction vestigation results of the scaling effect of these flow ge-
ometries ranging from micro scale to macro sale will be
Miniature fuel cells are drawing increasing attention discussed.
as a possible solution for improved power sources for
portable power systemfl-4]. Recently, the adaptation
of micro fabrication technology has enabled the gener- 2. |nvestigation on size scaling of flow channels
ation of successful prototype®—10] Also, components
employed in such prototypes—e.g. thin film catalyst, and  |n general, fuel cell performance improves as the channel
micro flow channels—have been characterized systemati-gas flow velocity increases since the increased flow velocity
cally regarding their effect on overall fuel cell performance enhances convective mass transjdti. During actual fuel
[8-11] cell operation, the flow tends to be wasted beyond the stoi-
In past decades, numerous fuel cell modeling studies chiometric condition if no downstream system components
have successfully integrated the electrochemical reactionssych as an afterburner consume the unused fuel and oxidant.
and the transport phenomena with CEIR—20] More-  Thus, increasing flow velocity is a challenging task if it en-
over, some of these efforts have demonstrated the capatails wasted flow or the power consumption of an auxiliary
bility of addressing three-dimensional fuel cell geometries device, such as a pump.
[17-20] However, when flow channels with smaller cross-section
Recently, we have explored the transport phenomenaare employed in fuel cells, the flow velocity can be increased
of microscale parallel flow channels theoretically and ex- while maintaining a constant gas stoichiometric number. Ac-
perimentally [8-10]. The work presented in this paper cordingly, we may expect fuel cell performance improve-
extends the CFD model investigation of flow channels ments at little additional cost.
to three other types of flow patterns: interdigitated, ser-  However, the investigation of the scaling effect of flow
pentine, and spiral-interdigitated flow channels. The in- channels is a daunting task considering the number of ge-
ometric parameters involved with flow channels: the flow
* Corresponding author. Tek:1-650-736-0275; fax:-1-650-723-5034.  channel pattern, the channel and rib shape, and the diffu-
E-mail address: swcha@stanford.edu (S.W. Cha). sion layer thickness, among others. Therefore, it is neces-
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Thus, we can see that the velocity in the flow channel
will increase as the feature sizdecreases. An increase in
gas velocity will facilitate reactant delivery to reaction sites
by improved convection. Moreover, a dramatic improvement
can be expected regarding the efficiency with which prod-
ucts are removed from the reaction sites. This is particu-
larly important because the voltage drop due to the product’'s
occupation of reaction sites is a significant percentage of
the total voltage losses, especially at high current densities
[22].

One drawback of the smaller feature size is the increased
pressure drop in the flow channels. However, considering
that microchannels would likely be adapted for miniature
fuel cells, the actual pressure drop may still small since the
absolute length scale is relatively short in miniature fuel
cells. We will discuss the effect of feature size scaling on
the cell performance in conjunction with the pressure drop
in this paper.
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Fig. 1. The scaling scheme of flow channels associating only one “fea-
ture size”,F. The total cross-sectional area of flow channels is directly
proportional to the feature size.

3. Model development
sary to dramatically reduce the number of parameters with-
out sacrificing the range of investigation. One simple solu-  The electrochemical reactions in a fuel cell involve var-
tion for meeting this requirement would be to confine the jous transport phenomena including the dissociation and
cross-sectional shape of the flow channels to a certain ge-association of molecules, ions and electrons. Furthermore,
ometry, such as a square. A square has onygeometric  |iquid water generation on the cathode side adds the com-
parameter, the length of one of its sides. Moreover, if the plexity of two-phase flow especially in PEM fuel cells.

dividing ribs employ the same square shapes as the flowThus, the modeling of a fuel cell system requires a certain
channels, the entire flow channel pattern can be representeggealization of the true situation.

by that single geometric parameter. This parameter can be
defined as the feature siZeig. 1 depicts the idea of feature
size,F.

The operating conditions of the fuel cell are described by
several parameters too, such as the stoichiometric ratio of
the reactants, cell temperature, and the humidity of reactant, . . ; : . : .

: . to similar assumptions in previous computational studies
gases. As stated earlier, these parameters must remain corl—12 15,17])
stant for a fair comparison of performance at each feature™ '’
size. Please note that under constant gas stoichiometry conq
ditions, small channels accommodate faster gas flow thany el cells operate at steady state.
large channels, with the gas velocity proportional to the 3 | aminar flow is assumed.
inverse of the feature size, as explainedis. (1) and (2) 4. Water can exist only in the vapor phase.

below 5. The ionic conductivity of the membrane is assumed to
be constant regardless of the humidification level. Also,
no water flux exists across the membrane.

3.1. Model assumptions

In the fuel cell models created for this study, the following
common simplifying assumptions are made. (Please refer

. The gas mixture is ideal.

N = AV = nAV = constant 1)

6.

whereN, A, V, n, Aj stand for the total volumetric flow

rate, the total cross-sectional area of the flow channels, the7.

flow velocity, the number of flow channels, and the individ-

ual cross-sectional area of each flow channel, respectively.8.
From Fig. 1, it is clear thatn is inversely proportional to 9.

feature sizefF, andA; are proportional to the square Bf

The membrane is impermeable to the reactant and prod-
uct gases.

An isothermal condition is assumed for the entire com-
putational domain.

The effects of gravity are ignored.

The ionic distribution and the electric field in the mem-
brane phase are neglected.
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Table 1

The physical dimensions of fuel cell models
Quantity Value
Active area lengthL. (mm) 14
Active area width,W (mm) 14

Feature sizeF (nm) 5, 20, 50, 100, 200, 500, 1000
(interdigitated channels) 99, 203,
483 (serpentine channels) 101,

209, 510 (spiral-interdigitated

channels)
Gas diffusion layer thickness, 0.25
tg (mm)
Catalyst thickness; (mm) 0.05
Membrane thicknesgy, (mm) 0.125
Flow inlet (or outlet) lengthl; 1

(=Lo) (mm) (interdigitated
channels only)

3.2. Governing equations

A single set of governing equations has been employed
for all computational domains, similar to the approaches of
Um et al.[15] and Gurau et al[12]. The details of the
governing equations are described elsewliz83

3.3. Physical parameters

All models of different feature sizes and flow patterns
share similar geometric constraints and physical conditions.
All models share 14 mnx 14 mm (2cnd) active area di-

mensions, and the same thickness of gas diffusion layer, cat-
alyst, and membrane geometry. The physical dimensions of

the model geometries are summarizedable 1
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Fig. 2. Isometric view of a fuel cell model with interdigitated channels
(500.m feature size). Only one repeat unit has been modeled to reduce
the required computational resources for the calculation.

59
3.4. Boundary conditions

Gas compositions and their velocities are specified at the
gas inlet. The physical information for 30 standard cubic
centimeters per minute (sccm) of saturated hydrogen and
80 sccm of saturated air at 3G has been assigned to an-
ode inlet and cathode inlet, respectively. A fixed pressure
condition (1atm) is imposed at the gas outlet. The current
collection surfaces are assigned with a fixed potential con-
dition. The current density has been obtained by integrating
the local current density of these surfaces.

3.5. Solution procedure

A control volume technique has been employed to solve
the governing equations with a commercial flow solver
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Fig. 3. (a) Model cell polarization curves for the interdigitated flow pattern
vs. feature size. Cell electrical performance achieves a maximum at a
certain feature size, but increases again for extremely small channels. (b)
Here (a) has been rearranged for voltage vs. feature size. At a given
constant current density, output voltage peaks aroundui®@ature size.
Eventually, it increases again for extremely smalbQpum).
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(CFDRC ver. 2002 from CFD Research Corp.). The details channels, scaling down the channel size does not accom-

of the procedure are documented elsewlh28. modate improved performance except for extremely small
channels £50um). In addition, since small channels may
suffer from flooding, we may not expect improved perfor-

4. Scaling observation results mance by scaling down interdigitated flow channels even at
extremely small scalgf®,10]. Fig. 4 shows the peak power
4.1. Interdigitated channels density for each feature size. As expected, the peak power

maxes out around 5Q0m, reaches minimum at 20m, then

Fig. 2shows a fuel cell geometry with interdigitated chan- increases again. Further examination of the oxygen con-
nels that was generated for the scaling investigation. Only centration in the cathode reveals a possible explanation for
half of the unit pair of inlet and outlet flow channel along this observationKig. 5). Since the flow will have to travel
the flow direction has been modeled because of the peri-through an electrode and catalyst layer, the oxygen con-
odic geometry of the interdigitated channels. This simplifi- centration tends to drop across the rib in large-scale chan-
cation significantly reduces the demand for computational nels, e.g. 50Q.m channelsKig. 5(a). However, smaller ribs
resources. Symmetry boundary conditions have been appliednaintain more uniform oxygen concentration as the feature
to the boundaries facing the repeating units. The flow in- size decreased-ig. 5(b). Therefore, we may expect im-
let and outlet have been assumed to be normal to the flowproved performance for smaller ribs, which was verified for
channels. The feature size of the model has been varied bethe case of a 2-D interdigitated channel mda@dl. This ex-
tween 5 and 100Qm to investigate the scaling effects over plains the performance increase between 500 and 1600
this range. feature size. However, as the feature size decreases further,

The cell polarization curves are presentedrig. 3(a) the flow along the channel direction is impeded. This ef-
Interestingly, cell performance increases until the feature fect is more amplified by the dead-ending of interdigitated
size is reduced to 500m, but below this feature size, per- channels. Thus, the gas preferentially flows through the dif-
formance starts taecrease with the continued the feature fusion layer. This flow pattern causes the decrease of oxy-
size reductions. However, this trend is inversed again as thegen concentration near the air outl€id. 5(b). Therefore,
feature size reaches pfn and below. This phenomena can the active area near the outlet is not efficiently uséd. 6
be more clearly observed fig. 3(b) It is reported that in confirms this analysis. This phenomena results in perfor-
parallel channels higher flow velocities in smaller channels mance degradation in smaller channels. In contrast to this
induce greater convective mass transport to increase fuel cell3-D modeling result, 2-D models predict a monotonic in-
performanceg8-10]. However, for interdigitated channels, crease in performance with decreasing feature 2.
a certain range of feature sizes at the microscale exhibitsAccordingly, we may conclude that the performance de-
degraded performance. Thus, in the case of interdigitatedcrease observed between 50 and pf0is caused by the
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Fig. 4. Peak power density of interdigitated flow channels vs. feature Aiyeid the pressure drop in the flow channdl).(The peak power achieves
a maximum at a feature size close to %08. Due to the high pressure drop and the effect of dead end channels, scaling-down interdigitated flow
channels does not result in same degree of improvement in performance as with parallel cl@&ai@dls
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Fig. 5. Oxygen concentration at the cathode at 0.8V overvoltage. Each picture represents the cross-sectional view at different locations along flow
channels. Small channels (b) exhibit more uniform oxygen distribution under the ribs. However, due to the continuous consumption of oxygen at the
cathode along the length of its path through the flow channel, oxygen concentration drops near the air outlet. Overall, the performance decalases in sm
channels.

dead-wall configuration of interdigitated channels, which by following relation:

can be observed in a 3-D model only.Fig. 7, the current 2

density distribution shows good correlation with the oxy- W(W/cmz) = P (Pg x Ar (") x V(M/9)

gen concentration distribution, confirming the performance Aa (c?)

difference results from the oxygen concentration distribu- where W, P, As , V, and A; represent the pressure drop

tion. loss, the pressure drop between the gas inlet and outlet,
In Fig. 4, the pressure drop on the cathode side obtainedthe cross-sectional flow inlet area, the fluid velocity at the

from the model has been plotted along with peak power den-inlet, and the active area, respectively. The pressure drop

sity. The pressure drop has been converted to power densitytrend in interdigitated channels is quite unique since for

3)
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Fig. 6. Oxygen concentration at the interface between the catalyst and
the gas diffusion layer of the cathode at 0.8V overvoltage. The pictures
has been magnified horizontally since the original picture is relatively
narrow. As observed irFig. 4, the significant change of the oxygen
concentration occurs between the inlet channel and the outlet channel
for 500pm channels. However, in 1O channels, oxygen concen-
tration changes along the channel direction between the gas inlet and
outlet. However, the decrease in channel size imtrease the pres-

sure drop. The combination of these two effects results in the

trends shown irFig. 4. It should be noted that the pressure
most other flow channels designs, pressure drop simply in-drop loss exceeds the increase of peak power in extremely
creases as channel size decreg8e$0]. The pressure drop  small channels<€50um). This suggests that the increase of
of interdigitated channeldecreases as the feature size de- the peak power for extremely small channels does not re-
creases to a certain feature size, and then it increases agaisult improved convection but, possibly from the increased
with decreasing feature size. As the rib size decreases, thepressure in the cathode. The optimum feature size has to be
path length that gas travels through the diffusion layer de- carefully determined considering all the factors mentioned
creases. This results in decrease in the pressure drop. above.

Fig. 7. Current density distribution at the same surface showgfign6.
The current density distribution shows a good correlation with the oxygen
concentration. 50@m channels exhibit higher current density.
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An example serpentine flow channel model is shown in g ";65"&_?";
Fig. 8 An important differentiation regarding flow scaling = >t el

I

exists between serpentine channels and interdigitated chan-
nels. For interdigitated channels, the flow velocity in an : : ‘
individual channel is inversely proportional to the feature ] e
size as discussed earlier. However, for serpentine channels, | ... #%. i . : 600"5
L ; {700mAlcma 1 BODMAEmM2 E ‘ i
the flow velocity is inversely proportional to the square of ; ; ; ; : : : :
feature sizes, since the number of channels is invariant re-  “&6 700 750 200 250 a0 @0 40 450 500
gardless of feature sizes. This relation suggests that the im- () Feature Size{um)
proved convective transport from the scaling effect may be rig. 9. (a) Model cell polarization curves of serpentine flow channels
more prominent than for other flow patterns (e.g. parallel or at various feature sizes. Cell performance increase as the feature size
interdigitated channelskig. 9(a) and (blsupport this idea. decreases, similar to the trend for parallel channels, although the perfor-
The polarization curves of serpentine channels show sim- mance increases in serpentine channels‘are_ much more significant com-
. . . pared to parallel channe[8]. (b) Cell polarization curves rearranged for
ilar scaling behavior compared' to parallel chanrig|20] voltage vs. feature size. At a given constant current density, the output
However, the performance gain between 483 angu@9 voltage increases as the feature size decreases.
feature size is larger for serpentine chann€ig.(10. This
result confirms our expectation of the scaling behavior
differences. For a better understanding of this issue, it is sizes for interdigitated or parallel channels). The com-
worthwhile to examine the oxygen distribution in the ser- bined effect of these two scaling behaviors can severely
pentine channel as shown iig. 11 As the channels size increase the pressure drop in scaled-down serpentine chan-
decreases from 483 to @9n, the oxygen distribution be-  nels. As shown irFig. 10 pressure loss in 99 and 20
comes more uniform under the ribs. A similar result has channel is so large that it almost negates (or exceeds) the
been observed for parallel chann§l®]. Accordingly, we peak power gain from down-scaling. Accordingly, proper
may conclude that the increased performance in smallercare must be taken to determine the optimal channel
serpentine channels is due to the increased convection andize.
the reduced dead zone, similar to the case for parallel A comparison ofFig. 12(a) and (bjighlights intriguing
channels[10]. However, it should be noted that the pres- scaling effects on oxygen transport and flow. As the chan-
sure drop associated with scaling down is much higher nel size decreases, the higher flow resistance forces a sig-
for serpentine channels. As explained earlier, one reasonnificant portion of the gas to flow directly through the gas
is that for serpentine patterns, flow velocity scales with diffusion layer instead. The appearance of this short-cut re-
the square of the feature size. Another reason is that the sults in poor convection in certain areas, such as the dotted
channel length is inversely proportional to the feature size area shown irFig. 12(b) Such areas tend to suffer from
(in contrast, the channel length does not vary with feature oxygen deficiencyFig. 13reveals that the current density in
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0.2~
G182
018
014
Q12

0.1
Q08

aog
04
a02

(a) 483 um channel 0

L
0.2
018
016
014

12

oos

Air Inlet Air Outlet

Q086
an4

aoz2

(b) 99 pm channel a

Fig. 11. Oxygen concentration in the cathode at 0.8V overvoltage. In this figure, the cross-section of the serpentine channel is shown at thmg center alo
the straight portion of the channeld & 7 mm). A smaller channel (99m) exhibits more uniform oxygen distribution under the dividing ribs. Also,

the concentration gradually decreases from high near the inlet region (left) to low near the outlet region (right). However, in large chapme)s (483
significant rib dead zones appear.
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Fig. 12. Oxygen concentration at the interface between the catalyst and the gas diffusion layer of the cathode at 0.8V overvoltage. (a) In llerge channe
oxygen deficiency under the rib is prominent. (b) Due to the high pressure drop in the small channel, the flow does not fully reach bottom right corner
(dotted region).
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Fig. 13. Current density distribution at the surface showrrimn 12(a) In large channels, the locations of ribs are noticeable since the current density
under the ribs are higher than that of the surroundings. (b) In small channels, the oxygen deficient region dfigwhZi(dotted area) exhibits lower
current density.

this oxygen deficient area is lower than other areas. There-ber liquid water is not considered in our model.) Addition-
fore, the active area is not fully utilized due to the inefficient ally, this dead-corner region is more prone to suffer from
flow routing. This effect may be even more severe in PEM bulk flooding, since liquid water can build up easily in the
fuel cells than the simulation suggests, since liquid water absence of forced flow. In the same context, the gas inlets
will increase the pressure drop even further. (Please remem-and outlets must be located on opposite sides of the cell to
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. . . Fig. 15. (a) Model cell polarization curves of the spiral-interdigitated
As shown previously, interdigitated channels have the channels at various feature sizes. Cell electrical performance decreases

highest performance due to forced convection in the gasas the feature size decreases. (b) (a) has been rearranged for voltage vs.
diffusion layer. Multiple flow channels, or flow paths, feature size. A slight increase of performance is observed from 209 to
exist between inlet and outlet, thus in actual fuel cell 101wm channel size.
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Fig. 16. Peak power density of spiral-interdigitated chanrnelsgnd the pressure drop in the flow channél§.(The peak power density decreases as the
feature size decreases, even though the slight increase of power density is observed from 2@3rtoviifith mainly comes from the pressure drop effect.
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Fig. 17. Oxygen concentration of the cathode at 0.8V overvoltage shown at the cross-seetiadhnim). (a) In 519um channels, oxygen concentration

in channels near the center of the active area is not much different from the concentration in channels near the inlet or outlet. gm) khaodels,

the disappearance of the dead zone under ribs is observed similar to the other flow patterns. However, the oxygen is completely depleted at the cent
of the active area due to the short-circuiting of flow path.

operation certain channels may not be functional due to un- spiral-interdigitated cell decreases as the feature size de-
stable flow routing or floodingP5]. In contrast, serpentine  creases over the investigated range. A slight increase in the
channels have the advantage of a single flow routing path,peak power density is observed in scaling down from 209
leading to better reactant removal. Combining the advan-to 101um, but this performance gain comes from the pres-
tages of the two flow patterns, a new flow pattern can be pro- sure drop as shown iRig. 16 Thus, the scaling behavior
posed as shown iRig. 14 In this flow pattern—henceforth  of the spiral-interdigitated channel is more like that of in-
called the “spiral-interdigitated” flow pattern—a single in- terdigitated channels. Details of the oxygen concentration
let and outlet channel exist, similar to serpentine channels. distribution in spiral-intedigitated channels explain the scal-
However, these inlet and outlet channels are discontinuous,ing behavior as shown ifigs. 17 and 18In small chan-
which ensures forced convection through the gas diffu- nels, the disappearance of the dead zone under ribs is ob-
sion layer. Thus, we may expect improved performance served just like in other flow patterngi§. 17(b). How-
while still maintaining good reactant removal capabi- ever, the flow path short-circuits are highly prominent in
lity. the smaller channels. IRigs. 17(b) and 18(h)the oxygen

Fig. 15shows the cell polarization curves for a series of is completely depleted at the center of the active area due
spiral-interdigitated patterns. As expected, the performanceto the high pressure drop in the flow channels. The flow
of 510um spiral-interdigitated channels is better than that only travels along the edge of the active area, and directly
of 483um serpentine channels (refer backiFig. 9). How- reaches outlet through the gas diffusion layer. Similar be-
ever, the scaling behavior is quite different from that of havior has previously been observed in serpentine channels.
serpentine channels. Considering the losses due to pressuréhe down-scaling of spiral-interdigitated channels may not
drops as shown ifrig. 16 the peak power density of the be favorable Fig. 19.
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Fig. 18. Oxygen concentration at the interface between the catalyst and the gas diffusion layer of the cathode at 0.8V overvoltage. (a) Similar to othe
flow patterns with large channels, dead-zones under the ribs are observed. (b) Due to the high pressure drop in the small chammelthélait flow
travels only edge of the active area, and directly goes to the outlet through the gas diffusion layer before reaching the center of the active area.
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Fig. 19. Current density distribution at the same surface showkign18 The current density distribution shows a good correlation with the oxygen
concentration shown iirig. 18 The edges of the active area of small channel (@} exhibit higher current density than large channel (5.
However, the overall current density of small channel is lower since the relatively large area in the center generates extremely low current density.

5. Conclusion nels. In addition, flooding may impose an adverse effect in
microchannelg10]. A good compromise, however, can be

We have presented observations on the scaling effects ofachieved by employing parallel-serpentine flow patterns for

various flow channels in fuel cells with gaseous hydrogen/air certain feature size regions.

reactants. Interdigitated channels exhibited excellent performance
A three-dimensional computational model of serpentine results based on the model. Their scaling behavior is quite

channels predicts that microchannels100um) may not complicated due to highly non-linear convection both in the

be favorable due to high pressure drops in spite of large flow channels and the porous electrode. Considering the

performance gains arising from scaling down the flow chan- model predictions, flooding issues, and pressure drop losses,
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