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TABLE I
LEAKAGE ONSETPRESSURE CALCULATED AND MEASUREDVALUES

Fig. 4. SEM pictures of the porous membranesO surface. (a) Porous PTFE.
(b) Porous polypropylene.

break; then, the gas bubble can be easily vented out. Fig. 9(b)
shows an alternative hypothesis in which gas venting is blocked
by the presence of a tiny liquid droplet trapped within the
venting capillary. The droplet can withstand a certain pressure,
depending on the resistance created by contact angle hystere-
sis. These tiny droplets, although deep in a long capillary,
are subject to evaporation due to their large area-to-volume
ratios, which can explain the eventual clearance of the venting
capillaries.

Both of the hypotheses can be supported by two observa-
tions: First, experiments with water demonstrate little or no
venting threshold. In the liquid PIm hypothesis of Fig. 8(a), this
can be explained by the larger contact angle of water, whigly 5 Gas-venting microchannel with on-chip bubble injector. (a) Perspec-
signibcantly increases the dewetting velocity of the holes fime view during alignment and bonding. (b) Horizontal cross section (ABA
the quuid blm [24]' In the droplet hypothesis of Fig. g(b)view) of a cor_npleted device. (c) Vertical cross section (BBB view) of a

. . .’ tompleted device.
this can be explained by the small contact angle hysteresis of
water (Table 1), which renders the trapped water droplets much
easier to be removed. Second, the bubble train is observed to
be much shorter when the RBow rate is reduced by decreasind\n ideal gas-venting microchannel should be able to both
the transmembrane pressure, as shown in Fig. 8(c). This talerate high inner pressure and quickly remove gas. With
be explained by the fact that a certain time is required tosatisfactory leakage onset pressure, the venting rate of the
break the liquid PIm or clear the capillary. When the RBow imicrochannel is investigated. The venting rate quantipes how
slower, the venting threshold is removed after a bubble travespidly the gas bubbles can be removed. The gas Row rate
a shorter distance. The preceding hypotheses are supportethbyugh porous membranes can be modeled using DarcyOs law.
our observations. Considering that the pores are in nanomei@alogous to electrical resistance, the transmembrane Ruidic
scale, other hypotheses (e.g., the introduction of very higbsistance is debned as the proportion of the transmembrane
pressure or even clathrate formation) should not be excludecssure to the transmembrane gas Row rate
for further investigations. The mechanism of venting thresho(denting rate), where is the pressure inside the bubble.
is worthy of further investigations, which could lead to minimaAssuming a uniform distribution of pores on the membrane
venting threshold and quicker venting rate. with a pore density of , the total number of pores on an
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[24]. In addition, the liquid fuel pressure was measured at the
inlet of the gas-venting microchannel. The exact fuel pressure
surrounding a venting bubble is smaller and varies with the
venting location.

Since only the longitudinal bubble reduction is considered,
the preceding analysis describes a 1-D venting model. Fur-
ther investigations will consider the venting rate of a bubble
squeezed between two plates (2-D venting) and an unconbned
bubble on a porous membrane (3-D venting).

VIl. CONCLUSION

In order to solve the bubble-clogging problem of microf3u-
idic devices, particularly, microfuel cells such a®PMFC,
hydrophobic venting has been developed to directly remove
gas bubbles from methanol aqueous solutions in the anodic mi-
crochannel. Commercially available hydrophobic nanoporous
membranes have been explored to design the functionality of
gas venting for DMFC by taking advantage of the well-
established membrane technologies. Porous PTFE and porous
polypropylene were employed to construct gas-venting mi-

Fig. 10. Evolution of elongated bubble length as a function of time crochannels, which are able to remove gas bubbles from both

and transmembrane pressure (experimental data obtained in a gas-veRfiagar and 10-M methanol aqueous solution. Under our exper-
microchannel constructed by the porous polypropylene membrane). . "

imental condition, the porous polypropylene membrane was

, which is difbcult to measure directly. In the eXperpr_oven to provide leakage prevention for even 10-M methanpl

iments, the transmembrane pressure is kept between with a leakage onset pressure of more than 200 kPa, which

3.4 kPa (0.5 Ibfin ) and 6.9 kPa (1 Ibfin ) and is much larger a" be considered safe for the normal operation BMFC.

than the capillary pressure of the bubble, which is estimatd{i€ rémoval of gas bubbles was experimentally veribed and
as (0.7 kPa), s0 as to provide meaningfupharacterlzed, paving the way for its application iDMFCs.

approximation. Overall, the length of the elongated bubble céme gas-venting microch_annel can be integrat(_ed into existing
be expressed as a function of time, i.e. DMFC systems to alleviate the high Row resistance caused

by bubbles, release pressure buildup, avoid methanol crossover,
and reduce the danger of fuel/catalyst/electrode isolation. A
(8) 1-D model describing the venting rate has been developed
and experimentally veribed to provide a guideline for future
After the bubble shrinks to the dimension of channel width gesigns. Further investigations into the venting rate and venting
(e, ), (8) can no longer be applied because the capillagireshold are expected to elucidate some fundamental issues

pressure becomes signiPcant. With a signiPcantly increaggflthe behaviors of microscopic bubbles and droplets inside
inner pressure , the smaller bubbles are removed mucficrochannels and nanopores.

faster than (8) predicts. However, the venting rate of elongated
bubbles is more relevant because they cause the most severe
bubble clogging problems. ACKNOWLEDGMENT
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