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Abstract
Microchannels (0.05–1 mm) improve gas routing in proton exchange membrane fuel cells, but add to the complexities of water management. This work microfabricates experimental structures with distributed water injection as well as with heating and temperature
sensing capabilities to study water formation and transport. The samples feature optical access to allow visualization and distributed
thermometry for investigation of two-phase ﬂow transport phenomena in the microchannels. The temperature evolution along the channel is observed that the temperature downstream of the distributed water injection decreases as the pressure drop increases. As the water
injection rate is lower than 200 ll/min, there exists a turning point where temperature increases as the pressure drop increases further.
These micromachined structures with integrated temperature sensors and heaters are key to the experimental investigation as well as
visualization of two-phase ﬂow and water transport phenomena in microchannels for fuel cell applications.
 2006 Elsevier Ltd. All rights reserved.
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1. Introduction
The proton exchange membrane fuel cell (PEMFC) is an
electrochemical device that converts the chemical energy
associated with combining fuel (hydrogen) and oxidizer
(oxygen) into electricity with major by-products of water
and heat. It is a promising power source for both mobile
and stationary applications due to its environmentally
friendly attributes as well as its high eﬃciency.
Studies of water management in the gas delivery system
are critical for achieving high performance and longevity of
PEMFCs. Currently available polymer electrolyte membranes such as Naﬁon, sandwiched between the anode
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(hydrogen supply source) and the cathode (oxygen supply
source), need to be hydrated in order to exhibit good proton conductivity. Transport of water inside the membrane
occurs due to electro-osmosis, which drags water molecules
along with each proton, and back diﬀusion of water, which
is driven by the water concentration gradient set up
between the anode and cathode. During PEMFC operation, the membrane can become locally dehydrated and
highly resistive if the rate of water transport by electroosmotic drag is higher than the back diﬀusion rate;
therefore, humidifying the reactant gases can prevent the
membrane from drying out. Electrode ﬂooding can occur
at the cathode if the rate of water removal by ﬂow advection and back diﬀusion to the anode fails to keep up with
its production and accumulation. Water transport also
has an impact on the thermal management of the fuel cell,
owing to two phase convection and phase changes in the
gas channel. The operating temperature of the cell plays
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an important role in the evaporation and condensation of
the water. Therefore, it is important to characterize the
governing thermally induced water transport phenomena
in microchannels at the cathode. This motivates the present
research which experimentally examines the thermal eﬀects
on two-phase ﬂow and water transport in microchannels
for fuel cell applications.
The complexities and importance of water management
in PEM fuel cells have repeatedly expressed in the literatures [1–7]. However, most studies have focused on the
issue of water ﬂow and transport only in the membrane
electrolyte assembly (MEA) [8] and gas diﬀusion layer [9].
Siegel et al. [10] has developed a two dimensional model
that includes multi-component and multiphase transport
along the gas channel and through the MEA. Very few
studies have been directed towards a detailed understanding of the ﬂow behavior in the gas channels, and most
are theoretical or computational in nature [11,12]. Furthermore, the inﬂuence of thermal eﬀects on the ﬂow behavior
and its transport characteristics has not been properly
addressed. The management of water is closely connected
to the management of heat. Temperature aﬀects the evaporation and condensation of water and signiﬁcant amounts
of heat are transferred during phase changes. Thus, there
exists an urgent need for a detailed study of thermally
impacted two-phase ﬂow and water transport interactions
in mixed surface energy conditions, such as is the case of
microchannels in contact with the gas diﬀusion layer in fuel
cells.
In this paper we develop experimental structures microfabricated with distributed water injection as well as heating and temperature sensing capabilities to study thermal
eﬀects on two-phase ﬂow in microchannels. Anodic bonding of Pyrex glass on top of silicon substrate provides optical access for visualization. With these micromachined
structures we can experimentally investigate and visualize
the two-phase ﬂow transport phenomena and temperature
evolution in the microchannels. This complements our
previous work [13,14] with improved geometries and the
addition of the thermal capabilities. This work serves as a
foundation for understanding of two-phase ﬂow and
water transport in microchannels so that strategies for
improving water management can be developed for fuel
cell applications.
2. Microfabrication
A schematic view of the experimental structure is shown
in Fig. 1. The fabrication process is schematically shown in
Fig. 2 and outlined here. Starting with a 400 lm thick double side polished silicon wafer, (a) 1500 Å of thermal oxide
is grown as an electrical insulated layer. (b) 0.5 lm of aluminum is deposited and patterned on the back surface as
the heaters and resistance temperature detectors (RTDs).
(c) 2000 Å of low temperature oxide (LTO) is deposited
to protect the heaters and temperature sensors. (d) Oxide
is selectively pad-etched to open contacts to heaters and
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Fig. 1. A schematic top, front and side views of the test structure with
single water injection slot.

sensors for wire bonding and to through-etch holes for
air/water inlets and outlets. The oxide on the front side is
also etched away in this step. (e) Silicon is etched 5 lm deep
for water injection channels by deep reactive ion etching
(DRIE). (f) Silicon is etched 200 lm deep for air channel
using DRIE. (g) Silicon is etched through for air/water
inlets and outlets. (h) Pyrex glass is anodically bonded to
the top of the silicon to provide optical access of the ﬂow.
As microfabricated, the surface of the channel is hydrophilic due to the native oxide layer that grows on the surface of the silicon.

3. Calibration of resistance temperature detectors
Resistance temperature detectors or RTDs are based on
the natural change in a metal’s resistance with temperature.
Calibration needs to be performed on each sensor to ﬁnd
their temperature–resistance dependence before these temperature sensors can be used for quantitative purposes.
Temperature calibration of the thin-ﬁlm aluminum RTDs
is performed in a convection oven with a K-type thermocouple providing the reference temperature. The sensors
are connected in series. A constant current is applied and
the voltage drop across each resistor on the test structure
is monitored using four point measurements to determine
the resistance–temperature correlation of each sensor.
The resistance–temperature curves for thin ﬁlm RTDs are
shown in Fig. 3. The sensor sensitivities range between
0.27 X/C and 0.34 X/C as shown in Table 1. RTDs serve
as the standard for precision temperature measurements
due to their excellent repeatability, stability and linearity
characteristics.
The logarithmic derivative, oq/qoT or oR/RoT, called
the temperature coeﬃcient of resistance (TCR), symbolizes
the resistance change factor per degree of temperature
change. For pure metals, this coeﬃcient is a positive number, meaning that resistance increases with increasing temperature. It has a value of approximately 0.004/C when
the material (metal or alloy) is pure and free of crystal
defects and it has a smaller value when the material is associated with crystal defects, impurities and grain boundaries.
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Fig. 3. Calibration curves of temperature sensors showing the resistance
of aluminum thin ﬁlm as a function of temperature with high linearity.

(d) Pad etch
Table 1
Sensitivity and temperature coeﬃcient of resistance associated with
temperature sensors

(e) Water channels etched using DRIE
Sensivity (X/C)
TCR (C 1) at 27 C

(f) Air channel etched using DRIE

(g) Through etch using DRIE

Sensor 1

Sensor 2

Sensor 3

Sensor 4

0.3422
0.0039

0.3234
0.0039

0.2973
0.0039

0.2704
0.0039

4. Self-heating eﬀect
To measure the resistance of a RTD for temperature
sensing, a small electric current must ﬂow through the sensor to create the necessary voltage drop. The electric current causes Joule heating and a subsequent increase in
temperature. This self-heating depends on the electric
power (P = I2R) in the RTD and the heat transfer between
the RTD sensing element and the RTD environment. In
general, the self-heating eﬀect can be reduced by applying
a very small electric current. However, the electric current

(h) Anodic bonding
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Fig. 2. Microfabrication process: (a) 1500 Å of thermal oxide is grown on
a double side polished silicon wafer. (b) 0.5 lm of aluminum is deposited
and patterned on the back surface. (c) 2000 Å of LTO is deposited. (d)
Oxide is selectively pad-etched to open contact to heaters and sensors.
Oxide in the front side is etched away in this step. (e) Silicon is etched 5 lm
deep in the front side for water injection channels using deep reactive ion
etching (DRIE). (f) Silicon is etched 200 lm deep for air channel using
DRIE. (g) Silicon is etched through for air/water inlets and outlets. (h)
Pyrex glass is anodically bonded on the top of the silicon.

25 0
20 0
15 0
10 0
50
0

The TCR of our aluminum temperature sensors is
0.0039/C indicating that the deposited 0.5 lm thick aluminum ﬁlm is of good quality.
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Fig. 4. Current–voltage curve of temperature sensors under constant
current.
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mass flow rate

volume flow rate

2.5
Volume or mass flow rate (SLPM)

should be large enough to make the signal (output voltage)
meaningful. Fig. 4 shows the voltage–current relationships
of the diﬀerent temperature sensors. Self-heating leads to
non-linear curves whose changing slopes arise as a result
of the increasing resistance due to Joule heating. The linear
relationship between voltage and current is indicative of
constant resistance (slope of the curve), and we have veriﬁed that the temperature drop due to conduction within
the passive materials surrounding the sensor is negligible.
Therefore, the self-heating eﬀect can be neglected under
these operating currents. The slopes (resistances) are diﬀerent in similar sensors because of the non-uniformity in
thickness as well as variation in width of aluminum temperature sensors.
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Fig. 6. Volume ﬂow rate and mass ﬂow rate under pressure diﬀerences
from 2 to 45 psi between air inlet and outlet.

5. Experimental results
earity breaks down due to the compressibility of the ﬂow
and there is little eﬀect on volume ﬂow rate for pressure
drops above 15 psi. This ﬁnal condition suggests strongly
that the ﬂow is choked, i.e., that the volumetric ﬂow rate
and ﬂow velocity at the inlet are independent of the pressure drop. The mass ﬂow rate does, however, increase with
increasing pressure drop owing to the changing density at
the inlet. Theoretically, single phase air ﬂow choking
occurs at Pout/Pin = 0.528, which corresponds to the inlet
pressure (Pin) of 27.8 psi, outlet pressure (Pout) of 14.7 psi
and pressure diﬀerence of 13.1 psi.
Preliminary temperature measurements have been made
with the calibrated temperature sensors. Fig. 7 shows temperature measurements at four locations of the microchannel (0.5 cm, 2.5 cm, 4 cm and 5.5 cm downstream of the air
inlet) as a function of pressure drops ranging from 2 to
45 psi with no water injection (single phase air ﬂow). The
temperature is decreasing along the microchannel for pressure drops below 10 psi and it is relatively constant along
the microchannel under pressure drop above 12.5 psi where
it has reached choking conditions.
When water is introduced through the middle injection
manifold at a rate of 500 ll/min, the temperature proﬁles
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A single microchannel structure for visualization of twophase ﬂow under distributed water injection from the middle port with integrated temperature sensing is shown in
Fig. 5. The structure is 7 cm long, 2 cm wide and 600 lm
thick (200 lm Pyrex bonded on 400 lm silicon) with a
microchannel on the top side and temperature sensors as
well as heater on the back side. Water is injected into the
6 cm long, 500 lm wide, 200 lm deep microchannel from
the middle water manifold which consists of 51 5 lm ·
5 lm slots spaced by 200 lm. The other two water injection
ports are sealed during the experiments. The locations of
temperature sensor 1, sensor 2, sensor 3 and sensor 4 are
0.5 cm, 2.5 cm, 4 cm and 5.5 cm downstream of the air inlet
as shown in Fig. 5.
The experiments are conducted at room temperature
between 20 and 21 C under diﬀerent water injection rates
and various pressure drops between air inlet and outlet.
The inlet air temperature is 22 C and the outlet was vented
to atmosphere conditions. The pressure drop was regulated
by increasing the inlet pressure relative to atmosphere conditions. Fig. 6 shows the plot of volume ﬂow rate and mass
ﬂow rate against pressure drops ranging from 2 to 45 psi.
Both volume and mass ﬂow rates are expressed in standard
liters per minute (SLPM). However, mass ﬂow rate has
been divided by air density at STP conditions which is
1.293 g/l to express in terms of SLPM for comparison purposes. For very low pressure drops (less than 2 psi), the
relationship between inlet volume ﬂow rate and pressure
drop is approximately linear, indicating incompressible
behavior. As the pressure drop is increased further, the lin-
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Fig. 5. Top view image of experimental structure showing microchannel,
the locations of sensors, air ﬂow direction and water injection port.

Fig. 7. Temperature measured at four locations of the microchannel
(0.5 cm, 2.5 cm, 4 cm and 5.5 cm away from the air inlet) under pressure
diﬀerences from 2 to 45 psi without water injection.
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Fig. 8. Temperature measured at four locations of the microchannel
(0.5 cm, 2.5 cm, 4 cm and 5.5 cm away from the air inlet) under pressure
diﬀerences from 2 to 45 psi with room temperature water injection rate of
500 ll/min.

along the microchannel change. Fig. 8 shows that the temperatures upstream of the water injection (sensor 1 and 2)
remain nearly equal when water is injected. However, the
temperatures downstream of the water injection section
(sensor 3 and 4) decrease as the pressure drop increases
when water is injected at a rate of 500 ll/min at room temperature. A possible explanation of this phenomenon is
evaporative cooling of the wall. A similar trend is observed
when hot water (80 C) is injected at a rate of 500 ll/min as
shown in Fig. 9. The temperatures decrease as the pressure
drop increases but the temperatures are slightly higher than
the room temperature case. There is no substantial diﬀerence in temperatures when 80 C water is supplied since silicon has a high thermal conductivity which allows the
water to cool down prior to microchannel injection.
Another interesting phenomenon is observed when
water is injected at a rate of 100 ll/min. Under these conditions, temperatures in the downstream of the distributed
water injection section (sensor 3 and 4) decrease as the
pressure drop increases up to 30 psi. However, when the
pressure increases further, the declining temperature phe-
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Fig. 10. Temperature measured at four locations of the microchannel
(0.5 cm, 2.5 cm, 4 cm and 5.5 cm away from the air inlet) under pressure
diﬀerences from 2 to 45 psi with room temperature water injection rate of
100 ll/min.

nomenon disappears and the downstream temperature
(sensor 3 and 4) increases as shown in Fig. 10. From the
in situ water ﬁlm visualization, it was observed that the
water ﬁlm thickness decreases as pressure drop increases.
It was inferred that the evaporative cooling eﬀect diminishes at pressure drops above 30 psi due to the disappearance of the liquid ﬁlm. This hypothesis requires further
modeling and investigation.
6. Concluding remarks
Experimental structures with heating and temperature
sensing capabilities have been fabricated and calibrated
for the investigation of two-phase ﬂow transport in microchannels for the speciﬁc case of liquid injection. An
observed temperature evolution along the channel may be
caused by evaporation of the liquid. Further study and
model development are needed in order to validate these
experimental results, and to take advantage of the metrology enabled by this new device. For example, visual inspection of the two-phase ﬂow through the Pyrex cover is
aiding with water ﬁlm thickness measurements and ﬂow
regime characterization as functions of surface hydrophobicity and water injection conditions. This work serves as
a foundation for the understanding of two-phase ﬂow
and water transport in microchannels so that strategies
for improving water management can be developed for fuel
cell applications.
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Fig. 9. Temperature measured at four locations of the microchannel
(0.5 cm, 2.5 cm, 4 cm and 5.5 cm away from the air inlet) under pressure
diﬀerences from 2 to 45 psi with 80 C water injection rate of 500 ll/min.
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