
E
e

D
a

b

a

A
R
R
A
A

K
H
M
F
E
M
M

1

f
t
w
i
e
l
b
r
w

u
o
a

F
M
p
P

C
T

0
d

Journal of Power Sources 195 (2010) 3166–3175

Contents lists available at ScienceDirect

Journal of Power Sources

journa l homepage: www.e lsev ier .com/ locate / jpowsour

xperimental verification of a membrane humidifier model based on the
ffectiveness method

avid Kadylaka, Walter Méridaa,b,∗

Clean Energy Research Centre, University of British Columbia, Vancouver, BC, Canada V6T 1Z4
Institute for Fuel Cell Innovation, 4250 Wesbrook Mall, Vancouver, BC, Canada V6T 1W5

r t i c l e i n f o

rticle history:
eceived 18 October 2009
eceived in revised form 1 December 2009
ccepted 2 December 2009
vailable online 6 December 2009

a b s t r a c t

Experiments conducted on a commercial fuel cell humidifier determined that the water recovery ratio
is the best performance metric because it considers the water supplied to the humidifier. Data from a
porous polymer membrane with a hydrophilic additive were analyzed under a heat and mass transfer
model. The membrane showed low water uptake profiles at relative humidities below 80 percent, and a
steep increase in water uptake above threshold.
eywords:
umidifier
embrane

uel cell
ffectiveness
oisture transfer

The experiments were conducted with samples of the porous membrane in a single cell humidifier
at isothermal conditions at temperatures of 25, 50, and 75 ◦C. The water recovery ratio for the porous
membrane decreased with increasing flow rate.

The model was verified experimentally and its predictions agreed with the measured data.
© 2009 Elsevier B.V. All rights reserved.
odel verification

. Introduction

Reactant humidifiers are required in the balance of plant of a
uel cell system, and they represent as much as 20% of the total sys-
em cost [1]. Technological improvements to reactant humidifiers
ill help reduce the costs associated with fuel cell systems. Such

mprovements require fundamental understanding of the param-
ter effects on humidifier design to enable improved designs and
ower costs. For optimal performance of a proton exchange mem-
rane fuel cell (PEMFC), the membrane electrode assembly (MEA)
equires hydration, and the membrane’s conductivity depends on

ater content [2].

A humidifier is required to ensure that the cathode reactant gas,
sually air, is hydrated before entering the fuel cell. Dry membrane
peration or improper hydration causes performance degradation
nd premature failure due to changes in mechanical loading, and

Abbreviations: AFM, atomic force microscopy; ERV, energy recovery ventilator;
TIR, Fourier transform infrared; HVAC, heating ventilating and air conditioning;
EA, membrane electrode assembly; PEM, proton exchange membrane; PEMFC,

roton exchange membrane fuel cell; PFSA, perfluorosulfonic acid (i.e., NafionTM);
TFE, polytetrafluoroethylene (i.e., TeflonTM).
∗ Corresponding author at: Clean Energy Research Centre, University of British
olumbia, 6250 Applied Science Lane, Vancouver, BC, Canada V6T 1Z4.
el.: +1 604 822 4189; fax: +1 604 822 2403.

E-mail address: walter.merida@ubc.ca (W. Mérida).

378-7753/$ – see front matter © 2009 Elsevier B.V. All rights reserved.
oi:10.1016/j.jpowsour.2009.12.005
possible in pinholes [3,4]. A typical membrane such as Nafion swells
by 10% upon hydration, and up to 20% or more at high tempera-
tures; if there is improper humidification the continual swelling
and contracting will induce mechanical stresses leading to mem-
brane failure [5,6].

Fig. 1 illustrates the balance of plant for a PEM fuel cell sys-
tem with a humidifier on the cathode side. Dry air is supplied
from a compressor or blower to the dry inlet of the humidifier.
As the dry incoming stream passes over the humidifier mem-
brane it is humidified and heated from the wet inlet stream,
which is coming from the fuel cell cathode exhaust. The humid-
ified air then exits the humidifier as the humidified dry outlet
stream and enters the fuel cell cathode to hydrate the MEA.
Finally, the humidifier wet outlet stream exits the humidifier
at a lower temperature and humidity than when it entered the
humidifier, having supplied moisture and heat across the mem-
brane.

Absolute metrics that are based on the total amount of water
transferred can be defined on a mass or molar basis. The total
water transfer rate ṁH2O is simply the rate of water mass trans-
ferred across the membrane (e.g., in kg s−1, or kg m−2 s−1). A perfect
humidifier would have a water transfer rate equal to the flow rate of

water being supplied to the wet inlet of the humidifier. This amount
can be determined from the humidity and saturation temperature
and the air flow rate.

The dew point approach temperature (DPAT) is a measure based
on available humidity. It is defined by the difference between the

http://www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
mailto:walter.merida@ubc.ca
dx.doi.org/10.1016/j.jpowsour.2009.12.005
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Nomenclature

a thermodynamic activity
C constant parameter for sorption curve equation
d channel depth (m)
Dh hydraulic diameter (m)
Dwm diffusivity of water in membrane (kg m−1 s−1)
DPAT dew point approach temperature
J water flux (kg s−1 m−2)
ṁ mass flow rate (kg s−1)
n number of channels in humidifier plate
NTU number of transfer units
P pressure (Pa)
Q volumetric flow rate (SLPM)
R2 coefficient of determination for least-squares fit
Re Reynolds number
RL ratio of mass flow capacity, minimum to maximum
T temperature (K)
Ueff effective mass transfer coefficient (kg m−2 s−1)
w width of channel (m)
WRR water recovery ratio

Greek symbols
ε effectiveness [0,1]
� water uptake (kg H2O kg−1 dry membrane)
�max maximum water uptake capacity (kg H2O kg−1 dry

membrane)
� dynamic viscosity (kg m−1 s−1)
� density (kg m−3)
ω absolute humidity (humidity ratio) (kg H2O kg−1 dry

air)

Subscripts
air air species
d referring to the dry (or sweep) side; dew point,

when used with T
di dry side channel inlet
do dry side channel outlet
H2O water
iso isothermal conditions
L latent or moisture
mem, m membrane
min minimum
ref reference state
w referring to the wet (or feed) side
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would later become the wet and dry streams. For the dry stream, the
wi wet side channel inlet
wo wet side channel outlet

ew point temperatures at dry outlet and the wet inlet in the
umidifier:

PAT = Td,wi − Td,do (1)

or ideal an humidifier Td,wi = Td,do, and this assumes perfect heat
nd mass (water) transfer.

Another measure based on the available humidity is the water
ecovery ratio (WRR). This value describes how much water is
ransferred to the dry outlet compared to the amount of water sup-
lied, which determines the maximum amount of water available
or transfer:
RR = ṁH2O,do − ṁH2O,di

ṁH2O,wi
= (ωdo − ωdi)ṁair,d

ωwiṁair,w
(2)

or an ideal humidifier, WRR = 1.
r Sources 195 (2010) 3166–3175 3167

If the air flow rates in each of the dry and wet streams are equal,
the water recovery ratio reduces to:

WRR (ṁair,d = ṁair,w) = ωdo − ωdi

ωwi
(3)

Recent humidifier modeling has been performed by Majsztrik et
al. [7], Cave and Merida [8], Chen et al. [9], and Huizing et al. [10]. In
regard to this work Park and Oh state “[these models] are difficult to
apply in practice because of their complex forms. Hence, a simpli-
fied model is necessary and helpful to evaluate humidification. . .for
PEM fuel cell applications” [11]. Park and Oh provide a comparable
simple one-dimensional thermodynamic model for a liquid-to-
gas Nafion membrane humidifier. Their model does not consider
the convective effects of the flow in addition to the thickness-
dependent membrane permeability.

Other authors have focused on the shell-and-tube design of
Nafion membrane humidifiers [9,12,13]. However, fuel cell sys-
tem integrators are seeking to replace Nafion as a membrane
for PEMFC humidification due to its prohibitively high price (e.g.,
$500 m−2 [14]). The work of Monroe et al. is primarily concerned
with characterization of membranes, specifically quantifying the
interfacial characteristics of Nafion using a simple experimental
chamber where the feed gas is circulated and exchanged [15]. Mon-
roe presented a method for obtaining a vaporization-exchange rate
coefficient from water vapor permeation experiments for use in his
model.

The empirical method applied by Huizing compares the theo-
retical diffusion time for liquid water from a membrane surface to
the residence time of the water vapor in the humidifier [16]. A more
detailed thermodynamic model is required to take into account the
fundamental physical mechanisms affecting water transport.

The present experimental work builds on the previous work of
Cave [17], but is applicable to various membranes. It uses a sim-
pler method based on the effectiveness approach to heat exchanger
design as applied to energy recovery ventilators (ERVs) [18].

Experiments are presented that first characterize the mem-
branes via sorption curves, and analyze the best method to use as a
performance metric applied to membrane humidifiers. Additional
experiments with a widely available porous polymer membrane,
yielded correlations that illustrate the model’s ability to fit the
experimental data and predict water transfer in membrane humid-
ifiers.

2. Experimental

2.1. Experimental setup

2.1.1. Test station
Preliminary testing on the performance metric evaluations, and

the effects of pressure and temperature parameters, was completed
with a plate-and-frame membrane humidifier. The experimental
setup used a G6820 test station from Greenlight Power, follow-
ing the procedure outlined in Fig. 2 without the isothermal water
bath. For these initial tests, a contact spray humidifier replaced the
gas bubbler and gravimetric measurements replaced the dynamic
humidity recordings (to obtain typical time-averaged water trans-
fers over 10 min).

A more precise test station was used to conduct the model vali-
dation on the membrane. The experimental setup is shown in Fig. 2.
Dry, compressed air from the laboratory is supplied to the back of
the test station. A tee in the tubing was introduced to supply what
air passes through a mass flow controller to regulate the flow rate.
The dry air is then heated to the desired temperature, before enter-
ing the dry inlet port of the humidifier, which has been submerged
in an isothermal water bath kept at a constant-temperature, Tiso.
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Fig. 1. Balance of plant of

or the wet stream, the compressed air first passes through a mass
ow meter, then through a water gas bubbler, set at Td,wi, where the
tream’s temperature will also be raised close to Td = Td,wi. It will
hen be conditioned to another temperature, Twi which is generally
igher than the dew point temperature Td,wi to prevent conden-
ation. Both streams are vented to the atmosphere to prevent any
ackpressure, as indicated in Section 2.3. At the dry outlet a humid-

ty sensor is placed in line with the stream to monitor and record the
et outlet temperature and humidity. The humidity sensor used is

he HMT337 series of the Vaisala Humidicap humidity and temper-
ture transmitter. The sensor has a dew point temperature accuracy
f 1 ◦C or better in the range of test temperatures and at a relative
umidity of at least 56% [19]. The casing enclosing this polymer-
ased capacitive humidity sensor is also placed in contact with the
ater in the water bath to maintain the same temperature, while
reventing the sensor itself from becoming wet.

.1.2. Humidifier
The humidifier used in the membrane and validation experi-

ents was a single layer plate-and-frame cell as shown in Fig. 3.
t was made from two plates of 2.5 cm thick acrylic, with n = 7
hannels in parallel machined d = 1 mm deep. The channels are
= 3 mm wide and are separated by 1.5 mm lands. The flow enters

nd exits each side through push-connect elbow adaptors and then
preads out to seven channels. The membrane sample to be tested
s placed in between each plate, with a 0.05 mm PTFE film creat-

ng a seal on either side of the membrane and acrylic plate. The
ntrance and exit areas of the membrane are covered with a thin
heet of water and air-impermeable polyimide film so that only the
hannel areas are exposed to the flow, eliminating any entrance
nd exit effects on water transfer and allowing the flow to become

Fig. 2. Experimental setup of test stat
ifier and fuel cell system.

fully developed. The channel length exposed for water transport is
l = 135 mm. Four ports have been made available to allow thermo-
couples to be placed into the flow and measure the temperature
of each stream. A Type T thermocouple was placed through a hole
drilled in a plastic pipe fitting plug.

A complete subscale prototype humidifier was used for the ini-
tial performance metric and parameter study tests. The humidifier
was a dPoint Technologies P × 3–46 mm consisting of 40 plates of
16 channels each, with a composite ionic membrane. The housing
of the humidifier was made from polyester to provide rigid support
and keep the humidifier insulated.

2.1.3. Isothermal conditioning
Isothermal conditions were necessary to prevent condensation

within the test module, and the introduction of two-phase flow;
another factor which is a challenge to model. Constant-temperature
conditions allow for a controlled environment in which the water
transfer can be isolated from any heat transfer that may occur in
a humidifier, and focuses the study on the water transport across
the membrane being tested. To this end, the humidifier was sub-
merged in water contained in a heated water bath, along with the
hollow adaptor which housed the humidity sensor. The connec-
tions were made as close as possible to the water level, hence the
upright orientation as shown in Fig. 3. The water bath was kept at
a temperature higher than the wet side dew point to prevent con-
densation when the test station feedback control overshot the dew

point temperature set point. The inlet gas temperatures were also
set higher than the dew point so as to prevent condensation, and
the thermocouples placed in the humidifier at the inlet or outlet of
each stream provided feedback for the test station gas temperature
set point.

ion in line with test humidifier.
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Fig. 3. Experimental single cell humidifier wit
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Fig. 4. Water transfer as operating temperature is changed.

.2. Evaluation of performance measures

Experiments were conducted to determine how the humidifier
erformance varied with changes in operating temperature or in
ressure differential across the membrane. To analyze the effects
f these two operating conditions, the experiments were designed
ccording to Table 1.

The first experiment was to run the humidifier with the wet
nd dry inlet streams set to equal temperatures, ranging from 65
o 80 ◦C, at 100 SLPM and no backpressure. The performance of the
umidifier is plotted in terms of the water transfer rate (ṁH2O),

ew point approach temperature (DPAT), and water recovery ratio
WRR) in Fig. 4.

The DPAT compensates for using dew point temperature Td,do
lone because the performance decreases in terms of DPAT as tem-
erature increases, yet the actual dry outlet dew point temperature

Table 1
Experimental matrix for performance measure evaluation.

Membrane Control

Ionic composite Pdo = Pwo = 0 kPag

�di = 0%; �wi = 100%

Qair,d = Qair,w = 100 SLPM

Ionic composite Twi = Td,wi = 65 ◦C

Tdi = 25 ◦C; Td,di = −20 ◦C

Qair,d = Qair,w = 100 SLPM
h installed ports and cross-section view.

increases. Using the dry outlet dew point temperature only would
be misleading, because an increase in dew point does not nec-
essarily mean better performance. On the other hand, the water
transfer rate is increasing as the temperature increases, but this
can be explained by the additional water mass available to be
transferred at higher saturated wet inlet temperatures. The water
recovery ratio accounts for the extra water that is available as the
temperature increases, and shows that the humidifier performance
decreases in relative terms as the inlet temperatures increase.

In the second experiment, the dry inlet stream was kept at 25 ◦C
and the wet inlet stream was supplied saturated at 65 ◦C, both
streams with an air flow rate of 100 SLPM. This time the dry outlet
backpressure was increased from ambient to 35 kPag, while keep-
ing the wet outlet backpressure at atmospheric pressure, creating
a pressure differential across the membrane of up to 35 kPa. This is
equivalent to a pressure ratio of up to 1.35 (136 kPaa/101 kPaa). The
dew point approach temperature, water transfer rate, and water
recovery ratio are plotted in Fig. 5. In the previous experiment, the
slopes of the DPAT and WRR linear fits had opposite signs, while in
this experiment the slopes are both negative. In this case, the DPAT
indicates that the humidifier is performing better as the pressure
differential increases, yet both the water transfer rate and WRR
suggest that the humidifier is actually performing worse as the
pressure differential increases.

In conclusion, the dew point temperature or dew point approach
temperature is a misleading measure of humidifier performance,
and should be avoided. The problem is compounded by the non-
linear relation of water vapor pressure with temperature. In both
experiments, the same membrane area was used, so the area-
normalized water flux would give the same trend as the water

transfer rate; their slopes will always be of the same sign. The abso-
lute measure of water transfer rate does not adequately account for
the change in available water at different flow conditions for the
same humidifier; though it may be a good measure for compar-
ing different humidifiers at the same operating conditions. A better

Independent Dependent

Tdi = Twi = 65 . . . 80 ◦C WRR

WTR

DPAT

Pwo = 0 kPag
Pdo = 0· · ·35 kPag

WRR

WTR

DPAT
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Fig. 6. Effect on water transfer of changing dry inlet temperature.

Fig. 5. Water transfer as dry stream pressure is changed.

easure is the water recovery ratio, which takes into account the
mount of water supplied as the operating conditions change; how-
ver, it is difficult to determine if an adequate amount of water is
upplied to the fuel cell with the water recovery ratio alone. As with
ny other performance measure, a target minimum WRR would
eed to be calculated beforehand based on the operating condi-
ions. Therefore, because the required operating conditions of the
uel cell will change with loading and the required amount of water
r the minimum acceptable relative humidity will likewise change,
t is proposed that water recovery ratio be used as the preferred per-
ormance metric. This measure is preferred because it will take into
ccount the different amount of water supplied at each flow rate
nd flow conditions when the fuel cell power requirements change
uring operation.

.3. Parameter effect study

A parameter sensitivity study was conducted with the plate-
nd-frame membrane prototype humidifier described in Section
.1.2 above on the same Greenlight Power 5 kW G6820 test station.

The first test conducted in this study was to increase the dry
ncoming air temperature in increments of 5 ◦C until it met the

et in temperature, maintained at 80 ◦C, with ambient backpres-
ures on both streams. The range of temperature was chosen
uch that it represented the typical range found in operating fuel
ell temperatures, with the minimum temperature taken to be
lose to room temperature, or 25 ◦C. These dry inlet temperatures
ere normalized over the range of operating conditions to facil-

tate comparison with pressures in the subsequent experiments.
he testing conditions are outlined in Table 2, and the results
f the temperature-dependence test are displayed Fig. 6. Linear
egression analysis of the dry outlet dew point against normalized
emperature data demonstrates a slope of −8.17 ◦C (R2 = 0.935).

The next test performed was to maintain constant inlet temper-

ture while changing the dry air outlet backpressure from ambient
o 35 kPa gauge. The range of pressure observed across the mem-
rane is dictated by the pressure drop across a fuel cell stack, which

s normally below 5 psi (35 kPa). These dry outlet pressures were

Table 2
Experimental matrix for temperature-dependence testing.

Membrane Control Flow

Ionic composite Twi = Td,wi = 80 ◦C 100

Td,di = −20 ◦C

Pdo = Pwo = 0 (gauge)
Fig. 7. Effect on water transfer of changing dry out backpressure, low total pressure.

normalized and the results of this test are shown in Fig. 7. Linear
regression (R2 = 0.97) through the dry outlet dew point tempera-
ture points in this graph gives a slope of 2.58 ◦C. Table 3 outlines
the testing conditions of both pressure-dependence tests.

Operation at elevated pressures is required for many fuel cell
systems, such as in automotive applications, so a similar test was
performed at these pressures. Even at elevated pressures and auto-
motive conditions, the PEM fuel cell stack will rarely develop
pressure drops greater than 5 psi (35 kPa). In this test the dry outlet
backpressure ranged from 120 to 155 kPag, while maintaining the
wet outlet backpressure at 120 kPag. The outcome is displayed in
Fig. 8. The dry side outlet pressures were likewise normalized in
the plot.

At the high total pressures, the effect of changing the pressure in
one gas stream has little effect on the water transfer. Likewise, at the

lower total pressures – close to atmospheric pressure – comparing
the slopes of the best fit lines reveals that the temperature differ-
ence between the inlets of the streams plays a larger role on water
transfer than pressure difference between streams for the range

Rate Temperature (Tdi) Dependent

SLPM 25. . .80 ◦C WRR

Tdo

Td,do
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Table 3
Experimental matrix for pressure-dependence testing.

Membrane Control Pressure (kPag) Dependent

Pwo Pdo,min Pdo,max

Ionic composite Twi = Td,wi = 65 ◦C 0 0 35 WRR

Tdi = 25 ◦C; Td,di = −20 ◦C Tdo

Qair,d = Qair,w = 100 SLPM Td,do

Ionic composite T = T = 65 ◦C 120 120 155 WRR
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2.5. Experimental design
wi d,wi

Tdi = 25 ◦C; Td,di = −20 ◦C

Qair,d = Qair,w = 100 SLPM

f temperature differences and pressure differences seen in prac-
ical fuel cell operation. Therefore, temperature effects were the
ocus of the present work. The effect of pressure will be neglected
ereinafter. All the simulations and experiments were conducted
t atmospheric pressure only.

.4. Membrane characterization

Much testing and data have been collected on Dupont NafionTM

embranes in industry and in the literature. However, due to their
igh cost they are not expected to be used in future humidifier
ystems, hence the need to acquire more commercially feasible
embranes as outlined in the Introduction. Furthermore, there are

isparate data on Nafion’s sorption and diffusivity values in the
iterature, as reported by Cave [17], making it difficult to use for
ractical modeling.

We report on a commercially available, porous membrane.
he membrane is made from a polymer with a hydrophilic filler.
t has a porosity of approximately 70%, thickness of 0.15 mm,
nd hydrophilic additive to polymer ratio of 2.5. It contains 15%
lasticizer mineral oil used in the extrusion process. Due to its com-
ercial availability, this membrane’s cost is in the range of $3 m−2.

he membrane is coated in a 4% Nafion (PFSA) DE2021 dispersion
o decrease the air crossover, and baked at 100 ◦C for 1 h to help
nneal the Nafion. Such a process adds about $80 m−2 if coated on
oth sides, but a new functional polymer coating is being developed
hich currently only adds $1 m−2.
Three samples of the porous polymer with hydrophilic additive
embrane were characterized using a vapor sorption instrument

ccording to Ref. [20]. The sorption and desorption curves were
haracterized at 25 ◦C. Each sample was first dried to <1% rela-
ive humidity to determine its dry mass. The relative humidity

ig. 8. Effect on water transfer of changing dry out backpressure, high total pressure.
Tdo

Td,do

was then increased stepwise in 10% increments up to 90%, then to
94% and 97%. The relative humidity was then decreased following
the same profile to obtain the desorption curve. Mass equilibrium
was obtained at each step before moving on to the next humidity
setting. Mass equilibrium was reached when the change in mass
with respect to total mass of the sample was less than 0.1%, or
dm/dt < 0.001. The sorption and desorption profiles were discov-
ered to be nearly equal. All six profiles (three absorption and three
desorption) of the porous polymer-hydrophilic additive membrane
with PFSA coating were averaged and are plotted with their 95%
confidence interval error bars in Fig. 9.

A third-degree polynomial was used to curve fit the data up to
80% relative humidity, with an R2 value of 0.996. The curve past
80% relative humidity is then fitted to a general isotherm curve for
water uptake �:

� = �max

1 − C + C/�
(4)

where the maximum moisture content is �max = 2.5, and the value
of constant C = 148. With a value of C in the order of 100, indicating a
low uptake for most of the low end of relative humidity and a sharp
slope at the very high end of relative humidity, this porous mem-
brane is characterized as Type III Extreme (Type IIIE) [21]. Several
desiccant polymers exhibit Type III behavior, with a great increase
in uptake only at values greater than 90% relative humidity [22].
In fuel cell humidification the wet stream entering the humid-
ifier is generally saturated. Heat transfer occurs when there is a
difference in temperature. Thus, water condensation, and two-

Fig. 9. Sorption isotherm at 25 ◦C of hydrophilic additive-impregnated porous poly-
mer membrane, plasticizer intact, PFSA coated.
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hase flow are inevitable with temperature difference between the
ows or the surroundings. To maintain a comparison with past
ests with modeling HVAC energy recovery ventilator (ERV) sys-
ems – upon which the current model is adapted – which do not
ave two-phase flow, isothermal conditions are chosen to perform
omparison of performance. Another reason to keep isothermal
onditions is to avoid higher levels of complexity when modeling
hat prevent convergence to a solution, and maintaining repeatable
onditions during experiments.

Since the sorption curves were obtained at 25 ◦C, one set of
xperiments was conducted at a benchmark temperature of 25 ◦C,
ven though fuel cell systems typically operate at higher temper-
tures. Additional isothermal experiments were conducted at 50
nd 75 ◦C. The choice of temperatures was based on the typical
perating conditions in target applications (mobile, backup power,
tc.).

It is necessary to test a range of flow rates; both because the
umidifier will be exposed to different demands as the fuel cell
perates through a range of power, and because it is required in
etermining the rated flow of a certain humidifier design. Due to
he large number of plates to divide the flow, a plate-and-frame
umidifier will always run at laminar flow, even though design
lements may be introduced to cause flow separation and there-
ore enhance heat and mass transfer. A particular plate-and-frame
umidifier designed for backup power applications may enable a
eynolds number of 80. The proposed test jig for the humidifier
xperiments has 7 channels with d = 1 mm height and w = 3 mm
idth, with one layer for each stream. The hydraulic diameter, Dh,

s found from:

h = 4wd

2(w + d)
= 1.5 mm (5)

The Reynolds number is defined as

e = �DhQ

�wd
(6)

q. (6) can be rearranged to find the flow rate per channel, Q, using
he 75 ◦C isothermal case to obtain the dynamic viscosity of air

= 2.07 × 10−5 kg m−1 s−1, and its density at STP � = 1.29 kg m−3:

= Re�wd

�Dh
= 0.154 SLPM (7)

he flow rate per stream is found by multiplying by the number of
hannels, n = 7, so that the flow rate for each side is 1.08 SLPM. An
rbin 50 W Fuel Cell Test Station (FCTS), which has mass flow con-

rollers rated up to 1.1 SLPM and 2 SLPM for two separate streams,
as used to supply metered dry air and saturated wet air. With the

imitation of 1.1 SLPM of one stream in mind, the flow rates to be
ested are at 0.4, 0.7, and 1 SLPM.

The dry stream of the humidifier will be at a higher air flow than
he air flow of the wet stream because the air component coming
ut of the fuel cell stack will have depleted oxygen content, hav-

ng reacted with hydrogen to form water; however, the ratio of air
ows on the dry side compared to the wet side varies according
o the stoichiometry used to supply the fuel cell with extra oxy-
en reactant. The higher the air stoichiometry supplied, the closer
he air flow rate on the dry side will be to the air flow on the wet

able 4
xperimental testing matrix.

Membrane Control Flow rate

Porous polymer PFSA coated Tdi = Twi = Td,wi = Tiso 0.4 S

Td,di = −20 ◦C 0.7 S

Pdo = Pwo = 0 (gauge) 1 SLPM
Fig. 10. Procedure for solving humidifier outlet conditions.

side. For this reason, a simplification is applied where the dry side
and wet side air flows are maintained equal. Water is added to the
wet side air flow from a gas bubbler to saturate the air at the given
test temperature, and this water flow rate is not included in the
test conditions as wet air does not pass through the mass flow con-
troller. The dry air is supplied from a compressed air line, which
has been measured to have a relative humidity between 0.16% and
2.9% through the whole test temperature range (or always lower
than a −20 ◦C dew point temperature).

From the conclusions of Section 2.3, the focus of the study was on
the temperature effects on water transport in practical operation,
so the outlets are kept at ambient pressure. Since the chosen per-
formance measure to be tested is the water transfer from the wet
side to the dry side, the water recovery ratio (WRR) is the depen-
dent variable in the tests. The amount of water at the dry outlet will
also be presented by the dry outlet dew point Td,do as a measure of
the amount of water available to the fuel cell, which is one of the
parameters available from the humidity sensor. All the foregoing
variables and testing conditions as inputs and the output are laid
out in the test matrix of Table 4.

3. Model
We have previously reported on a heat and mass transfer model
based on the effectiveness-number of transfer units method widely
used in heat exchanger design [18]. The process of solving for the
outlet absolute humidities is presented in the flow chart of Fig. 10,
and it can be summarised as follows:

Temperature (Tiso) Dependent

LPM 25 ◦C 50 ◦C 75 ◦C WRR

LPM 25 ◦C 50 ◦C 75 ◦C (Td,do)

25 ◦C 50 ◦C 75 ◦C
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Solve seven non-linear equations (three flux, two humidity rela-
tions, and two water uptake) simultaneously to find the flux of
water J.
Find the effective mass transfer coefficient Ueff.
Use Ueff in place of the common UL in the equation used to find
NTUL.
The latent effectiveness εL is now found from a common corre-
lation, such as the correlation for unmixed cross-flows in a heat
and humidity exchanger [18]:

εL = 1 − exp

[
exp(−NTU0.78

L RL) − 1

NTU−0.22
L RL

]
(8)

The outputs can now be found from the following equation:

ωdo = ωdi − εL
(ṁcp)min
(ṁcp)d

(ωdi − ωwi) (9)

The model yielded a thermodynamic membrane humidifier
odel amenable to PEM fuel cell conditions based on the heat

xchanger effectiveness method. Due to the elevated temperatures
sed in PEM fuel cells as compared to ERV systems and the non-

inear dependence of the water saturation curve on temperature,
he limitations were addressed in order to use the latent effective-
ess method for PEMFC membrane humidifiers.

The new procedure was applied to three membrane types (Type
, linear, and Type III) and compared to the curves of latent effec-
iveness and latent NTU found using an ERV method. In fuel cell
peration, the most likely conditions for the incoming wet and dry
treams will be 100% and close to 0% relative humidity, respectively.
or a 70 ◦C isothermal case, the technique yielded an enhancement
n latent effectiveness of 29% for Type I membranes, 23% for linear-
ype membranes, and 46% for Type III membranes as compared to
he ERV method [18].

. Results and discussion

Three samples of the polymer with hydrophilic additive, Nafion-
oated membrane were tested at three different flow rates and at
hree different temperatures according to the conditions presented
n the experimental matrix, Table 4, for a minimum of 27 tests.
he humidifier performance in terms of water transfer through
he membrane is presented in Fig. 11 with the measured dry
utlet dew point temperature, and the converted water recovery
atio.

As expected, the trend at all temperatures shows an inverse
elation between flow rate and water transfer: as the flow rate
ncreases, the water transfer relative to amount of supply water

ill decrease. In terms of water recovery ratio, the effect of decreas-
ng water transfer with increasing flow rate is more pronounced the
ower the temperature, which can be seen with the steeper slopes as
emperature decreases. This effect may be more prominent at lower
emperatures due to a lower saturation concentration of water at
ower temperatures, as evidenced in the saturated vapor pressure
urve. Likewise, humidifier performance suffers at higher temper-
tures, with water recovery ratios between 31% and 42% at the
ested flow rates and geometry for the 75 ◦C isothermal condition,
ompared to the 46–69% WRR at 25 ◦C.

A proper, complete model requires membrane properties to be
efined. A diffusion coefficient correlation is the only parameter
hat remains to be determined; so the diffusion coefficient is treated
s a fitted parameter to the data. The temperature chosen to obtain

he diffusion coefficient is 25 ◦C, where there is the most confidence
n the data. For the polymer-hydrophilic additive membrane, the
xperimental data point with the least variance occurs at 0.7 SLPM
ith a standard error of 0.042 ◦C dew point. The diffusion coef-
cient for the porous polymer membrane was determined to be
Fig. 11. Experimental results for porous polymer membrane.

Dm = 9.42 × 10−10 m2 s−1. As a reference, Chen and Peng reported
the diffusion coefficient for Nafion 115 (0.127 mm thick) to vary
between 9.12 × 10−11 m2 s−1 and 3 × 10−10 m2 s−1 [13].

The diffusion coefficient also needs to be fitted at different tem-
peratures. As a first approximation, the diffusion coefficient as a
function of temperature can be modeled by an Arrhenius relation
with activation energy Ea, as also found implemented in the litera-
ture for Nafion [23]:

Dwm = Dm exp

[
Ea

R

(
1

Tref
− 1

Tm

)]
(10)

The reference temperature Tref is 298.15 K, the temperature at
which Dm was found for the first point. Once the temperature-
dependence of the diffusion coefficient is applied to the data, as
shown in Fig. 12, the activation energy for the polymer-hydrophilic
additive membrane is found to be 24 300 J mol−1. The activation
energy for the tested membrane is of the activation energies in the
literature for Nafion of 20 096 J mol−1 [23] and 18 003 J mol−1 [24].
Chen et al. also report higher activation energy than Yeo and Eisen-
berg from their tests with liquid-to-air membrane humidification
[9]. The applicability of expressions like Eq. (10), and the valid-
ity of Arrhenius relationships are limited by gaps in our current
understanding of the overall water transport processes in Nafion
membranes.
Water sorption measurements have uncovered differences in
water uptake from liquid and vapor environments. Several authors
[25,26] have used the term “Schroeder’s paradox” to describe the
discrepancy. The paradox arises because the thermodynamic water
activity is unity in both cases, but the equilibrium water uptake is
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ig. 12. Model comparison to experimental data for porous polymer with
ydrophilic additive membrane, at � Tiso = 25 ◦C, � 50 ◦C, � 75 ◦C.

igher for membranes in contact with the liquid phase (e.g., 22
ater molecules per sulfonic site instead of 14 as is the case for the

apor).
The majority of the investigations suggest that this difference

s related to the physical structure of the membrane. For exam-
le, Zawodzinski et al. [27] reported that the membrane’s surface
ecomes hydrophobic when the surrounding environment is water
apor. A phase inversion has also been observed by FTIR sur-
ace spectroscopy measurements reported earlier [28]. Gottesfeld
t al. and Futerko and Hsing [29,30] agreed that the membrane
emains in a stable thermodynamic state when it is equilibrated
ith vapor.

All the reports based on gravimetric measurements found dif-
erences between liquid and vapor water uptakes. Several physical
xplanations have contributed to the debate on whether the
embrane changes its structural properties due to the chemical

otential of the environment. Futerko and Hsing [30] proposed
n explanation based on the Flory–Huggins model, which is
ased on the heat of mixing and entropy during the water
ptake.

Similarly, McLean et al. [31] studied the ionic domains on or
ear the surface of K+ type Nafion membranes at room temper-
ture and humidity using atomic force microscopy (AFM). They
iscovered that the membrane showed a thin hydrophobic layer
f ca. 0.5 nm on the surface. The formation of a hydrophobic layer
as been proposed by Majsztrik et al. [7] as an explanation for
he lower water uptake in vapor sorption and permeation experi-

ents.
Hinatsu et al. [26] observed that the thermal history defines

he polymer structure and hence the water uptake capacity. More
ecently, Onishi et al. [32] completed long term measurements
n water sorption where the membrane–vapor system, and their
esults presented no evidence of Schroeder’s paradox with 23
ater molecules per sulfonic site for both vapor saturated and

iquid water equilibrated membranes. The authors explained that
revious experimental measurements that claim the existence of
chroeder’s paradox either have neglected the effect of the polymer
hermal history, or have assumed an erroneous equilibrium before
he long term dynamic membrane–vapor interactions have been
ompleted.
The ability of Nafion membranes to transport water and ions is
he focus of intense research efforts, including work in our labo-
atories [15,33]. However, the alternative materials discussed here
e.g., coated composites) are more economical and can enable the
ommercialization of humidifiers in fuel cell applications.

[
[

[
[
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5. Conclusions

The experiments under varying water transfer parameters indi-
cated that the water recovery ratio (WRR) is the most appropriate
performance metric for fuel cell humidifiers. This is especially valid
across flow conditions, because the WRR accounts for the amount
of water supplied even as the fuel cell operating conditions may
change.

Initial experiments demonstrated temperature effects are
greater than pressure effects over the practical operating ranges
found in PEM fuel cells (25–80 ◦C, and 0–35 kPag and 120–155 kPag,
respectively). Temperature had three times the effect compared to
pressure on the dry outlet dew point temperature in the particular
tests conducted on a subscale humidifier.

Membrane characterization experiments revealed that the
porous membrane had low water uptake profiles at relative
humidities less than 80%, with the profiles increasing sharply after
80%, with a maximum water uptake of 2.5. The porous mem-
brane showed a decrease in water transfer as the flow rate was
increased in the single cell humidifier experiments. Likewise, as
the isothermal test temperature was increased, the water recovery
ratio decreased.

The relevant diffusion coefficients were extracted from only a
single point out of nine from the experimental data by using an
Arrhenius relation for temperature-dependence. The porous poly-
mer membrane had a diffusion coefficient of 9.42 × 10−10 m2 s−1.
With the appropriate activation energy in the Arrhenius equation
using only one other data point, the model matched the experi-
mental results closely across all tested flow rates and interposing
temperatures (within a 95% confidence interval). The practical use
of the thermodynamic model was thereby validated for the range
of conditions tested.
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