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Abstract: A PEMFC needs to be maintained at an appro-
priate temperature and humidity in a rapidly changing
environment for automobile applications. In this study, a
pseudo-multi-dimensional dynamic model for predicting
the heat and mass transfer performance of a plate-and-
frame membrane humidifier for PEMFC vehicles is devel-
oped. Based on the developed model, the variations in the
temperature and relative humidity at the dry air outlet are
investigated according to the air flow acceleration. More-
over, the dynamic response is analyzed as a function of
the amplitude and period of the sinusoidal air flow rate
at actual operating conditions. The effects of heat transfer
on the dynamic response are more dominant than those
of mass transfer. The settling time of the temperature and
relative humidity at the dry air outlet decrease with the in-
crease in air flow acceleration. In addition, the variations
in the temperature and relative humidity at the dry air out-
let increase with the increases in the amplitude and period
of the sinusoidal air flow rate.
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Nomenclature

Aamp amplitude (gs71)

Ay, fractional area (m?)

a, water activity (-)

B, period (s)

C heat capacity ratio (J s7'K™1!)

¢y heat capacity (J kg 1K)

D, water diffusivity in the gas phase (m? s71)

D;, hydraulic diameter (m)

Dy, water diffusivity (kg m~'s™1)

h convective heat transfer coefficient (W m2K™1)
hm convective mass transfer coefficient (kg m=2s™1)
k thermal conductivity (W m 1K)

Le Lewis number (-)

m mass flow rate (kg s71)

Nu Nusselt number (-)

P pressure (bar)

U overall heat transfer coefficient (W m~2K™1)

V velocity (ms™)

S perimeter (m)

Sh Sherwood number (-)

Greek symbols

A difference (-)

6 thickness (m)

A water content (-)

p density (kgm)

@ relative humidity (%)

Subscripts

d dry air
global global value
in inlet
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m membrane

max maximum value
min minimum value
out outlet

p plate

sat saturation

vV vapor

w wet air

Acronyms

MFF mass flow rate factor
PEMFC proton exchange membrane fuel cells

1 Introduction

Proton exchange membrane fuel cells (PEMFCs) can be uti-
lized in the power supply for portable systems, stationary
systems, vehicles, spacecraft, and other special applica-
tions owing to their high power density, high efficiency,
and modular nature [1, 2]. In particular, owing to their
lower operating temperature, higher power density, and
shorter start-up time, various studies on PEMFC vehicles
are occurring in major automobile companies [3-5]. How-
ever, the PEMFC need to be maintained at an appropriate
temperature and humidity in the rapidly changing envi-
ronment associated with automobile applications [6].

Studies involving various types of humidifiers have
been conducted in order to control the temperature and
relative humidity of the supply air [7-10]. Extensive stud-
ies have been also conducted on bubbling, water spray,
enthalpy wheel, and membrane humidifiers. From these
types, membrane humidifiers are the most suitable for
PEMEFC vehicles due to their fast response and simplic-
ity. Recently, case studies have been carried out to apply
membrane humidifiers to PEMFC systems [11-14]. Mem-
brane humidifiers are categorized as either shell-and-tube
or plate-and-frame membrane humidifiers depending on
the shape [15, 16]. Park [17] presented a dynamic model of
a shell-and-tube membrane humidifier. Kang [18] investi-
gated the performance of a shell-and-tube membrane hu-
midifier for PEMFC vehicles. However, the shell-and-tube
membrane humidifier has the disadvantages of a bulky
volume and difficulty in mass production. Accordingly,
studies on the plate-and-frame membrane humidifier are
underway to overcome these drawbacks.

Zhang [19] proposed an effectiveness-correlation
model for a plate-and-frame membrane humidifier, in
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order to analyze the heat and mass transfer processes
in an enthalpy exchanger. Several studies verified the
effectiveness-correlation model for the enthalpy ex-
changer [20-22]. Kadylak [23] discussed limitations on
the application of the effectiveness-correlation model to
the plate-and-frame membrane humidifier. Kadylak [24]
also experimentally validated the developed effectiveness-
correlation model with a plate-and-frame membrane.
However, the effectiveness-correlation model showed
some limitations for analyzing the dynamic response of a
plate-and-frame membrane humidifier. Accordingly, there
is a need to develop a novel model for predicting the dy-
namic response of a plate-and-frame membrane humidi-
fier for PEMFC vehicles under actual operating conditions.
In particular, the temperature variations due to air enter-
ing the plate-and-frame membrane humidifier according
to the air flow rate need to be considered.

Numerical and experimental studies analyzing the
phenomena in the plate-and-frame membrane humidifier
have also been carried out. Yu [25] proposed a static model
for a counter flow plate-and-frame membrane humidi-
fier. Ahluwalia [26] conducted static and dynamic tests
on a plate-and-frame membrane humidifier. Even though
these studies developed a finite-difference model, the heat
transfer, which is a main dynamic mechanism in the plate-
and-frame humidifier, was not considered in the plate.
Moreover, in the existing studies, a multi-dimensional dy-
namic model was not applied for a plate-and-frame mem-
brane humidifier, which has multi-dimensional structures
stacked with multiple membranes and plates for PEMFC
vehicles [17, 27].

In this study, a pseudo-multi-dimensional dynamic
model was developed for predicting the dynamic response
of a plate-and-frame membrane humidifier with a plate
domain. This model incorporated one-dimensional heat
transfer in the plate, one-dimensional heat and mass
transfer in the membrane, and one-dimensional thermo-
fluid channel in the plate-and-frame membrane humidi-
fier. Based on the proposed model, the dynamic response
of the plate-and-frame membrane humidifier for PEMFC
vehicles was analyzed under various operating conditions.
The variations in the temperature and relative humidity at
the dry air outlet were investigated in accordance with air
flow acceleration. The temperature changes in the mem-
brane and plate were also examined to evaluate the over-
shoot and settling time. Moreover, the dynamic response
of the plate-and-frame membrane humidifier was ana-
lyzed as a function of the amplitude and period of the si-
nusoidal air flow rate under actual operating conditions.
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2 Numerical model

As shown in Figure 1, the plate-and-frame membrane
humidifier has multiple membranes and plates. It is a
heat and mass exchanger with a water-permeable poly-
mer membrane installed in between dry and wet air. Ta-
ble 1 shows geometric configurations of the computa-
tional model and humidifier. The channel width, chan-
nel height, and channel length were determined from the
tested plate-and-frame membrane humidifier in the pre-
vious study [25]. In addition, the number of channels in
the plate and number of plates were designed to satisfy
the rated capacity of 100 kW in a PEMFC system. Figure 2
shows the computational domain of the plate-and-frame
membrane humidifier. In the numerical analysis, the wet
air and dry air were discretized in their individual flow di-
rections.

— Wet air
—> Dry air

Membrane --->

Plate --->

Membrane --->

Plate --—

Membrane --->

Figure 1: Schematic of the plate-and-frame membrane humidifier

Table 1: Geometric parameters of the plate-and-frame membrane
humidifier

Parameters Value
Channel width 0.003 m
Channel height 0.003 m
Channel length 0.322m
Number of channels in the plate 34
Number of plates 90
Plate thickness 0.001m
Membrane thickness (Nafion®) 5.1x10™> m

The numerical model has been developed based on
the following assumptions [15, 18]: (1) the flow in the air
channel is incompressible and laminar; (2) phase change
is ignored; (3) physical properties are constant along the
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Periodic

Figure 2: Computational domain of the plate-and-frame membrane
humidifier

length of the humidifier; (4) the velocity is constant in the
axial direction and the velocity profile is fully developed;
and (5) the vapor diffusion in the membrane occurs only
in the normal direction. Algebraic heat and mass trans-
fer equations were solved simultaneously by using the
Gauss-Seidel method based on an upwind finite-difference
scheme in Visual Fortran 6.0.

2.1 Heat transfer

The plate-and-frame membrane humidifier consists of the
wet air, dry air, membrane, and plate domains. The wet
air domain contains humid air flow discharged from the
PEMEFC, whereas the dry air domain includes a dry air flow
path in which the ambient air flows into an air humidifier
using an air blower. In these domains, the forced convec-
tive heat transfer is dominant. On the other hand, the con-
duction heat transfer is dominant in the plate and mem-
brane domains.

The energy balance equations for the wet air, mem-
brane, dry air, and plate domains in the plate-and-frame
membrane humidifier are expressed by Egs. (1)-(4) [28,
29], respectively:

daT
CWT;V - UWSW(TW - Tm) - Udsd(Tp - Td) (1)
__Cwolw
- Vw ot
Ude(Tm - Td) - Uwa(Tw - Tm) (2)
_ OTm
= Cp,mpmsmsmiat
dT,
Cd + Uwa(TW - Tm) + Ude(Tm - Td) (3)

dx
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__CaoTq
TV, ot
Ty
Ude(Tp = T4) = UpSw(Tw - Tp) = —Cp,pppapsp? (4)

where U is the overall heat transfer coefficient, S is the
perimeter, and § is the thickness. The heat capacity ratio
(C) is given as:

Cw = Cp,wprfr,WVw (5)

Ca=cCpapals,aVa (6)

As given in Eq. (7), the convective heat transfer coefficient
is constant in the fully developed laminar flow [28]:

Nu=3.61 @
Nu = th 8)

where Dy, is the hydraulic diameter and k is the thermal
conductivity.

2.2 Mass transfer

The mass balance equations for the wet air, membrane,
and dry air domains are given by Egs. (9)—(11), respec-
tively:

dw ow
VWTXW —hM,WSw((Uw—CUmw) = _Ttw ©)
0 owm \ _ dwm
oz (DW 0z ) T (10)
dw w
VdTXd +hp,aSa(Wma - wa) = _Ttd (11)

where w is the absolute humidity and hj; is the mass trans-
fer coefficient. In addition, the diffusion coefficient (Dy,) is
given as [30]:

Dw=3.1-10"A(-1+e2%T).0<1<3 (12)

Dw =4.17 - 107°A(1 + 161eMe 2T . 3< 1 < 17 (13)

As given in Egs. (14) and (15), the water content (A) is de-
termined by the water activity (ay) [30]:

A=03+10.8-ay-16-a, 2 +14.1-a,°>  (14)
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Xvp

15
psat,v ( )

ay =

As given in Egs. (16) and (17), the mass transfer coefficient
(hy) can be obtained from the relationship between Sher-
wood number and Nusselt number [15]:

hyDp

Sh = Dy

(16)

Sh = Nu(Le) '/ 17)

where Lewis number represents the ratio of the thermal
diffusivity to the mass diffusivity.

The relationship between the relative humidity and
the absolute humidity is estimated by Eq. (18).

wP

S . N— 18
(0.622 + w)Psqt,y (18)

P
As given in Eq. (19), the saturation vapor pressure is calcu-
lated by Hyland-Wexler equation [31]:

3
Psqt,v = €xp |:Z h,‘Ti + hyln T:| (19)

i=—1

where h_; = -0.580 x 10%, hy = 0.139 x 10, h; = —0.486 x
1071, h, = 0.418 x 1074, h3 = —0.145 x 1077, and h, = 0.655,
which are valid for temperatures between 0°C and 200°C.

2.3 Air blower

As shown in Figure 3, the air supply system for PEMFC
vehicles is composed of an air blower and a humidifier.
The numerical model considers the temperature and pres-
sure changes of the air when it passes through the air
blower. The pressure ratio is determined by the blower
map, with the air flow mass flow rate factor (MFF) as given
in Eq. (20) [32, 33]:

mEF = T Tairambient

P air,ambient

(20)
The temperature at the dry air inlet is calculated by
Eq. (21):
Tdry,inlet = Tair,ambient (21)
a1
+ Tair,ambient ( P dry,inlet ) v
Mblower P air,ambient

where 1pjower 1S the blower efficiency.
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Wet air Wet air

outlet inlet
Ambient air w—) |E— m=) PEMFC in

Dry air Dry air

inlet Humidifier outlet
Air blower

Figure 3: Schematic of the air supply system for PEMFC vehicles

2.4 Boundary conditions

For PEMFC vehicles, the operating conditions continu-
ously change as the load changes. The required air flow
rate for the PEMFC varies continuously corresponding to
the current. Moreover, the air supplied to the PEMFC must
be humidified. The dynamic response of the humidifier at
various air flow rates needs to be analyzed to develop a
control strategy to maintain the air temperature and rel-
ative humidity. The dry air entering into the plate-and-
frame membrane humidifier was conditioned according
to the air flow acceleration and sinusoidal air flow rate.
The high acceleration of the air flow rate means a rapid
increase in the velocity at the driving condition. The air
flow rate was calculated based on the amount of the air
required in the PEMFC. The baseline operating conditions
in the humidifier are summarized in Table 2. The operating
conditions were determined from experimental conditions
used in the previous studies [24, 25]. The temperature at
the dry air inlet varied in the range of 33.9-59.3°C under
the simulation conditions. Transport properties including
the thermal conductivity, heat capacity, and water diffusiv-
ity in the gas phase are shown in Table 3.

Table 2: Operating conditions

Parameters Value

Ambient air pressure 101.35 kPa

Ambient air temperature 20°C

Ambient air relative humidity 0.01%

Wet air temperature 80°C

Wet air relative humidity 100%

Air flow rate 50g51-100
gs!

Air velocity in the channel 1.5ms1-3
ms!
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Table 3: Transport properties

Parameters Value
Membrane [34, 35]
Thermal conductivity 0.95

Wm Kt
Heat capacity 4188

) kg—lK—l
Plate [36]
Thermal conductivity 200

Wm Kt
Heat capacity 719 ) kg tK?
Air [15]
Heat capacity 1006

J kg 1K1
Water diffusivity in the gas phase 0.0000282

m2 st

3 Results and discussion

3.1 Effects of air flow acceleration

Figure 4 shows the variations in the air flow rate, temper-
ature, absolute humidity, and relative humidity at the dry
air outlet in response to the air flow acceleration. The dif-
ference between the peak and steady state values was de-
fined as the overshoot or undershoot during the air flow
change. The settling time was defined as the time required
to reach 99% of the steady state value after the air flow rate
change. As shown in Figure 4(a), the increasing slope of
the air flow rate with respect to time increased with the
increase in air flow acceleration from 0.05 to 1.0 m s~2.
As shown in Figure 4(b), for all air flow accelerations, the
temperature at the dry air outlet decreased rapidly and
reached the minimum value. After the undershoot, the
temperature at the dry air outlet started to increase and
then gradually approached the steady state value. How-
ever, as the air flow acceleration increased, the undershoot
occurred earlier, owing to slow temperature change in the
membrane and plate with low thermal diffusivity. More-
over, after the undershoot, the settling time decreased
with the increase in air flow acceleration, because the inlet
condition reached the steady state value quickly.

As shown in Figure 4(c), the undershoot of the abso-
lute humidity at the dry air outlet occurred early, and the
settling time decreased with the increase in air flow ac-
celeration. In the plate-and-frame membrane humidifier,
as shown in Figures 4(b) and 4(c), the mass transfer was
faster than the heat transfer, because the settling time of
the absolute humidity was shorter than that of the temper-
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Figure 4: Variations of (a) air flow rate (b) temperature, (c) absolute humidity, and (d) relative humidity at the dry air outlet in response to

change in air flow acceleration

ature. The plate where the heat transfer mainly occurred
was about 20 times thicker than the membrane where the
mass transfer mainly occurred.

The temperature and relative humidity at the dry air
outlet are important parameters for the optimal control
of PEMFC vehicles [37]. As shown in Figure 4(d), the set-
tling time of the relative humidity at the dry air outlet de-
creased with the increase in the air flow acceleration be-
cause the relative humidity was affected by the absolute
humidity and temperature. As the air flow acceleration
increased, the relative humidity at the dry air outlet de-
creased rapidly, owing to the initial decrease in the abso-
lute humidity. The relative humidity then approached the
steady state value quickly, corresponding to the variation
in temperature at the dry air outlet. Accordingly, higher air
flow acceleration is more advantageous for PEMFC control
owing to its fast responsiveness.

Figure 5 shows the effect of air flow acceleration on the
average temperatures of the plate and membrane during

the mass flow rate change. The average temperatures of the
plate and membrane slowly increased with time, but the
settling time of the plate with a larger heat capacity was
longer than that of the membrane. At an air flow acceler-
ation of 0.05 m s~2, the average temperatures of the plate
and membrane gradually and similarly increased, corre-
sponding to the increase in the inlet temperature, owing
to the gradual increase in the air flow rate. However, dur-
ing 0 to 10 s with the rapid increase in the air flow rate, the
average temperatures of the plate and membrane at an air
flow acceleration of 1.0 m s~2 increased more slowly than
those at an air flow acceleration of 0.05 m s™2. The delay in
heat transfer between the dry air and plate increased with
the rapid increase in air flow acceleration. However, after
10 s, the average temperatures of the plate and membrane
increased rapidly, owing to the dominant influence of the
increased temperature at the dry air inlet. Therefore, the
undershoot and settling time of the temperature at the dry
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air outlet were affected by the temperature of the plate and
membrane during the air flow rate change.

75
__ 10}
T
<
£
E I —_ (a=0.05ms?
g /7 p,avg -y
£ —— T, (@=0.05ms?)
=~ 60 --T,(@=10ms?
_ -2
- Tm,avg (@a=1.0ms")
55 A 1 i 1 A 1 A 1 1
0 20 40 60 80 100 120

Time (s)

Figure 5: Effect of the air flow acceleration on plate and membrane
average temperatures during mass flow rate change

Figure 6 shows variations in the dry air temperature
and relative humidity of the dry air versus fractional dis-
tance in the air flow direction at an air flow acceleration
of 1.0 m s™2. When the dry air temperature was lower than
the initial value (0 s), the undershoot was observed at the
fractional distance in the air flow direction. Before 1s, the
undershoot of the dry air temperature was observed at the
fractional distance between 0.6 and 1, because the effect of
the air flow rate was larger than that of the inlet tempera-
ture. However, after 1s, the dry air temperature increased
above the initial temperature, owing to the increase in the
effect of the increased inlet temperature. Before 0.5 s, the
dry air relative humidity was close to the initial value at the
fractional distance between 0.8 and 1, because the dry air
temperature was lower than the initial value at the same
time. However, after 0.5 s, the dry air relative humidity de-
creased with time for all fractional distances under the in-
creased dry air temperature condition.

3.2 Effects of amplitude of sinusoidal air
flow rate

As the PEMFC vehicle accelerates, the air flow rate in-
creases because the PEMFC needs a large number of re-
actants instantaneously to raise the power. Accordingly,
in actual driving conditions, the air flow rate varies corre-
sponding to continuous periodic change between air flow
acceleration and deceleration. In this study, when the air
flow rate changed according to the sinusoidal function, the
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Figure 6: Profiles of (a) dry air temperature and (b) dry air relative
humidity during mass flow change at 1.0 m s~2

variations in the temperature and relative humidity were
analyzed. The sinusoidal air flow rate is given by Eq. (22).

; m‘.) +75
peri
where Agmp is the amplitude and B,,,; is the period.
The global maximum and minimum temperatures and
relative humidities are defined as the maximum and min-
imum values within one period, respectively. In addition,
the local maximum and minimum temperatures and rela-
tive humidities are defined as the saddle points between
these two values, respectively. The temperature and rel-
ative humidity differences between the global maximum
and minimum values are given by Egs. (23) and (24), re-
spectively.

(22)

rhair,in = Aamp sin (

ATglobal = Tmax,global - Tmin,global (23)

A(Pglobal = (Pmax,global - (pmin,global (24)
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Figure 7: Variations of (a) temperature and (b) relative humidity at
the dry air outlet with increase in the amplitude of the sinusoidal air
flow rate from 10 to 25 g 571

Figure 7 shows the variations in the temperature and rela-
tive humidity at the dry air outlet in response to amplitude
change with a period 0f 20 s. AT o1, 4ir increased with the
increase in the amplitude of the air flow rate because the
variation in the temperature at the dry air inlet increased.
In addition, while the variations in the temperature at the
dry air outlet repeatedly increased and decreased at the
amplitude of 10 g s7%, the local maximum and minimum
values occurred at amplitudes of 175 and 25 g ™1, respec-
tively. Overall, the nonlinearity in the temperature at the
dry air outlet increased with the increase in the amplitude.
Moreover, AQgiopal,qir increased with the increase in the
amplitude of the relative humidity owing to the effect of
ATgobal,qir- Under the repeated air flow acceleration and
deceleration conditions, the decrease in the amplitude is
advantageous for controlling the PEMFC owing to the de-
crease in the temperature and relative humidity.
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3.3 Effects of period of sinusoidal air flow
rate

Figure 8 shows the variations in the temperature and rela-
tive humidity at the dry air outlet in response to the period
change at an amplitude of 25 g s™!. The local maximum
and minimum temperatures at the dry air outlet were ob-
served not only at a period of 10 s, but also at a period of
40 s. Even though the air flow acceleration decreased with
the increase in the period, the nonlinearity in the tempera-
ture at the dry air outlet was not reduced by the increased
period. Therefore, to reduce the nonlinearity with the si-
nusoidal air flow rate, it would be better to decrease the
amplitude rather than to increase the period. In addition,
ATgiopal,qir for a 10 s period decreased more substantially
than that for a 40 s period, because the delay in heat trans-
fer increased with the increase in the air flow acceleration
and deceleration. Moreover, AQgjopai,qir fOr a 10 s period
decreased more substantially than that for a 40 s period,
owing to increases in the delay in heat and mass transfer.

Figure 9 shows the variation in the average tem-
perature of the plate in response to the period change.
ATgiopal,piate decreased with the decrease in the period be-
cause the variation in the temperature of the plate was
delayed at a larger heat capacity. The slow temperature
change in the plate affected the maximum and minimum
values of the dry air temperature and relative humidity in
accordance with the period. As the period in the air flow
rate decreased, the variations in the temperature and rela-
tive humidity at the dry air outlet also decreased owing to
the influence between the plate and dry air. Therefore, to
control the performance of the PEMFC under the repeated
air flow acceleration and deceleration conditions, it would
be preferable to decrease the period.

3.4 Model validation

The numerical model was validated by comparing the pre-
dictions with the experimental data in a plate-and-frame
membrane humidifier reported by Yu [25]. The simulations
were conducted using the developed numerical model at
the same experimental conditions. As shown in Figure 10,
the predicted mass flux and heat flux were compared with
the experimental data at various dry air velocities. The
predicted results showed a good agreement with the mea-
sured data within a deviation of +9%.
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Figure 8: Variations of (a) temperature and (b) relative humidity at
the dry air outlet with increase in the period of the sinusoidal air
flow rate from 10 to 40 s
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Figure 9: Effect of the period of the sinusoidal air flow rate on aver-
age plate temperature
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4 Conclusions

In this study, a pseudo-multi-dimensional dynamic model
of a plate-and-frame membrane humidifier for PEMFC ve-
hicles was developed in order to predict the heat and
mass transfer performance under dynamic operating con-
ditions. The numerical model was validated with exper-
imental data. Based on the model developed, variations
in the temperature and relative humidity at the dry air
outlet in the plate-and-frame membrane humidifier were
analyzed according to the air flow acceleration. The ef-
fects of heat transfer on the dynamic response of the plate-
and-frame membrane humidifier are more dominant than
those of mass transfer. The increased air flow acceleration
was advantageous for the PEMFC control, due to its fast re-
sponsiveness. The dynamic response was also analyzed as
a function of the amplitude and period of the sinusoidal
air flow rate. Decreases in the amplitude and period of the
air flow rate were advantageous for the PEMFC control ow-
ing to the decrease in the temperature and relative humid-
ity difference between the maximum and minimum val-
ues. This study has some limitations on the consideration
of the temperature and humidity variations at the humidi-
fier inlet because the dynamic reaction in the PEMFC is not
solved. Accordingly, further research is required on the dy-
namic response of PEMFC vehicle systems combining the
plate-and-frame membrane humidifier and PEMFC under
actual driving conditions.
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