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Open cathode designs that utilize ambient air for both cooling and oxygen supply are a

useful feature for low- to medium-power polymer electrolyte membrane fuel cell (PEMFC)

stacks. Elimination of balance-of-plant subsystems greatly reduces the complexity, para-

sitic power, and cost of the overall system, and therefore increases the appeal of open

cathodes. The present research addresses the key challenges of open-cathode PEMFCs

related to thermal management and membrane hydration, two highly coupled phenom-

ena. Accurate knowledge of the temperature and relative humidity (RH) distributions in the

cell is essential in order to optimize heat removal by suitable strategies. In the present

work, a three-dimensional numerical model is developed that can predict the hygro-

thermal characteristics in a complete open-cathode cell. The model is validated using

experimental data obtained with Ballard Power Systems' FCgen®-1020ACS stack under a

range of operating conditions. The model is then used to analyze the key flow conditions

and properties that control the hygrothermal behavior of open-cathode stacks. Based on

the obtained results, flow conditions can affect temperature and RH distributions signifi-

cantly; in-plane plate thermal conductivity can provide a uniform temperature distribution

while adversely reducing the RH; and edge cooling can increase temperature and RH gra-

dients in the cell. Recommendations for hygrothermal design and operation of open

cathode stacks are provided.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.
Introduction

Fuel cells are considered as the “21st century energy-

conversion devices for mobile, stationary, and portable
g).
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gy Publications, LLC. Publ
power” [1]. An open cathode fuel cell that utilizes natural or

forced convection of ambient air as themain oxygen supply is

an emerging type of polymer electrolyte membrane fuel cell

(PEMFC) technology which has certain advantages and chal-

lenges when compared to the more commonly employed
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humidified and liquid-cooled PEMFC. The open cathode fuel

cell type is simple in terms of system design and mainte-

nance, but complex in terms of hygrothermal management.

Elimination of balance of plant subsystems such as liquid

coolant loop and gas humidifier reduces the system

complexity and cost which is important for commercializa-

tion. Ballard Power Systems, as one of the leading fuel cell

companies in the world, recognized the importance of open-

cathode PEMFCs and pioneered the product development in

this area. As a result, an open cathode air-cooled PEMFC stack

is currently manufactured by Ballard with the FCgen®-

1020ACS product designation (cf., Fig. 1(a)). This stack can

operate in various ambient conditions and the output power is

scalable from 300 W to 3 kW.

In order to unlock the far-reaching potential of PEMFC

technology, a wide variety of research and development ac-

tivities are currently underway in both industry and

academia. Major advances in this field often rely on modeling

to guide experimental and development work. Common

modeling approaches in fuel cell science and technology were

recently reviewed byWang [1]. Fuel cell modeling is a complex

process, because it deals with multi-scale geometries, elec-

trochemical reactions, mass and heat transfer, and deforma-

tion phenomena. A comprehensive fuel cell model should

include the transport equations from the nano- and micro-

scale catalyst layers, gas diffusion layers, and membrane to

mini-scale channels and large-scale stacks withmultiple cells

with consideration of solid, ionomer, gas, and liquid phases.

However, considering the available computational resources,

it is not possible to include all the details in such models.

Hence, depending upon the fuel cell conditions, the required

accuracy, and the aim of the research, different modeling

scenarios may emerge. Many research activities to date

considered macroscopic modeling [2e7] while others focused

on pore scale modeling of different fuel cell components

[8e10]. The recent trends in macroscopic fuel cell modeling of

relevance for open-cathode designs were directed towards

thermal management, flow field design, and water manage-

ment. The issues related to the water and thermal manage-

ment are particularly important when dealing with the open

cathode air-cooled PEMFCs. This is attributed to the low hu-

midity operating conditions and limited cooling effectiveness.

Most established fuel cell models assume fully hydrated

membranes and isothermal conditions [11e13] which are
Fig. 1 e Model geometry, cell compon
generally acceptable for liquid-cooled fuel cells operating

under well-humidified conditions. However, such assump-

tions are not valid for open cathode designs, known to operate

under low humidity conditions and have significant temper-

ature gradients [14].

Thermalmanagement is a necessity for PEMFCs, especially

for the air-cooled stacks. Heat generation inside the cells and

its distribution could result in different thermal behavior of

the stack. Ju et al. [15] examined different heat generation

mechanisms in a single channel PEMFC. Their model was

accurate in predicting the thermal behavior on the single-

channel level; however, it could not capture the temperature

or RH gradients on the cell level. Bapat and Thynell [16]

studied the effects of anisotropic thermal properties and

contact resistance on the temperature distribution using a

two-dimensional single-phase model based on a single

channel domain, but did not investigate the effects of those

properties on the RH distribution. Several useful thermal

management strategies have been developed for PEMFCs.

Installation of separate liquid cooling channels in the bipolar

plate is the most common strategy to avoid high tempera-

tures. This approach was experimentally examined by Matian

et al. [17]. Wider cooling channels were shown to enhance the

rate of heat transfer from the stack with the tradeoffs of

reduced mechanical stability and increased complexity of

plate design and manufacturing. The Ballard Nexa stack pio-

neered the use of air cooling through a separate flow field

configuration [18]. However, due to their complexity, the Nexa

stack was replaced with the modern Ballard FCgen®-1020ACS

stack with combined cathode air supply and cooling channels.

Alternative strategies are also available in the literature that

may increase the complexity of the stack design and operation

under transient conditions [19,20].

Another important phenomenon in low humidity air-

cooled stacks is membrane dehydration. Membrane water

content, which is a function of water activity, will directly

affect proton conductivity [12] and consequently ohmic los-

ses. It is shown in Ref. [21] that low humidity operation will

reduce the overall fuel cell performance. Therefore, self-

humidifying MEAs should be utilized to avoid membrane

dehydration. A vast amount of research is focused on water

transport modeling and water management in PEMFCs. These

investigations are mostly directed towards resolving the

flooding issues under high humidity conditions [22,23] in
ents, and boundary conditions.
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order to increase power density. In air-cooled fuel cells,

however, drying ismore critical than flooding. Zhang et al. [24]

compared the fuel cell performance obtained experimentally

with fully humidified and completely dry gases under

isothermal conditions, and found that the cell performance

decreased at dry conditions due to poor ionomer phase proton

conductivity. It was also demonstrated that cell operation at a

combination of dry gases and high temperature was particu-

larly challenging. No such studies have been reported for open

cathode and/or air-cooled PEMFCs, known to operate under

dry, non-isothermal conditions [14].

Temperature and membrane hydration are highly coupled

during fuel cell operation and pose significant challenges for

open-cathode stacks that lack the homogenous characteris-

tics of standard, liquid cooled and humidified PEMFCs. By

proper hygrothermal management of PEMFCs, the operating

temperature of the stack as well as the membrane hydration

level ought to be controlled in the desired range, i.e., between

60 and 100 �C for temperature [25] and higher than 15e20% for

RH. Even though a host of studies were carried out on PEMFC

modeling, no work is reported in the literature on the inves-

tigation of stack hygrothermal characteristics. Simultaneous

study of heat and humidity can provide the fuel cell manu-

facturers with precious information. Such information can be

utilized in designing a system that will not face the afore-

mentioned problems. Our group recently developed a

computational thermalmodel for the central cathode channel

in an air-cooled PEMFC system [14]. This model could

reasonably predict the maximum temperature in the air-

cooled stack. However, it was limited to the analysis of a

single cathode channel, not a complete cell.

To investigate the hygrothermal characteristics of open-

cathode air-cooled stacks and assess their behavior under

various conditions, a specialized cell-level numerical model is

developed in this work. Themodel includes one complete fuel

cell situated in an air-cooled stack and can predict the tem-

perature and humidity distribution inside the cell efficiently

and accurately. The present model is validated with experi-

mental data obtained at Ballard Power Systems, and applied to

locate hot spots and dry zones throughout the whole cell. In

addition, an investigation on stack hygrothermal character-

istics is performed by considering the effects of the flow rate,

flow distribution, in-plane plate thermal conductivity, and

edge cooling. Finally, practical recommendations aremade for

passive hygrothermal control of the stack, which could

enhance fuel cell performance and durability without

increasing cost.
Modeling approach

Themain objective of this work is to develop amodel that can

predict the hygrothermal characteristics in a cell of an open-

cathode PEMFC stack. Therefore, the temperature and hu-

midity distributions inside the cell are the key parameters of

interest. The present modeling scheme is based in part on the

thermal model developed previously by our group [14]; how-

ever, in this work the model is extended to solve for humidity

in order to capture the hygrothermal coupling. Moreover,

since the computational domain is extended to a complete cell
instead of a single channel, more useful studies can be per-

formed to investigate the effects of different parameters on

the hygrothermal characteristics of the stack, especially in the

cell lateral-direction. The geometry and governing equations

of the present model are described in the following

subsections.
Model geometry

The left part of Fig. 1 shows a schematic of the Ballard FCgen®-

1020ACS which is an open cathode air-cooled scalable PEMFC

stack. This stack consists of a variable number of cells that are

stacked vertically. The cathode channels used jointly for ox-

ygen supply and cooling are straight and the air is provided by

a fan placed near the outlet. On the anode side, the channels

are dead-ended and filled by stagnant pressurized hydrogen.

The hydrogen channels are purged periodically during oper-

ation. In this analysis, one cell of a generalized open cathode

stack is modeled and the governing equations for its heat and

mass transfer are solved numerically in three dimensions.

The geometrical model and boundary conditions are depicted

in Fig. 1. Periodic boundary conditions are applied at the top

and bottom sides of the plate, which is representative of a

given cell in the main body of the stack. Note that the sym-

metric boundary is invalid in this case due to the lack of

symmetry in the x-z plane and heat transfer between adjacent

cells. For the inlet and outlet boundaries, constant pressure is

set, and the inlet air composition based on the ambient rela-

tive humidity and temperature is defined. The cell shown in

Fig. 1(b) has a symmetry boundary condition at the central

symmetry plane on the right and a convection heat transfer

boundary condition at the edge of the cell on the left. The

positions of the main MEA components including the catalyst

coated membrane (CCM) and GDLs that are considered in this

model are shown in Fig. 1(d).
Governing equations

The physics of the model are governed by the conservation of

mass, momentum, chemical species, and energy. Since the

channel Reynolds number is less than 2300, even for the

highest volumetric flow rate considered here, laminar flow is

assumed. In addition, the flow is incompressible as a result of

low Mach numbers inside the channels.

The general form of the mass conservation equation for an

incompressible steady state flow is shown in Eq. (1), in which r

is the gas mixture density, V
!

is the velocity, and Smass is the

mass source term for the electrochemical reactions in the cell:

V:
�
rV
!� ¼ Smass (1)

Smass ¼ �MO2
J

4F
þMH2OJ

2F
(2)

In Eq. (2), M is the molar mass, F is the Faraday's constant,

and J is the volumetric current density. Here, J, which is equal

to the current density divided by the CCM thickness, is

assumed to be known a priori based on the measured current

density distributions. More details about this assumption are

explained in Section 3.
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Fig. 2 e Normalized current density distribution measured

at different downstream positions (indicated by the

symbols) along the lateral direction (indicated by the

dashed line) of a single cell in the center of the stack.
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Conservation ofmomentum is brought in Eq. (3), where p is

the gas pressure and m is the mixture viscosity that can be

obtained from themass-weightedmixing law theory shown in

Eq. (4):

V:rV
!

V
!¼ �Vpþ V:

�
mV:V

!�þ SMom (3)

m ¼
X
i

cimiP
j

cjfij

; i; j ¼ O2;N2;H2O (4)

In Eq. (4), ci is the mole fraction of each chemical species

and fij has the following formulation:

fij ¼

�
1þ

 
mi
mj

!1=2�
Mj

Mi

�1=4�
�
8

�
1þ Mi

Mj

��1=2
2

(5)

The last term in the momentum equation is the source

term which is only non-zero in the porous GDL and CCM

layers. In other words, a sink is added to the general mo-

mentum equation that represents the flow resistance due to

the existence of porous materials. This source term can be

obtained from the following equation:

SMom ¼ �m

k
V
!

(6)

where k is the gas permeability inside a porous medium.

Conservation of energy and chemical species equations are

shown in Eqs. (7) and (8), respectively:

V:
�
cprV

!
T
� ¼ V:ðkVTÞ þ ST (7)

V:
�
rV
!
Yj

� ¼ V:
�
rDeffVYj

�þ Sj j ¼ O2;N2;H2O (8)

where cp is the specific heat of themixture calculated from Eq.

(9) and k is the mixture thermal conductivity obtained based

on the weighing model used for the viscosity (cf., Eq. (4)). Yj is

the mass fraction of the jth species in the mixture and Deff is

the effective diffusion coefficient, assumed to be constant.

cp ¼
X
i

Yicp;i (9)

The last terms in Eqs. (7) and (8) are the source terms. In Eq.

(7), the source term is the total heat generation rate which

consists of reversible and irreversible heat losses calculated

from Eq. (10) [26]. Similarly in Eq. (8), the source term repre-

sents consumption of oxygen and production of water vapor

obtained from Eq. (11):

ST ¼ ðEth � VcellÞJ (10)

SO2
¼ � J

4F
MO2

; SH2O ¼ J
2F

MH2O (11)

In Eq. (10), Eth is the thermal voltage [24] defined by Eq. (12)

and Vcell is the cell voltage. The cell voltage and current den-

sity distribution are applied based on measured data.

Eth ¼ �DH
2F

(12)

Here, the low heating value of hydrogen, DH, is used to

calculate the thermal voltage, i.e., the product water is
assumed to be generated in the vapor phase. Furthermore,

since the stack operates at low humidity conditions, high air

flow rates, and relatively low current densities, it is expected

that there will be no water vapor condensation. In contrast to

most previous cell/stack level simulations, see for example

[27], a uniform current density assumption is not required in

the present model, which is essential for accurate modeling

of open cathode devices with large gradients. Here, the

coupled heat and mass transfer equations are solved simul-

taneously and the distribution of heat and water vapor gen-

eration is assumed to be a function of the current density

distribution.

Commercial software, ANSYS Fluent 14.0, is used to solve

the governing equations. The SIMPLE algorithm is imple-

mented to solve the pressureevelocity coupling and the

power-law scheme is used for the discretization of the equa-

tions. A mesh independency study is performed for different

mesh sizes, and finally a structuredmeshwith 3.1million cells

is chosen. For the convergence criterion of 1.0e�6 for the ab-

solute error, the solution converges after 250 iterations. This

number will increase to 500 if 1.0e-12 is chosen for the

convergence criterion. Approximately 4e6 h are required for

500 iterations in parallelmodewith 4 cores on an Intel® Core™

i7 Processor system with 12 GB RAM.
Results and discussion

The unique cell-level hygrothermal model of an open cathode

air-cooled fuel cell developed in this work is first validated

with experimental data measured using a standard stack

configuration and then applied to investigate the key hygro-

thermal characteristics of the stack under a range of typical

operating conditions.
Model validation

Fig. 2 shows the normalized current density distribution

measured at different locations in a single cell within a Ballard

Power Systems FCgen®-1020ACS stack. The normalization is

performed based on the average cell current density.

http://dx.doi.org/10.1016/j.ijhydene.2014.07.049
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Table 1 e Operating conditions of the stack used for
model validation.

Case A Case B

Stack current (A) 87.0 57.1

Cell voltage (V) 0.569 0.712

Air flow rate (lpm) 86.7 29.6

Ambient temperature (
�
C) 21 20
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Experimental observations show that the normalized current

density distribution is essentially independent of the stack

power rating. Therefore, it is possible to use the same

normalized distribution for different stack power levels. This

assumption is valid as long as no major changes are made in

the stack geometry. Moreover, as inferred from Fig. 2, the

variations of current density along the downstream position,

z/z*, are small. Hence, it is assumed that the current density is

only a function of the lateral position, i.e., the distribution is

one dimensional.

To examine the validity of these two assumptions, two

different scenarios are considered. In the first one, the simu-

lated temperatures by using 1D and 2D current density dis-

tributions are compared to the measured temperature data.

Fig. 3 shows the temperature distribution along the lateral

direction in the cell at the downstream position of z/z* ¼ 0.88

for the first scenario. The difference between implementation

of 1D and 2D distribution is less than 2.8%. Hence, variations

of current density along the channel direction can be

neglected.

In the second scenario, simulated and measured temper-

atures for two typical stack power levels are compared at z/

z* ¼ 0.88. Since the 1D current density distribution provides

reasonable accuracy, the same assumption is used here. De-

tails on the stack operating conditions for the two power

levels are tabulated in Table 1. Demonstrated in Fig. 4 are the

obtained results for this scenario. Good agreement can be

seen between the model predictions and the experimental

measurements. As shown in Fig. 4 for x/x* > 0, which indicates

the right half of the cell, the deviation between the present

numerical model and the experimental data is larger. This is

due to the assumption of symmetric boundary condition at

the center. The FCgen®-1020ACS stack does not have

completely symmetric cells and the current density distribu-

tion, as a consequence of the non-uniform temperature dis-

tribution, is not fully symmetric (cf., Fig. 2). In general, the

numerical results from the model are in good agreement with
Fig. 3 e Temperature distribution at z/z* ¼ 0.88. Square

symbols represent experimental data; solid line indicates

modeling results with 2D current distribution assumption;

and dashed line shows modeling results with 1D current

distribution assumption.
the experimental data and themaximum relative difference is

less than 6%.

Case studies

In this section, the validated cell-level model is applied to

simulate and assess the variations of hygrothermal stack

characteristics under a practical range of conditions and cell

parameters. Firstly, a number of case studies are performed to

investigate the effect of key parameters on the temperature

and RH distributions in the cell. Then, based on the obtained

results, recommendations are made to improve the hygro-

thermal management of the cell/stack by increasing temper-

ature and RH uniformity throughout the cell and mitigating

local hot spots and dry zones. The cathode air flow rate, the

overall fan velocity distribution at the cathode outlet, the bi-

polar plate thermal conductivity, and different edge cooling

scenarios are the main influential parameters expected to

control the hygrothermal characteristics of the cell. As such,

the above-mentioned cases are investigated to provide useful

guidelines for improved design and operation of open cathode

air-cooled PEMFCs.

Baseline case
An open cathode cell with the dimensions and operating

conditions listed in Table 2 is considered as the baseline case.

The conditions assumed for the baseline case represent a fuel

cell with an efficiency of 50% and power output of 110 W per

cell. The simulated temperature contours for this case are

shown in Fig. 5(a). The maximum temperature is predicted to

occur at the outlet of the central channel and the temperature
Fig. 4 e Temperature distribution at z/z* ¼ 0.88 for two

stack power levels obtained by the present model (lines)

and from the measurements (symbols).

http://dx.doi.org/10.1016/j.ijhydene.2014.07.049
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gradients in the cell have the same trends as the experimental

data. The maximum temperature for this case is calculated to

be 79.5 �C.
The simulated RH contours at the interface between the

cathode GDL and CCM for the baseline case are presented in

Fig. 5(b). In contrast to typical liquid-cooled PEMFCs with gas

humidification, air-cooled PEMFCs operate under remarkably

dry conditions. Provided that ambient air supply of low

temperature and humidity is utilized directly on the cathode,

the average RH value in the cathode side of the air-cooled

stack is much lower than those of other types of PEMFCs.

This can be seen in Fig. 5(b), where the RH is ranging from

10% to 35% for the baseline conditions. The RH is higher

under the lands, where the water vapor transport from the

MEA to the channel is more constrained than directly under

the channel. Moreover, although the water generation rate is

higher close to the center of the cell, the RH is lower at those

locations. This shows the high dependence of RH on tem-

perature, thus demonstrating the important hygrothermal

coupling of the open cathode design. The driest portion of

the cell coincides with the highest temperature, which in-

dicates that excessive heat generation can overshadow

water production in terms of the overall hygrothermal per-

formance of the cell.

Flow distribution
The velocity distribution downstream of a fan is generally not

uniform. As a consequence, the flow rate in each channelmay

vary across the cell, which could affect the hygrothermal

characteristics. A preliminary numerical simulation is per-

formed to model the flow inside a stack consisting of 28 plates

with 80 channels and baseline dimensions. For this case, only

the flow field is solved. Fig. 6 shows the geometric model and

the simulation results for a quarter of the aforementioned

stack when the fan is placed in suction mode at the cathode

outlet. Due to the inherent symmetry of the fan and stack

combination, only a quarter of the physical 3D domain is

required for fluid dynamics simulations. The obtained velocity

profiles at the outlet position of the central cell in the stack for

two different fan positions, i.e., 2 cm and 5 cm from the stack,

are shown in Fig. 7. The velocity is lower in front of the fan hub

and increases toward the blade tips. This is also in agreement

with the experiments done in Ref. [28]. In general, the velocity

distribution becomes more uniform with increased spacing

between fan and stack.
Table 2 e Baseline case conditions.

Parameter Value

Stack current 80 A

Cell voltage 0.57 V

Air flow rate 51.5 lpm

Ambient temperature 20 �C
MEA thickness 500 mm

Cathode channel height 3.0 mm

Anode thickness 1.0 mm

Rib width 1.5 mm

Cathode channel length 70.0 mm

Number of cathode channels 80

Flow distribution Uniform
Based on the profile obtained from the experiments in Ref.

[28] and the numerical results obtained in this work, a hypo-

thetical velocity profile using a cosine function is proposed at

the outlet of the stack:

V ¼ V0

h�
1� cos

�px
x*

		
þ a

i.
ð2þ aÞ (13)

whereV0 represents the amplitude of the velocity profile and a

is an index that represents the flow uniformity. A high flow

uniformity index indicates a more uniform flow.

The proposed velocity distribution is used as the boundary

condition for the velocities at the outlet of the cathode chan-

nels in the cell level model to assess its impact on the

hygrothermal performance of the stack. Fig. 8(a) and (b) pre-

sent the temperature and RH profiles, respectively, along the

lateral direction in the cell at the downstream position of z/

z*¼ 0.8 for different flow uniformity indices. By decreasing the

flow uniformity, i.e., decreasing a, the temperature and RH

gradients in the cell are found to increase significantly. With

non-uniform flow, larger areas may be dried out, which can

result in lower fuel cell performance.

Although the flow distribution in this work is hypothetical,

results from this section reveal the importance of flow uni-

formity and its impact on the hygrothermal characteristics of

air-cooled PEMFCs. Hence, care should be exercised when a

fan is selected for cooling purposes in open-cathode stacks.

Providing uniform flow to the stack is shown to result in

improved hygrothermal characteristics and consequently

features increased performance. Moreover, there is an op-

portunity to control the temperature and RH in the stack by

designing suitable manifolds.

Fan flow rate
The air flow rate produced by the fan is also an important

factor for hygrothermal management of open-cathode fuel

cell stacks. As shown by our previous channel-level model

[14], the air flow rate reduces the maximum temperature

considerably. Using the present cell-level model, a parametric

study is performed to examine the effect of air flow rate on the

maximum and minimum temperature and RH values in the

whole cell. Note that in all cases, a uniform flow distribution is

assumed. Shown in Fig. 9 is the variation of the cell maximum

andminimum temperature and RH for different air flow rates.

By doubling the air flow rate from 50 to 100 lpm, while keeping

all other parameters constant at the baseline values, the

maximum temperature drops about 25 �C. The maximum

temperature differential in the cell is also reduced by 10 �C.
100 lpm for the aforementioned cell dimensions may be

considered an artificially high flow rate in the context of

conventional, liquid-cooled PEMFCs, but is a typical value

used to increase the cooling capacity for air-cooled stacks

operating at high current densities.

Both water vapor concentration and temperature increase

along the channel due to heat and mass generation inside the

CCM and the transport of heat and mass from the inlet to-

wards the outlet. In all cases, the maximum temperature oc-

curs at the outlet near the center of the cell, and its minimum

value is found close to the inlet at the corner adjacent to the

cell edge (Fig. 5(a)). The same trend is found for the water

vapor concentration. However, the case is not the same for
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Fig. 5 e Simulated (a) temperature and (b) RH contours for the baseline open cathode fuel cell. The modeling domain shown

here is the left half of a single cell in the stack.
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RH. In contrast to the water vapor concentration, RH is a

function of the water saturation pressure which itself is a

function of temperature. Therefore, both temperature and

water vapor concentration are critical factors in determining

RH. TheminimumRH in the CCM occurs under the channel at

the inlet of the central channel and its maximum is located

under the landing at the channel inlet adjacent to the edge of

the cell (cf., Fig. 5(b)). The RH variation along the channel di-

rection is found to be monotonically increasing or parabolic,

depending on the fuel cell conditions (cf., Fig. 12).

Liquid-cooled, humidified PEMFCs often operate at around

80 �C [29], where an optimumbalance is reached between high

electrochemical kinetics and adequate membrane hydration.

Hence, we may seek a similar operating point for the air-

cooled open cathode cells. However, such characteristics are

difficult to achieve for operation on ambient air. As shown in

Fig. 9, for flow rates below 70 lpm, theminimumRH is equal to

or less than 15%,which can be considered an impractically dry

condition. Hence, although the air stoichiometry is suffi-

ciently high to provide enough oxygen to the cell, a higher flow

rate is required to guarantee adequate hydration.

Temperature and RH have inverse trends according to

Fig. 9. As the flow rate increases, both minimum and

maximum values of RH increase, while both minimum and
Fig. 6 e Geometric model for a quarter of the stack used for fluid

channel domains and (b) obtained velocity distribution in the s
maximum temperatures decrease. Increasing the flow rate

thus effectively enhances heat transfer and cools down the

system. As a result of the temperature drop, the water satu-

ration pressure is reduced. The water vapor concentration

also decreases in the CCM since the mass transfer rate is

improved in the channel. Recalling the RH definition,

RH ¼ pv
psat

¼ cH2O
P

psat
, both numerator and denominator decrease;

however, the net RH increases because of the more rapid

decay in saturation pressure.

Plate thermal conductivity
Heat conduction through the bipolar plate is one of the major

paths of heat transfer in air-cooled stacks. Hence, the thermal

conductivity of the plate material is an influential parameter

for hygrothermal management. Its importance on thermal

management was studied in Ref. [14] for a single channel;

however, neither the temperature gradients along the lateral

direction nor the humidity distribution were assessed in that

model. As an extension to the previous work, in the present

work these effects are studied in the whole cell. Fuel cell bi-

polar plates are usually made of graphite. Graphite is an

orthotropic material, which means that its thermal conduc-

tivity is direction-dependent with respect to the through-

plane and in-plane directions. The in-plane thermal
dynamics simulations, indicating (a) fan, plenum, and flow

tack.
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Fig. 8 e Simulated (a) temperature and (b) RH distributions

for different flow uniformity indexes, a, at z/z* ¼ 0.8.
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conductivity of graphite is generally between 10 and

1000 W m�1 K�1 [30]. However, its through-plane thermal

conductivity is at least 10 to 100 times lower. In this section,

the sensitivity of this parameter and its effects on the cell-

level hygrothermal characteristics are explored.

Previously in Ref. [14], it was shown that the through-plane

thermal conductivity of the bipolar plate, under the consid-

ered range, did not have a significant impact on the temper-

ature distribution. Therefore, only the in-plane thermal

conductivity is presently examined. It is anticipated that by

increasing the thermal conductivity, a more uniform tem-

perature distribution in the cell is achieved. Fig. 10 shows the

simulated variations ofmaximumandminimum temperature

and RH in the cell for three different cell currents (20, 60, and

80 A), which correspond to current densities of 0.14, 0.42, and

0.56 A cm�2, respectively.

Notably, both temperature and RH in open cathode cells

are strong functions of current density. The local temperature

in the simulated cell is found to increase from 25 to 30 �C at

low cell current to 50e80 �C at high current. By increasing the

in-plane thermal conductivity from 60 to 600 W m�1 K�1, the

maximum temperature in the plate is found to decrease from

77.7 to 74.5 �C for the baseline case (high current density). This

trend is consistent at medium and low current densities

despite the lower net operating temperatures. Although the

observed drop in maximum temperature is quite small, the

maximum temperature difference in the plate, which is a

good indicator of temperature gradients in the cell, decreases

significantly at all current densities. Therefore, a relatively

uniform temperature distribution is obtained. The effect of

this parameter on the temperature uniformity is however not

significant for values higher than 300Wm�1 K�1, which can be

considered a practical target thermal conductivity that is

commercially available with emerging materials such as

pyrolitic graphite sheets [31].

In contrast to the temperature, the local relative humidity

in the simulated cell is determined to decrease significantly

from 25 to 70% at low current to 5e35% at high current due to

higher heat generation. Hence, open cathode cell operation at

high current densities is the most challenging regime and

therefore the baseline of this study. At high current, both

maximum andminimumvalues of relative humidity decrease
Fig. 7 e Simulated velocity profiles at the outlet of the

central cell for two different fan distances from the stack.
as the in-plane thermal conductivity is increased. This is pri-

marily a result of increasing average temperature in the CCM

and the strong hygrothermal coupling experienced by open

cathode cells. For instance, the average CCM temperature in-

creases by approximately 10 �C when the in-plane thermal

conductivity is increased from 60 to 600 W m�1 K�1. The more

uniform temperature distribution obtained at higher in-plane

thermal conductivities also leads to a more uniform humidity

distribution in the cell. This can be seen in Fig. 11, which

compares the RH distribution along the lateral direction at two
Fig. 9 e Effect of air flow rate on the hygrothermal behavior

of an air-cooled open cathode fuel cell stack.
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downstream positions, one near the outlet and one near the

inlet, for three different plate in-plane thermal conductivity

values. It should be mentioned again that similar to the

explanation made under Fig. 8(b), for higher clarity of the di-

agram, the mean RH distribution is shown. The exact RH dis-

tribution oscillates around the mean values depending on the

lateral position (channel vs. land). A considerable portion of
Fig. 10 e Effect of plate thermal conductivity on the

maximum and minimum temperature and RH in an open

cathode cell operating at: (a) high current density, (b)

medium current density, and (c) low current density.

Fig. 11 e Simulated RH distributions in the cathode catalyst

layer at the inlet (black lines) and outlet (red lines) locations

for three different in-plane thermal conductivity values (as

indicated, [W m¡1 K¡1]) for the plate. (For interpretation of

the references to color in this figure legend, the reader is

referred to the web version of this article.)
the distinct difference between the minimum and maximum

RH values shown in Fig. 10 is attributed to this oscillation. At

the inlet of the cathode channels, the overall RH level is found

to decrease with increasing thermal conductivity due to the

rise in local temperature. However, at the outlet, the RH values

increase as a result of local temperature reduction caused by

the enhanced in-plane heat transfer. Note that the enhanced

heat transfer attributed to increased in-plane thermal con-

ductivity is influential on RH values both under channels and

under lands.

A major finding from Fig. 11 is that the highest thermal

conductivitymaterial is not always the best alternative for air-

cooled stacks, considering that larger dry zones may emerge

by using such materials. As seen in Fig. 11, the moderate in-

plane thermal conductivity (100 W m�1 K�1) leads to more

uniform RH distribution along the lateral direction as well as

along the channel direction. This trend is further exhibited in
Fig. 12 e RH variations along the channel direction under

the central channel for different plate in-plane thermal

conductivities.
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Fig. 12 which is brought to assess the variations of RH along

the channel direction. Indeed, the moderate in-plane thermal

conductivity of k ¼ 100 W m�1 K�1 provides the most uniform

RH distribution. Moreover, it is observed that increasing the

in-plane thermal conductivity would not affect the RH distri-

bution substantially beyond a critical value, which is

k ¼ 300 W m�1 K�1 for the case under consideration. Using

high thermal conductivity materials will be beneficial in

creating temperature uniformity but results in lower RH

values. However, the latter constraint can be mitigated by

increasing the flow rate.

Edge cooling
The rate of heat transfer from the outer surfaces of the cell to

the surrounding environment is another factor that could

influence the hygrothermal characteristics of the stack. The

convective heat transfer coefficient at these surfaces depends

on the natural convection or forced convection regimes for

cooling. The simulated temperature and RH profiles at the z/

z* ¼ 0.8 downstream position are presented in Fig. 13 for four

different convective heat transfer coefficients at the edge of

the cell.
Fig. 13 e (a) Temperature and (b) RH distributions along the

lateral direction in the CCM at z/z* ¼ 0.8 for different edge

cooling conditions.
By increasing the heat transfer coefficient at the edges

from zero (adiabatic condition) to 100 W m�2 K�1 (high speed

forced convection), the overall heat removal rate increases

which is desirable for high power applications, but the tem-

perature uniformity decreases which is undesirable due to the

introduction of thermal stresses in the stack. Furthermore,

edge cooling is found to be only effective on the cell areas

close to the edges and does not have major effects on the

maximum temperature which occurs at the center of the cell.

The RH variation shows the inverse trend of the tempera-

ture. According to Fig. 13(b), by increasing the convective heat

transfer coefficient, the RH increases due to the drop in the

temperature in the regions adjacent to the cell edge. Similarly

to the temperature behavior, these changes are limited to the

edges and are not effective in the central regions.

It should be noted that the effectiveness of edge cooling

depends on the stack width. The theoretical heat dissipation

capacity of the edges is simply not sufficient to cool wide

stacks such as the ones analyzed in this work due to the

relatively high rates of internal heat generation. Small, less

wide stacks withmerely a few parallel channelsmay however

be effectively cooled through the edges. It is noteworthy

however that edge cooling could still have negative effects in

such cells due to increased temperature gradients along the

lateral direction. A reduced temperature at the edge may also

reduce the electrochemical kinetics in that region, the effect

of which is beyond the scope of this work. It is also found that

the temperature uniformity in case of high convective heat

transfer rates can be improved by using a high thermal con-

ductivity material, although temperature gradients are still

significant.
Conclusions

The hygrothermal characteristics of open cathode PEMFC

stacks were examined by numerical simulations under

various flow and design conditions. A unique cell-level

hygrothermal model was developed for this purpose and

extensively validated with experimental data. Significant

coupling of temperature and humidity was observed and

comprehensively addressed under various conditions. Areas

of abnormally high or low temperature and humidity as well

as major temperature and humidity gradients were recog-

nized and thoroughly assessed based on the complete cell

domain.

Results from this investigation showed the high depen-

dence of the temperature and RH distributions on the stack

flow distribution. Insufficient air plenum distance between

fan and stack was determined to be a potential source of non-

uniform flow distribution, resulting in more severe tempera-

ture gradients and increased drying of the MEA. In addition to

the flow distribution, the air flow rate was shown to have a

major effect on the cell-level hygrothermal characteristics. It

was observed that by increasing the air flow rate, the

maximum temperature and temperature gradients in the cell

decreased. It was anticipated that at higher flow rates, due to

higher convective mass transfer coefficient and higher water

vapor removal rate, the overall RH in theMEAwould decrease.

In contrast, however, it was determined that the reduction in
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temperature caused by the higher flow rates is a more influ-

ential factor, which leads to improved humidification as

opposed to drying.

The thermal properties of the bipolar plate were also

shown to play an important role in the hygrothermal stack

behavior. The effect of the in-plane thermal conductivity was

considerable on both temperature and RH variations along the

channel direction and lateral direction. By increasing the in-

plane thermal conductivity, the maximum temperature dif-

ference in the bipolar plate was considerably reduced, which

resulted in more uniform temperature and RH distributions.

Unfortunately, however, high thermal conductivities also lead

to significant drying at the inlet, where the incoming air

rapidly absorbs both heat and moisture from the MEA due to

the heat spreading effect of the plate. In this context, high

rates of in-plane heat transfer towards the inlet can have

detrimental effect on the membrane hydration in this region.

Furthermore, the rate of convective heat transfer from the

edges of the stack was found to affect the lateral distributions

of temperature and humidity within each cell. High rates of

edge heat transfer resulted in increased lateral gradients in

both temperature and RH, while the maximum temperature

(hot spot) at the center of the stack remained unchanged for

the stack dimensions considered in this work.

In summary, based on the obtained results the following

recommendations can be made for improved hygrothermal

management of an air-cooled open cathode PEMFC stack:

� The fan should be positioned at an appropriate distance

from the stack to avoid non-uniformdistribution of air flow

in the cathode channels.

� The air flow rate is a controlling parameter on the tem-

perature and RH distributions in the stack. Increasing the

flow rate results in reduced temperature and increased RH;

both of which are favorable for stack operation at high

current densities.

� Plate materials with high thermal conductivity may be

desirable in general, but will not resolve the hygrothermal

issues of open cathode stacks unless provisions are made

for increasing the humidity, e.g., by increasing the flow

rate. A moderate thermal conductivity is therefore rec-

ommended to achieve hygrothermal balance in open

cathode cells.

� Edge cooling should generally be avoided for open cathode

cells due to undesirable lateral temperature and humidity

gradients.
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Nomenclature

cp constant pressure specific heat, J kg�1 K�1

D diffusivity, m2 s�1

Eth thermal voltage, V

F Faraday's constant, 96,485 C mol�1

J volumetric current density, A m�3

k thermal conductivity, W m�1 K�1

Mi ith species molar mass, kg mol�1

p pressure, Pa

S source term

T temperature, K

V
!

velocity vector, m s�1

Vcell cell voltage, V

x lateral coordinate, m

x* half cell width, m

y vertical coordinate, m

Yi ith species mass fraction

z channel (downstream) coordinate, m

z* cell length, m

Greek symbols

DH low heating value of hydrogen, 240 kJ mol�1

ci ith species mole fraction

m dynamic viscosity, Pa s

fij weighting function obtained from Eq. (5)

k gas permeability, m2

r density, kg m�3

Subscripts

eff effective

mass mass

mom momentum

T temperature
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