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Abstract: In this study, a three-dimensional multi-phase proton exchange membrane
fuel cell (PEMFC) electrochemical model coupled with a cooling channel (CC) was
developed, to comprehensively analyze the heat transfer characteristics. The membrane
temperature, index of uniform temperature (IUT), net power, and the Nusselt number
were applied to evaluate the heat transfer performance. The results indicate that a
smaller IUT value achieves better PEMFC performance at close temperatures, and the
best performance is achieved with a coolant inlet temperature of 343.15 K. Although
increasing the coolant flow velocity improves the cooling effect, thereby enhancing
PEMFC performance. However, it inevitably leads to an increase in parasitic power,
resulting in a decrease in the output power of the PEMFC system. Moreover, with the
coolant temperature difference less than 6K, PEMFC shows better performance when
the coolant flow direction is the same as Oz. On the contrary, with the coolant
temperature difference greater than 6K, the coolant flow direction should be the same
as Ha to ensure good performance. In addition, with the temperature difference between
the coolant inlet and outlet of 10K, 6K, and 3K, respectively, the surface Nusselt
number of wavy CC is 5.46%, 8.92%, and 18.71% higher than the straight CC,
respectively.
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1 Introduction

Hydrogen energy has been widely recognized as one of the most promising clean
energy sources [1]. The Proton exchange membrane fuel cell (PEMFC) uses hydrogen
as fuel, and the reaction process produces virtually no other impurities, and the only by-
products are water and heat [2]. Due to the outstanding advantages of high efficiency,
high power density, rapid start-up speed, low operating temperature, and zero pollution
[3, 4], PEMFC is considered a most promising candidate energy conversion device for
transportation, standby, fixed and portable application, and has even been used in
submarines and aerial vehicles [5, 6]. PEMFC applications focus on transportation as a
primary domain, with significant attention currently focused on proton exchange
membrane fuel cell vehicles (PEMFCVs), such as passenger vehicles, commercial
vehicles, and buses.

Generally, the power of PEMFCVs ranges from 20 to 250 kW to meet the requirements
of different applications [7]. Due to the fact that PEMFC is not limited by the Carnot
cycle, its energy conversion efficiency reaches 40%~60%, and almost all remaining
energy is converted into heat [8]. This is due to a large amount of heat generated by
ohmic resistance, mass transfer overpotential, and irreversibility of electrochemical
reactions during their operation [9, 10]. The regular operation of PEMFC is greatly
affected by the operating temperature [11]. The proton exchange membrane can be
destroyed by excessive temperature, while low temperature can cause a slow reaction
[12]. Therefore, efficient and appropriate cooling enables PEMFC to obtain higher

power, safe operation and long working life [13]. Maintaining uniform temperature



inside the PEMFC is another crucial aspect of PEMFC thermal management.
Performance degradation can easily be caused by an uneven temperature distribution
inside the PEMFC [14, 15]. Reasonable cooling design enables PEMFC to operate at
expected temperatures, thereby stimulating the performance potential of PEMFC [16].
Currently, PEMFC cooling methods include air cooling, phase change cooling, heat
radiators, and liquid cooling [17, 18]. Although the air-cooling PEMFC dramatically
reduces the cost and simplifies the system [19], it suffers from a severe dependence on
ambient temperature and a lack of active cooling capacity [20]. PEMFC stacks with
heat radiators for cooling have received a lot of attention [21], and various studies have
developed ultra-thin vapor chambers as heat pipes [22, 23]. Phase change cooling with
the outstanding advantages of low coolant velocity and straightforward system design.
The expensive expense of phase change materials, however, has prevented phase
change cooling from being widely used in PEMFC stacks [21]. Liquid cooling is
typically used for high-power PEMFC stacks above 5 kW due to its high cooling
efficiency and cooling performance [18, 24]. With the widespread use of liquid cooling
in PEMFC thermal management, scholars have extensively researched cooling flow
fields, coolants, radiators, and strategies for improving cooling performance [20].
Convection between the coolant and the bipolar plate is almost the only way to carry
away the heat generated in PEMFC through liquid cooling [25]. Reasonable cooling
flow field and coolant velocity can ensure uniform temperature distribution of PEMFC,
and operate at the optimal operating temperature.

There have been numerous experimental research on the thermal and water



management of liquid-cooled PEMFCs [26, 27]. Visual experiments and infrared
thermography were used to explore the hydrothermal distribution of PEMFC. In
addition, Al203 nanofluids [28], ZnO nanofluids [29], and micro-encapsulated phase
change suspensions [30] have been used as coolants for PEMFC, and all of them
outperformed water in terms of cooling performance. However, the transfer phenomena
involved in water and thermal management in PEMFC are complex and interact,
including charge transport, multicomponent gas transport, two-phase flow, and heat
transfer in different components, et al. [31]. It is challenging to gather comprehensive
water and heat data by in-situ measurements due to the intense interaction of these
processes and the compactness of PEMFC. In contrast, Computational Fluid Dynamics
(CFD) simulations are more suitable for analyzing the water and heat transfer process
and the interaction between water and heat in PEMFC[17].

The structures and types of the cooling flow field have a considerable impact on the
flow characteristics and heat transfer effectiveness of the coolant. Back et al. [32]
designed six different structures of cooling flow fields and performed non-isothermal
model simulation without electrochemistry. They considered that flow field design has
a significant influence on temperature distribution. Chen et al. [33] designed MIMO-
type cooling flow fields with different inlet and outlet directions and evaluated their
cooling performance through an index of uniform temperature (IUT). They found that
the cooling performance was best when the inlet and outlet directions were opposite.
Zhang et al. [34, 35] constructed a metallic PEMFC structure with a wavy flow field.

They demonstrated that the flow field temperature distribution was more uniform when



the cooling flow field was in the same direction as the cathode. Alizadeh et al. [36]
designed an effective cooling flow field and studied the effects of laminar and turbulent
flow on heat transfer and pressure difference. Deng et al. [37] evaluated four cooling
flow fields. The results showed that the pressure difference of the serpentine cooling
flow field increased sharply with the increase of coolant velocity, and the wave cooling
flow field performed well. Afshari et al. [38, 39] built a zigzag cooling flow field and
found that the pressure difference of the serpentine cooling flow field was substantial.
The cooling performance of metal foam and zigzag cooling flow field was qualified
with a lower pressure difference. Song et al. [40] found that the multi-channel cooling
flow field performed better by designing six different cooling flow fields. Yu et al. [41]
improved the serpentine flow field to obtain a better cooling effect and more minor
pressure difference, but the influence of pressure difference can’t be ignored.
Vazifeshenas et al. [42] found that adding metal foam into the cooling flow field was
useful but accompanied by high-pressure difference. In addition, they found that water
performed better than glycol as a coolant. Li et al. [43,44] established a three-
dimensional cooling channel model for research and analysis, the conventional straight
channel, wave channel, and novel non-uniform channel have all been constructed. Their
findings indicate that the new channel design greatly improves cooling performance. In
the investigations mentioned above, the CFD models of various cooling flow fields
were developed. The numerical simulation was used to assess the cooling effects of
various cooling flow fields, which provides guidance for cooling flow field design.

These computational calculations, however, do not account for the electrochemical



reaction and mass transfer of PEMFC.

In some studies, electrochemical models of PEMFC with a cooling flow field have been
developed to study the heat transfer characteristics. Rahgoshay et al. [45] applied the
serpentine cooling flow field to PEMFC and found that it improved the uniformity of
the temperature distribution on the proton exchange membrane significantly. Sasmito
et al. [46] investigated the impacts of PEMFC stack cooling channel design. They
discovered that serpentine cooling flow fields provided the optimum cooling and
PEMFC stack performance. However, traditional serpentine designs perform poorly
due to excessive pressure differences and parasitic loads. Penga et al. [47] proposed a
flow field with coolant-induced variable temperature, where high relative humidity can
be maintained by the coolant temperature. Liu et al. [48] established a three-
dimensional straight channel PEMFC model with a coolant channel. They investigated
how the performance of PEMFC was impacted by coolant velocity, inlet temperature,
coolant direction, and the number of cooling channels. They believed pursuing very
high-temperature uniformity along the passage direction was unnecessary. The
temperature distribution along the channel should be carefully designed by adjusting
the coolant velocity. Atyabi et al. [49, 50] designed five different cooling flow field
structures for electrochemical performance research, including metal foam flow field
and heat pipe cooling, and the results showed that heat pipe obtained lower TUT.
Furthermore, they also proposed a comprehensive three-dimensional multiphase
PEMFC model with a novel flow field pattern at the cathode side, which was used for

the reference design of the cooling flow field [51, 52]. The results indicate that



embedding a separate cooling channel can enhance cooling and stabilize proton
transport on the membrane. Ghasemi et al. [53] established six various kinds of cooling
flow fields, including spiral flow fields, quantified and calculated the parasitic power
generated by the pumped coolant, and more carefully considered the impact of the
coolant pressure difference on the comprehensive performance of PEMFC. Liu et al.
[54] studied the influence of the coolant flow direction and demonstrated that PEMFC
performed best when the coolant flow direction was the same as the cathode gas. Wang
et al. [55] established an electrochemical model of PEMFC with cooling surfaces. The
results reveal that the current density and peak power density dropped as the
temperature difference between the cooling surfaces grew.

Although numerous cooling flow fields were constructed to increase PEMFC
performance in previous studies, only the heat transfer properties of the cooling flow
field were simulated, and most designs neglected the electrochemical model. The heat
generated by the electrochemical reaction is assumed a continuous and homogeneous
heat flux, which is not the practice case. Furthermore, when developing the PEMFC
electrochemical simulation model, some studies ignored the modeling of the cooling
flow fields, setting the wall surface of the PEMFC to equal temperature, thereby
ignoring the effect of the cooling flow field on the electrochemical properties of the
PEMFC and the internal water heat distribution, which are relatively imperfect places.
Therefore, a PEMFC electrochemical model integrating the cooling channel is
established in this study, and the effects of the cooling channel (CC) structure,

temperature, flow velocity, and flow direction on PEMFC performance and water heat



distribution are analyzed in detail. The study proposes a wave CC design for PEMFC
that enhances heat transfer capability, improves temperature distribution uniformity,
and prevents liquid water collection, consequently enhancing the electrochemical
properties of PEMFC. Furthermore, the heat transfer superiority of wave CC is
evaluated by various evaluation indicators, such as the IUT, the net power, and the
Nusselt number. The results of this research are expected to provide practical guidance
for optimizing the heat transfer performance of PEMFC and enhancing its performance,
safety, and working life.

2 Geometry Model

The three-dimensional PEMFC model is developed, as shown in Fig.1. The active area
is 2.2 mm x 100 mm.

Two types of CC are designed, which are the straight CC and wave CC, and their xOz

plane schematic is shown in Fig. 2. The wave CC is represented by:

Z=Asin(Bx)+C (1)
21

T=22
3 (2)

where T represents the period.

Additionally, Table 1 shows the related single cell physical parameters.
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Table 1

Geometric and physical parameters [56, 57].

Parameters Symbol Straight Wave
Diffusion layer thickness (um) dGDL 420 420
Catalyst layer thickness (um) dcL 10 10
MEM thickness (pum) Omem 50.8 50.8
Channel width, height, length (mm) Wen, Hen, Leh 0.8, 1.0, 100 0.8, 1.0, 100
CC width, height, length (mm) Wee, Hee, Lee 0.8,1.0,100 0.8,1.0,100
Rib width (mm) Wrib 0.7 /
Amplitude of the sine wave A / 0.2
Coefficient for determining the period of a
B / 0.4n
sine function
Position of the sine wave reference line in the
C / 0.4
direction of X
Kapr, Kct, 8.76x10713,10713,  8.76x10713,107"3,

Intrinsic permeability of GDL, CL, MEM(m?)

mem

Electronic conductivity of GDL, CL, BP
KGDL, KCL, KBP

(S'm™)
Thermal conductivity of GDL, CL, MEM, BP kepr, ke,
(W-m K™ Kmem, kBp
Ionomer volume fraction ®

2.0 x107%°
4000, 2000,
20,000

1.0,1.0, 0.95, 20.0

0.27

2.0 x107%
4000, 2000,
20,000

1.0, 0.95, 20.0

0.27

3 Numerical model

3.1 Model assumptions

Reasonable model assumptions simplify calculations and reduce calculation time, and

the model assumptions are as follows [54, 57]:

(1) Both gas flow and coolant flow are incompressible and laminar flow;

(2) All gases are considered ideal gases;



(3) Gas diffusion follows Fick’s Law of Binary Diffusion;
(4) The PEMFC operates at a steady state.
3.2 Conservation equations
The mass conservation equation of the gas mixture is as follows (solved in Channel,
GDL, and CL):
V'(pg'jg)zsg 3)

where p, is the density of gas, U, isthe velocity of gas, Sg is the quality source term.

g

That of coolant is as follows (solved in CC):

V(py-0,)=0 (4)
Where p,, is the coolant density, UW is the coolant velocity vector.
The momentum conservation equation of the gas mixture is as follows (solved in,

Channel, GDL, and CL):

u.u
v(%} =—VP, + 4,V -(VU, ) +5, (5)

Where ¢ is material porosity; Pg is gas pressure; 4, is the dynamic viscosity of gas; Su
is the momentum source term.
That of coolant is as follows (solved in CC):

V. (pwl]wl]w) =-VP,+u,V- (VUW) (6)
where Py 1s coolant pressure; £{,, is coolant dynamic viscosity;
The gas species transport conservation equation is as follows (solved in Channel, GDL,
CL):

V.(nggYi):V.(png“VYi)JrSi (7)

where Vi is the mass fraction; Dieff is the effective diffusion coefficient; Si is the mass



source term; subscript i represents different gases.

Dissolved water as follows (solved in CL, MEM):

2.5 P eff
Vi |i—I A=V (D;"VA|+S
(ZZF ion ] EW ( d ) mw (8)

where fion is 10nic current density, o . 1s dry film density of MEM, A is membrane
water content, EW is equivalent mass of membrane, D" is effective dissolved water
diffusivity, Smw is membrane water source term, F' is Faraday constant.
The energy conservation equation is as follows (all):

V- (0, Conll,T +&5pCoyiiT +2(1-5) p,C, i, T) =V-(k"VT)+S,  (9)
Where k" is effective thermal conductivity, s is the liquid water saturation, Cp is the
constant pressure specific heat, 7 is temperature, St is the thermal source term.
Liquid water volume fraction as follows (solved in channel):

V-(pUs)=0 (10)

Where the U, is the liquid water velocity, 0, is the liquid water density.

Liquid pressure is as follows (solved in GDL, CL):

ozv-(p,K—k'vp,}s, (11)

where Pi is liquid pressure, £¢ is the dynamic viscosity of liquid, K is the intrinsic
permeability, K, is the liquid phase relative permeability, Si is the liquid pressure
source term.
The capillary pressure P is defined as follows:

P.=PR —-R (12)

Where Pg, P is the gas pressure and the liquid pressure, respectively.



The liquid water saturation (s) are as follows:

P, = o|cos 9|(§j0'5 3(s) (13)
\](S):1.417S—2.1232 +1.263s° (14)
Where o is the surface tension coefficient, 6 is the contact angle.
3.3 Electrochemistry models
The governing equations for the electrical charge of electron and proton can be written
as follows:
0=V (kuV@y )+ Sy (15)
0=V (KnemV Prmem ) + Smem (16)
where k,and K, ., are the electrical conductivity of solid and MEM; ¢, and
@.em are the phase potential of solid and MEM; Ssol and Smem are the volume exchange
current density of solid and MEM.
The MEM electrical conductivity &, ., is determined by an empirical correlation as

follows:

1 1

=(0.5141-0.326)exp| 1268| — —— 17
Ko = (s 22 an

The electrochemical reaction rates are given by the Butler-Volmer equation:

0.5
‘]a = Jée; [A] exp m —exp 2acat|:77an (18)
Y [ A]ref RT RT

2
C cat cat
Jc — J(;eg [ ] —eXp 4aan Fncat + eXp 4acat Fncat (19)
’ [C]ref RT RT

where 77 is the activation over-potential, J

. and J_ represents anode and cathode

exchange current density, J® and J;¥ represents anode and cathode reference



current density; [A]and [C]represent the molar concentration of Hz and O2; «

represents the charge transfer coefficient, R is the universal gas constant.

n,, and 77., aredefinedas: ¢, and ¢, as follows:

Man = Prot = Prvem (20)

Meat = Erey = Poot T Proenn 21

Where E,, represents the reversible thermodynamic cell voltage, given by the Nernst
equation:

RT

E,., =1.229-0.9x107°%(T —298.15) + —
rev 2F

(InRy+05IPRY)  (22)

Where P" is the partial pressure.

The main Model parameters are shown in Table 2, the main Transport properties in

this study are presented in Table 3, and the Source terms are given in Table 4.

Table 2 Model parameters[56, 57]

Parameters Symbol Value
Density of MEM (kg-m ) Prmem 1980
Equivalent weight of ionomer (kg-mol ') EW 1.1

Faraday's constant (C-mol ) F 96487.0

Universal gas constant (J-mol 1-K") R 8.314
Anode entropy change (J-mol '-K™") ASa 130.68

Cathode entropy change (J-mol '-K 1) ASc 32.55
Condensation rate constant for water (s ') Yeond 5000.0

Evaporation rate constant for water (s ') Yevap 1074
Latent heat coefficient (J-mol ™) h 44900.0

Anode reference exchange current density .
Joa 1 x10°
(Am™)



Cathode reference exchange current density

I 120
(A-m™)

reference hydrogen concentration (mol-m™) CS’: 56.4
reference oxygen concentration (mol-m™>) Cor 3.39
Anode transfer coefficient Oa 0.5

Cathode transfer coefficient Oc 0.5

liquid water surface tension (N-m™ ') o 0.0625
Table 3 Transport properties[56]
Parameters Expressions
y -1
Gas mixture density (kg-m™) = p, (RT ZIM—']
Dynamic viscosity of gas Xt
,ng = Zi z X ¢
mixture (kg'm '-s) R
e T )°(101325
Z:g71 D, =1. 10

Hydrogen diffusivity (m“'s™) w, =1.005x10 (333 15) [ = j
Oxygen diffusivity(m?*-s ™) =2.652x10" ( j (101325j

Water vapor diffusivity in L oosaio ( j (101325 j

anode(m?-s™!) 333.15
Water vapor diffusivity in o seanin ( j (101325J
333.15

cathode(m?s™!)

Gas effective
diffusivity(m?-s™")
Dynamic viscosity of liquid
water (kg'm -s71)

Gas phase and liquid phase

relative permeability (m?)

Dleff — (1_ 8)1-5 81.5 Di

247.8

1 = 2.414%107-4

k, =(1-s)’ ,k =§°



Saturation pressure (pa)

Phase change between vapor

and liquid water (kg'm>-s!)

Phase change between
dissolved water and liquid
water (kg-m>-s!)

MEM water content

Dissolved water diffusivity

(m*s7)

Water activity

Equilibrium MEM water

content

loggs " = —2.1794 + 0.02953(T - 273.15) -
9.1837x10°° (T —273.15)" +1.4454x107 (T - 273.15)’

P_P
j/cond"'c"(]'_s)M F)v > Psat
s - RT
v-l
7 £S (P\/ - Psat) P < P
evap RT \% sat
P
S, :1.3ﬁ(1—zeq)|v|mo
L EwW Cue
) 2346
3.1><10’7/1(e°'28‘ —1)e T 0<1<3
2346
D;" =14.17x10° 4(161e* +1)e T 3<A<17
0.15
4.1x101°(i] 1+tan(l_2'5j A>17
25 1.4
a= R +2s

sat

_|0.043+17.84a-39.85a° +36a° O<a<l
" |14+14(a-1) 1<a<3

Table 4 Source terms of conservation equations[56].

Source terms units
0 Channels
-S,, GDLs
J, .
Sy =9-Su+S4y _EMHZ Anode CL kgm s
=S, + Sy, — Je Mo Cathode CL
4F
0 Channels
S, =9 My . kg'm 2.472

———1U_  GDLs,CLs
Kk

g9
9



J
-—M, Anode CL
SH2 =4y 2F
0 Channels,GDLs,Cathode CL
JC
-—M, Cathode CL
SO2 =4 4F 7
0 Channels,GDLs,Anode CL
0 Channels
=S, GDLs
S, =1-S,, +S4, Anode CL
JC
—Su +S4y “oF M, ., Cathode CL
S, =-S,, GDLs,CLs
0 Membrane
Kmem (PIACL _ P|CCL)
Sow =354, — £ Anode CL
ﬂl5m9m5CL
Kmem (PIACL _ PICCL)
=S, + P Cathode CL
ﬂl5m9m5CL
CL

~ {—Ja Anode
sol

~|J, Cathode CL

{
mel
C

IV, I &
0
0

Ve, I &5 +

“ V¢i0n ”2 Keﬁ

ion

Anode CL
Cathode CL

hS,,

J.TAS

BPs
Channels
CCs
GDLs

€ € ‘]aTASa
Vo, I Keﬁ+ IV, P Kiofrf +hS,, —hS,, +Ja|77a|+T Anode CL

Ve, IF & +1I Vo, I ki +hS,, —hS,, + Jelrge[+ == Cathode CL

Membrane

kg.m—3 .S—l

kg'm3-s!

3.1

-3, -1

kg:m™-s

kg-m™-s”

Am?3

Am?3

W-m™>

3.4 Boundary conditions

Anode and cathode inlet boundary conditions are mass flow inlet boundary, the inlet

mass flow rate (72 and ric) as follows [56]:



ref _a ref ¢
ot Lasah 1 PecA (23)
2Fc,, 2Fc,,

Where | o is the reference current density, A is the active area, /Os1 and ,0; is the
densities mixture gas at anode or cathode, &, and &, is the stoichiometric ratio at
anode and cathode.

C,_|2 is the hydrogen molar concentration and Co2 is the oxygen molar concentration

as follows:

0.21( P —RH P**
Co, = (QRT +7) (24)

P? —RH,P*
%= R

where P is the saturation pressure, Pga and ch is the inlet pressure; RH,and RH,

is the relative humidity. Table 5 shows the main operating parameters.

The coolant flow is calculated as follows [37]:

ngA
= 25
< ATC, .p. (23)
The coolant velocity is calculated as follows:
Q
Vin =—= (26)
A,

Q. stands for the coolant flow, n is the number of single cells, ¢ stands for the
exothermic power density, A stands for the active area, AT stands for the coolant

temperature difference between inlet and outlet (Hereinafter collectively referred to as

coolant temperature difference), C . stands for the constant pressure heat capacity of

coolant, p, stands for the coolant density, V,, stands for the coolant inlet velocity,

A,, stands for the coolant inlet area. Table 6 shows different numerical cases.



Table 5 Operating parameter of PEMFC [56, 57]

Parameters Symbol Experiment  Simulation

Anode inlet temperature (K) Ta 353.15 353.15

Cathode inlet temperature (K) T. 353.15 353.15

Anode operating pressure (Pa) P 101315 101315

Cathode operating pressure (Pa) P 101315 101315
Anode stoichiometric ratio Ca 2.0 2.0
Cathode stoichiometric ratio e 1.5 1.5

Reference current density (A-m™2) ref NA 10,000
Anode inlet relative humidity RHa 84% 84%
Cathode inlet relative humidity RHc 59% 59%

Table 6 Numerical cases

AT (K) CC pattern
Case A 10 straight
Case B 10 wave
Case C 6 straight
Case D 6 wave
Case E 3 straight
Case F 3 wave

3.5 Mesh independence and model validation
The precision of the calculations in the numerical simulation increases with the number
of grids. [58]. In this study, straight CC models with the following grid numbers have

been established for verification: 13750, 22000, 35200, 50800, 72160, 112000, 209000,



332000, and 531000. The chosen current density is 1 A/cm?, and the variation in voltage,
the maximum temperature, and pressure difference with the number of grids measured
at 1 A/em? are shown in Fig. 3. In this study, the working voltage of the fuel cell tends
to stabilize after the grid number is more than or equal to 209000, hence the model with

a grid number of 209000 is utilized for numerical simulation.

0.575 3577  96.65
—— Voltage
—w»— Membrane Highest Temperature
0.566 - —/A— Channel pressure difference L3572 |k 9656
- e —_A Q =
i %
= 3]
2 0.557 1 -356.7 2 | 9647 £
1 3 S
@ g £
C o5 = = P
> 0.548 - -356.2 « | 96.38 =
= %
& 2
0.539 - -355.7 F 96.29
0.530 T T T T T 355.2 - 96.20
0 10 20 30 40 50
Number of grids(x10?)

Figure 3 Mesh independence verification
The model for validation is calculated without coolant flow. The wall temperature of
the two plates is set to 353.15K. By comparison with the experimental results[57],
which are shown in Fig.4, the differences of each point are less than 1%, and it is

considered that the results of this numerical model are reliable.
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Figure 4 Comparison between the polarization of simulation and experimental
4 Results and discussion
This section evaluates the effects of coolant inlet temperature, coolant flow direction,
coolant velocity, and CC structure on PEMFC performance, respectively. The cooling
performance has been analyzed by the IUT in MEM, and the heat transfer performance
of CCs is evaluated by the surface Nusselt number. The boundary conditions for
operation are shown in Table 5, and Formulas 25 and 26. The coolant velocities are set
as constants in boundary condition settings. In practice, the coolant velocity varies with
the voltage of the PEMFC, which is controlled by setting the coolant temperature
difference to ensure proper cooling of PEMFC under different voltages. The
unspecified coolant flow directions in this study are all in the same direction as the
anode (H>).
4.1 Effect of cooling water inlet temperature

Fig. 5(a) shows the current density from Case A to Case F at different coolant



temperatures with a voltage of 0.46V and AT of 10K, 6K, and 3K, respectively. It is
found that the PEMFC performs best at a coolant inlet temperature of 343.15K with a
AT of 3K. Additionally, at a coolant inlet temperature of 338.15K witha AT of 10K,
the PEMFC performs slightly poorer. The wavy CC can achieve a higher current density
than the straight channel at the same inlet temperature and AT .

The average temperature and IUT on the MEM from Case A to Case F are shown in
Fig. 5(b).

The IUT is calculated as follows [41]:

[ |T-Tog|dV
IUT = VJT (27)
Where:
j TdV
Tavg = ]‘dv (28)

Where T, represents the average temperature. The smaller IUT, the more uniform

the temperature distribution.

As shown in Fig. 5(b), it is found that the PEMFC achieved the best performance at the
average temperature of MEM is close to 350K in this electrochemical model. Case B,
Case D and Case F perform optimally at coolant inlet temperatures of 338.15K,
340.65K and 343.15K respectively, the average temperature on MEM is close to 350K
at these conditions. Due to the reaction gas temperature being 353.15K, the lower the
temperature of the coolant, the more significant the temperature difference between the

coolant and PEMFC, which can lead to an uneven uniformity of temperature



distribution on the membrane. Fig. 5(b) shows that the lower the coolant inlet
temperature, the higher the IUT value, and the more uneven the temperature distribution.
Furthermore, Case E and Case F show the smallest IUT, and Case A and Case B show
the largest IUT, indicating that coolant velocity greatly affects the membrane
temperature distribution. In summary, the temperature distribution on the MEM greatly
affects the performance of the PEMFC, and it performs best at the average temperature
of MEM is close to 350K, the coolant inlet temperature at this condition is 343.15K.
That is, the average MEM temperature is the primary factor affecting PEMFC
performance, and the performance of PEMFC is improved by a smaller IUT at the
average MEM temperature is close.

Fig. 6 shows the temperature distribution on the MEM for Case B, Case D, and Case F
at various coolant inlet temperatures. The comparison shows that, for a given coolant
velocity, a higher coolant input temperature corresponds to a higher MEM temperature.
The coolant velocity also significantly affected the MEM temperature distribution and
PEMFC performance, especially the impact on the maximum temperature for MEM,
and it is discussed in later sections. According to the results of the above analysis, both
Case E and Case F achieve the best performance at the coolant inlet temperature of
343.15K, which indicate this model performs best at a coolant inlet temperature of
343.15K. Therefore, the coolant inlet temperature of 343.15K is used in the following

studies to investigate the optimal performance of the model.
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4.2 Effect of coolant flow velocity

The net power calculation formula is shown below [53, 59]:

I:)net = Pgross - Ppara (29)
Pgross :Vcell JA (30)

The parasitic power is the power consumption caused by factors such as water pumps

in PEMFC. The calculation formula of the parasitic power dissipation is:

APQ,
Prara = (31)

Moump

P

)« 1s net power density; P is total output power; P

gross para

is the parasitic power by

the pressure difference of CC; V, is the PEMFC voltage; ] is the average current

cel

density; A is the active area; AP is the pressure difference; Q_ is coolant flow;

c
Noump 18 the efficiency of pump.

In the previous section, the coolant velocity is determined by Equations 25 and 26,
where the coolant velocity is determined by the coolant temperature difference and is
inversely proportional under the same working condition. In this section, the coolant
inlet temperature is set to 343.15K, and the coolant flow direction is the same as Ha.
Fig. 7 shows the polarization and net power density curves from Case A to Case F, and
Fig. 7 (b) is an enlarged view of the last three points in Fig. 7 (a). The polarization and
the net power density curves achieve the maximum difference at 0.46V. The current
density from Cases A to Case Fis 1.130 A/cm?, 1.137 A/cm?, 1.146 A/cm?, 1.153 A/cm?,
1.156 A/cm? and 1.163 A/cm?, respectively. However, the current density difference

becomes smaller from Case A to Case F at 0.33V, the current density from Case A to

Case F is 1.347 A/em?,1.355 A/em?,1.352 A/cm?,1.360 A/cm?,1.356 A/em? and 1.364



A/em?, respectively. This indicates that since the lower temperature prevents liquid
water to be discharged, the accumulation of liquid water causes mass transfer losses

and leads the concentration polarization, which has a significant negative impact on the

performance of PEMFC.
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of Case A to Case F at low working voltage.



The temperature distribution on the central section of MEM and the liquid water
saturation on the central section of cathode CL have been indicated in Fig. 8 with the
operating voltage of 0.33V. Fig. 8(a) illustrates that the higher the coolant velocity, the
lower the temperature on the MEM under the same cooling runner pattern. Moreover,
the MEM temperature of the wave CC is slightly lower than the straight CC, indicating
that the cooling effect of the wave CC is better. The liquid water saturation distribution
of the cathode CL is shown in Fig. 8(b). The cathode CL liquid water saturation of the
wave CC is slightly higher than the straight CC at the same flow velocity. Liquid water
is generated more quickly in cathode CL at a higher current density. Due to the severe
influence of temperature on the evaporation of liquid water, the higher the temperature,
the faster the liquid water evaporates. However, when the temperature on MEM is low,
the evaporation rate of liquid water in cathode CL and GDL is slower, which leads to
liquid water accumulation.

Fig. 9(a) shows the flow profiles of CC in the y-direction central section. Overall, the
average velocity of the wave CC is slightly higher than that of the straight CC, which
is especially obvious close to the walls. This contributes to the explanation of the
superior cooling performance of the Wave CC. Fig. 9 (b) shows the vector streamline
diagram of CC in the y-direction central section. Obviously, wave CC achieves higher
velocity and continuously collides with the channel walls. The velocity of straight CC
is slower and parallel to the channel wall, which is not conducive to heat exchange.

Therefore, the heat transfer capacity of straight CC is inferior to that of wave CC.
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To further investigate the optimal performance, the current density, MEM average
temperature, and IUT of MEM at different coolant velocities are shown in Fig. 10(a).

The figure shows that the current density increases with the increase of coolant velocity,



and the growth trend slows down with the increase of coolant velocity. When the
coolant velocity is greater than 0.2 m/s, the coolant velocity has little effect on the
current density. Furthermore, a very similar decreasing trend is observed in the average
temperature and IUT of the MEM with the increase of coolant velocity. This indicates
that there is a limitation to the cooling effect on MEM by increasing the coolant velocity
at the same coolant temperature.

Fig. 10(b) manifests the net power density and pressure difference at different coolant
velocities at 0.46V. The net power density increased rapidly with the coolant velocity
increased from 0.02 m/s to 0.2 m/s. At low coolant velocity, the net power density
curve's trend is the same as the current density curve due to the lower pressure
difference. Meanwhile, the pressure difference of the straight CC is higher than 1000
Pa with a coolant velocity higher than 0.6 m/s, whereas the pressure difference of the
wave CC is already higher than 1000 Pa when the coolant velocity is higher than 0.4
m/s. The huge pressure difference causes significant parasitic power, resulting in a
decrease in net power density. The PEMFC with wave CC achieves a peak net power
density of 0.537 W/cm? under the coolant velocity of approximately 0.2 m/s, while the
PEMFC with straight CC achieves a peak net power density of 0.534 W/cm? at the
coolant velocity of 0.4 m/s. After reaching the peak power density, the net power
densities of wave CC and straight CC decrease with increasing coolant velocity in
different trends. Due to the growth rate of pressure difference in wave CC is much faster
than that in straight CC, the net power density of wave CC decreases more rapidly than

that of straight CC. Wave CC achieves a higher net power density when the coolant



velocity is approximately below 0.9 m/s. And the net power density of straight CC
exceeds that of wave CC when the coolant velocity exceeds 0.9m/s. Although
increasing the coolant velocity can improve the cooling effect of PEMFC and thereby
enhance its performance, it inevitably leads to an increase in parasitic power, thereby
reducing the output power of the PEMFC system.

4.3 Effect of coolant flow direction

To investigate how coolant flow direction affects PEMFC performance, two opposing
coolant flow directions, one for the same as hydrogen and the other for the same as
oxygen were examined, respectively. The pressure difference is virtually independent
of the coolant flow direction at the same CC and coolant velocity, hence the effect of
coolant flow direction on parasitic power can be neglected. Therefore, analyzing the
current density is sufficient to explore the effect of coolant flow direction on PEMFC
performance. Fig. 11(a) manifests the current density of straight CC and wave CC under
different coolant directions and coolant temperature differences. It is found that the
coolant direction, the same as Hz, has better performance at the coolant temperature
difference higher than 6K. On the contrary, the coolant direction, the same as Oz, has
better performance at the coolant temperature difference less than 6K. It means that the
temperature difference of 6K is a critical value. From Fig. 11(b), the influence of
coolant direction on the average temperature of MEM for the same CC decreases as the
coolant temperature difference decreases. Furthermore, the PEMFC achieved better
performance at the temperature of MEM close to 350K. Fig. 11(b) also shows the MEM

average temperature and IUT of straight CC and wave CC for different coolant flow



directions and temperature differences. The same coolant flow direction as H> has a
lower average MEM temperature. However, the same coolant flow direction as Oz has
a lower IUT on MEM.

Fig. 12 shows the MEM temperature distribution of different coolant temperature
differences and coolant flow directions. Fig.12 shows that the temperature distribution
on MEM is more uniform and is closer to 350K with the same coolant direction as O2
when the temperature difference between the coolant is less than 6K. When the
direction of coolant is the same as Hz, the temperature on the cathode inlet is higher due
to the stoichiometry ratio of Hz being higher than Oz in this study. In addition, the flow
direction of Hz2 and Oz is opposite, with more Hz flowing directly to the end of the anode
channel and reacting with the O: just entering the cathode channel. Little Oz flows to
the end of the cathode channel for reaction. Therefore, with the coolant flowing in the
same direction as H», the anode inlet is over-cooled, but the anode outlet is not
thoroughly cooled. Although the average temperature on MEM is relatively low, the
temperature difference on MEM is significant, and the IUT is also large. Conversely,
when the coolant flow direction is the same as O2, the cathode inlet side and outlet side
are thoroughly cooled, leading to a relatively small temperature difference on the MEM

and a relatively small value of TUT.
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4.4 Nusselt number
The Nusselt number can compare the heat transfer performance of the wave CC and the
straight CC. Nusselt number represents the intensity of convective heat transfer as
follows [60] :

D _ —D,+3T /dy| . (32)
k (Tin —TW)

Where k is the thermal conductivity, D, =0.00089m is the hydraulic diameter,
h,  is the convective heat transfer coefficient, T, is the volume average temperature
on the cross-section of CC, T, is the wall temperature of CC.

Fig. 13(a) shows that the surface Nusselt number on the centerline of the interface

between the CC and the BP in the z-axis direction with a contours plot at 0.46 V, and



the flow direction of the coolant is the same as Hz. For the straight CC, such as Case A,
Case C, and Case E, the surface Nusselt number exhibits power-law reduction and
asymptotically approaches a value of 0.275, 0.537, and 1.093, respectively [60]. While
for the wave CC, such as Case B, Case D, and Case F, the surface Nusselt number is
slightly higher than that of the straight CC and gradually oscillates down with a similar
trend to the straight CC. From the contour plot in Fig. 13(a), the Nusselt number at the
inlet of the wave CC is greater than the straight CC, especially for higher coolant
velocity (Case E and Case F). In addition, it is evident that the Nusselt number increases
with the increase of coolant velocity. Fig. 13(b) shows the average Nusselt number at
the interface between the cathode CC and the BP wall from Case A to Case F. It is
observed that at a lower coolant velocity (Case A and Case B), the average Nusselt
number for the wave CC is 0.753, which is 5.46% higher than the 0.714 for the straight
CC. At a middle coolant velocity (Case C and Case D), the average Nusselt number for
the wave CC is 1.136, which is 8.92% higher than the 1.043 for the straight CC.
Furthermore, at a higher coolant velocity (Case E and Case F), the average Nusselt
number for the wave CC is 1.954, which is 18.71% higher than the 1.646 for the straight
CC.

To summarize, the surface Nusselt number of the wavy CC is higher than that of the
straight CC. When the coolant velocity is increased, the average Nusselt number of the
Wave CC can increase more than that of the Straight CC, which means wavy CC has a

much stronger convection heat transfer performance than straight CC.
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5. Conclusion

In this study, three-dimensional multiphase PEMFC electrochemical models integrating

straight CC and wave CC were established to investigate the heat transfer performance.

The causes affecting heat transfer are analyzed in detail, and various evaluation

indicators were used to evaluate heat transfer performance. The main conclusions are

as follows:

1. With the same coolant velocity, coolant direction and operating voltage, the current
density of the PEMFC and the temperature distribution on the MEM is significantly
influenced by the coolant inlet temperature. Additionally, the coolant inlet
temperature is linearly correlated with the average temperature of the MEM. While
the temperature of MEM directly determines the performance of PEMFC. When
the temperature distribution on the MEM is very close, the smaller the value of TUT,
the better the performance of PEMFC.

2. The liquid water distribution on CL is directly affected by the MEM temperature
distribution. At lower operating voltage, too low MEM temperature can make it
difficult to remove liquid water from the CL. Even flooding occurs in serious cases,
which blocks gas transfer. The flooding can cause the reaction gas not easily
combined with the catalyst, increase the mass transfer resistance, reduce the output
power, and cause a serious impact on the PEMFC life and performance.

3. The performance of PEMFC with wave CC is slightly better than that of straight
CC. Increasing the coolant velocity at a low coolant velocity (less than 0.2 m/s)

can significantly improve the current density. As the coolant velocity increases



from 0.02 m/s to 0.2 m/s, the current density increases with straight and wave CC.
Straight CC and wave CC reach peak net power density at 0.4m/s and 0.2m/s,
respectively. However, as the coolant velocity increases from 0.2 m/s to 1.2 m/s,
the current density increases very slowly due to the considerable pressure
difference, and the net power densities of the straight CC and wave CC decrease
by 0.92%% and 2.27%, respectively.

4. The average temperature on MEM with the same direction of coolant as Hz is lower
than that with the same direction of coolant as O2. At higher coolant velocity,
PEMFC has better performance and uniformity of temperature distribution on
MEM (IUT lower than 1K) at the coolant flow direction is the same as Ox.

5. The surface Nusselt number of wave CC is greater than straight CC under the same
working conditions. With the temperature difference between the coolant inlet and
outlet of 10K, 6K, and 3K, the surface Nusselt number of wave CC is 5.46%, 8.92%,
and 18.71% higher than the straight CC, respectively.
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Abbreviation

PEMFC Proton exchange membrane fuel cell
PEMFCVs Proton exchange membrane fuel cell vehicles
CFD Computation fluid dynamics

MIMO Multi-input and multi-output

T Index of temperature uniformity

BP Bipolar plate

ccC Cooling Channel

GDL Gas diffusion layer

CL Catalyst layer

MEM Membrane



Nomenclature

) Thickness, um

W Width, mm

H Height, mm

L Length, mm

K Intrinsic permeability, m?

k Thermal conductivity, W m™ K-
W lonomer volume fraction

P Density, kg m

u Velocity vector, m s™!

S Source term, (kg m> s ormol m—3s7!)
E Porosity

P Pressure, Pa

U Dynamic viscosity of water, kg m™! s~/

Y Gas species mass fraction

D Diffusion coefficient, m* s/

F Faraday constant, C mol™

Lion Ionic current density, A m™?

A Membrane water content

EW Equivalent mass of membrane, kg mol ™!

C, Constant pressure specific heat, J K mol”!

S Liquid water saturation



ke Effective thermal conductivity, Wm~' K~/

T Temperature, K

K, Liquid phase relative permeability
K, Gas phase relative permeability

P, Capillary pressure, Pa

o Surface tension coefficient, N m™!
0 Contact angle,

K Electronic conductivity, S m!

@ Potential, V

J Exchange current density, A m~

a Charge transfer coefficient

n Overpotential, V

R Universal gas constant, J mol ' K~!
E. Reversible voltage, V

AS Entropy change, J mol™' K™/

Voo Condensation rate, s’

Youto Evaporation rate, s/

h Latent heat coefficient, J mol ™’
C Molar concentration, mol m>

m Mass flow rate, kg s

& Stoichiometric ratio

A Active area, cm?



RH

Relative humidity

Coolant flow, m* 57!
Exothermic power density, W cm?
Amount of single cell
Coolant temperature difference between inlet and outlet, K

Coolant inlet velocity, m s

Coolant inlet area, m*

Average temperature

Net power density, W cm™

Total output power, W cm™

Parasitic power, W cm™

Cell voltage, V

Average current density, A cm?

Efficiency of pump

Nussle number

Convective heat transfer coefficient, W m? K

Hydraulic diameter, m



Numerical study on heat transfer characteristics and performance evaluation of
PEMFC based on multiphase electrochemical model coupled with cooling
channel
> A three-dimensional multi-phase PEMFC electrochemical model coupled with

cooling channel is developed

> |UT, net power and Nusselt number are applied to evaluate the heat transfer

performance

> The effect of coolant flow direction on performance depends on the flow velocity

> Performance of PEMFC with wave cooling channel is slightly better than that of

straight cooling channel
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