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a b s t r a c t 

The assembly force is a crucial factor in the process of proton exchange membrane fuel cell (PEMFC) stacking, and 

has significant effects on the fluid flow, mass transfer, and water and thermal management, which affect the fuel 

cell performance. In this study, from the most deformable component, the gas diffusion layer (GDL), combining 

with a finite-element analysis, and computational fluid dynamic method, the impact of the assembly force on a 

single-channel PEMFC is analyzed. A nonlinear stress–strain curve obtained from a microanalysis is creatively 

introduced into the two-dimensional compression model. The gas diffusion coefficient in the three-dimensional 

model is also obtained from the microscopic simulation. The simulated effective oxygen diffusion coefficient of 

the compressed GDL is approximately 0.86 times the Bruggemann estimated value. When the contact resistance is 

ignored, the output voltage at 2.5 MPa is decreased by approximately 15.4% at 1.7 A ·cm 

− 2 compared with that at 

0.5 MPa. After the contact resistance is considered, the effects of the assembly pressure on the cell performance 

( V–I curve) are qualitatively different. The pressure drop of the 2.5 MPa case is 20% higher than that of the 

1.4 MPa case at 1.7 A cm 

− 2 . O 2 is hard to flow into the region under the rib where the porosity and permeability 

are lower. The results indicate that both liquid water and membrane water contents increase when the assembly 

force increases. The effect of the assembly force on the temperature is also analyzed. 
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. Introduction 

With the increase in energy consumption, more efficient and envi-

onmentally friendly energy resources are required worldwide [ 1 , 2 ].

roton exchange membrane fuel cell (PEMFC) is an energy conversion

evice that directly converts hydrogen to electricity. Recently, it has

ttracted an increasing interest due to its high power density, high effi-

iency, and rapid startup [3] . The membrane electrode assembly (MEA)

s the core of the fuel cell, which consists of a PEM sandwiched symmet-

ically with catalyst layers (CLs), microporous layers (MPLs), and gas

iffusion layers (GDLs). A bipolar plate (BP) or flow field plate is re-

ponsible for reactant supply, product removal, structure support, and

lectricity collection. An MEA is sandwiched between the anode and

athode BP to form a single cell. In commercial applications, usually

ver hundreds of single cells need to be assembled into a stack to sat-

sfy the power requirement [4] . The assembly force is also important

or gas sealing and reduction in the contact resistance. When the assem-

ly force is too small, hydrogen leakage causes safety hazards, and the

ontact resistance increases, which reduces the cell performance [5] .

owever, an excessive force reduces the porosity in the GDL, resulting

n a deterioration of mass transfer in the porous electrode. Chen and
Peer review under responsibility of Xi’an Jiaotong University. 
∗ Corresponding author. 

E-mail address: wqtao@mail.xjtu.edu.cn (W.-Q. Tao). 

[  

t  

o  

v  

ttps://doi.org/10.1016/j.enss.2023.02.001 

eceived 30 November 2022; Received in revised form 9 February 2023; Accepted 9

vailable online 11 February 2023 

772-6835/© 2023 The Authors. Published by Elsevier B.V. on behalf of KeAi Comm

icense ( http://creativecommons.org/licenses/by-nc-nd/4.0/ ). 
u [6] experimentally studied the effects of the assembly torque on the

EMFC performance. The performance of the PEMFC increased by ap-

roximately 21% as the torque increased from 2 to 6 N ·m. However, the

erformance decreased by approximately 11% as the torque further in-

reased from 6 to 7 N ·m due to decreases in GDL porosity and hydropho-

icity, and deformation of the flow channel in the stamped metallic BP.

n this regard, it is highly required to study the effect of the assembly

ressure on the performance of the PEMFC. 

With the lowest elastic modules among the components of the MEA,

he GDL undergoes a large and inhomogenous deformation under the

ssembly force compared with other components such as the MPL and

L. Extensive studies have been carried out on the mechanical behav-

or of GDL compression. Ismail et al. [7] experimentally investigated

he mechanical behavior under a compression for several GDLs. Keller

t al. [8] employed an optical measurement method to evaluate the in-

uences of channel parameters on the intrusion behavior of GDLs under

reload conditions. The intrusion of a GDL into the cross-sectional area

f a channel structure is fundamentally dependent on the channel pa-

ameters, such as the channel width and channel-to-rib ratio. Baik et al.

9] elucidated the correlation between the anisotropic bending stiffness

f a GDL and land/channel width ratio of the metal BP. Carrel and Mélé

10] proposed an approach using stress–relative density curves rather

han traditional stress–strain curves to analyze the mechanical behavior

f carbon papers. Serincan and Pasaogullari [11] and Lu et al. [12] in-

estigated the effects of GDL anisotropy on the stress distribution in
 February 2023 
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Fig. 1. Constructed model and boundary conditions [13] . (a) Isometric view 

of the constructed model; (b) side view of the constructed model and applied 

boundary conditions. 
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c  
Nomenclature 

a, b, c Constant coefficients 

C Gas concentration, mol ·m 

− 3 

D Gas diffusivity, m 

2 ·s − 1 

E Young’s modulus, Pa 

R Electrical contact resistance, m Ω
S Area of contact element, cm 

2 

f Correction factor 

𝑠 lq Liquid water saturation 

Greek letters 

𝜅 Permeability, m 

2 

𝛾 Porosity 

𝛼 Phase change rate, s − 1 

𝜌 Density, kg ·m 

− 3 

𝜎 Electrical conductivity, S ·m 

− 1 

𝜏 Tortuosity 

𝛿 Thickness, mm 

Subscripts and superscripts 

0 Intrinsic 

ACL Anode catalyst layer 

BP Bipolar plate 

CCL Cathode catalyst layer 

CGDL Cathode gas diffusion layer 

CMPL Cathode microporous layer 

GC Gas channel 

GDL Gas diffusion layer 

MEM Membrane 

MPL Microporous layer 

eff Effective 

m Simulated 

 PEMFC with a finite-element model. In our previous study [13] , the

onlinear stress–strain relationship of the GDL was analyzed based on

he fiber matrix microstructure. The effects of the porosity, carbon fiber

iameter, and thickness on the mechanical behavior were analyzed. 

The compression inevitably affects the water and gas transport in the

DL. Froning et al. [14] simulated the gas transport in nonwoven-type

DLs using the lattice Boltzmann method. The effective permeability

eff and tortuosity 𝜏 were calculated by through- and in-plane transport

imulations. Xu et al. [15] developed an integrated model to predict the

ater transport in a nonuniformly compressed GDL. The drainage pres-

ure increased monotonically with the assembly clamping force. Quan-

itative relationships between effective properties (gas diffusivity and

ermeability) for a dry GDL and corresponding microstructure charac-

eristics have been established by Holzer et al. [16] . The variation in gas

iffusivity with the compression has been related mainly to changes in

orosity and geodesic tortuosity. In addition to the mass transport, the

hermal and electrical conductivities of the GDL are also affected by the

ompression. Chowdhury et al. [17] and Sadeghi et al. [18] measured

he GDL bulk thermal conductivity under an inhomogeneous compres-

ion. The effective conductivity increases with the compressive load due

o the larger size and number of contacts between the fibers. A system-

tic experiment was carried out by Qiu et al. [19] to investigate the elec-

rical resistances and microstructures of commonly used GDLs (carbon

aper, carbon cloth, and carbon felt) under cyclic and steady loads. The

elt GDL had the lowest electrical conductivity. Its tortuous and thick

bers contributed to a higher stability in terms of electrical resistance

nd microstructure under a compression than those of a bonded carbon

aper and woven carbon cloth. 

The change in the GDL properties further affects the cell perfor-

ance. By experiments, Uzundurukan et al. [20] analyzed the bolt and

lamping plate compressions under various loads, and the maximum
360 
ower densities were compared. In addition to experiments, numerical

imulations have been carried out to study the effect of the assembly

ressure on the cell performance [ 21 , 22 ]. As described above, the com-

ression directly affects the GDL. Therefore, The GDL deformation and

roperty change should be carefully and comprehensively considered

n the model. Many researchers obtain the GDL compressed profile by

 finite-element method (FEM) simulation, and then import it into the

hree-dimensional (3D) multiphase computational fluid dynamics (CFD)

odel [ 23 , 24 ]. However, in the above studies, the constant Young’s

odules have been employed to calculate the GDL deformation during

he FEM simulation, which cannot reflect the nonlinear stress–strain me-

hanical behavior. Among several transport properties of the GDL, the

as diffusivity is a crucial parameter that influences the mass transport,

onsidering that the diffusion is the primary mass transfer mechanism

n the GDL. The traditional Bruggemann correction (power of porosity

f 1.5), a macroscopic approximation, is widely used to calculate the ef-

ective gas diffusivity. In this method, the diffusivity is dependent only

n the porosity. A more accurate and reasonable diffusivity should be

btained through a simulation based on the microstructure. 

In this study, the nonlinear stress–strain curve of a paper-type GDL

s introduced into the FEM simulation to obtain the compressed GDL

rofile. Based on the compressed GDL microstructure obtained in our

revious study, the effective gas diffusivity is also simulated through

he 3D CFD simulation. Finally, the compressed GDL geometry profile

nd simulated gas diffusivity are imported into the 3D CFD multiphase

odel. The effect of the contact resistance on the cell performance is

onsidered and analyzed. The rest of the paper is organized as follows.

ection 2 describes physical and numerical models, including the 3D

nite-element analysis (FEA) compression model (brief introduction),

D gas diffusion model, two-dimensional (2D) FEA deformation model,

nd 3D CFD multiphase model. Section 3 presents numerical results and

iscussion. Finally, conclusions are presented in Section 4 . 

. Model description 

.1. 3D FEA compression model 

Based on geometric assumptions [25] , the microstructure of the GDL

ould be stochastically reconstructed, as shown in Fig. 1(a) . The poros-
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Fig. 2. 3D computational fluid dynamics (CFD) gas diffusion model. (a) Solid fiber; (b) extracted fluid domain; (c) mesh generation and boundary conditions. 

Table 1 

Parameters in the 3D finite-element analysis (FEA) compression model. 

Parameters Value 

Young’s modulus of the BP/fiber 13/3 GPa 

Poisson ratio of the BP/fiber 0.26/0.256 

GDL porosity 0.78 

GDL thickness 195 𝜇m 

Fiber diameter 9.75 𝜇m 

In-plane dimensions ( X/Y ) 120/120 𝜇m 

Note: bipolar plate (BP); gas diffusion layer (GDL). 
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ty, fiber diameter, and thickness of the GDL are key raw material pa-

ameters that have large influences on the compression behavior. The

tochastic reconstruction techniques employ random generators to cre-

te a numerical porous structure representing the realistic GDL material

ased on information from the material composition and manufacturing

rocess [26] . In the constructed fiber matrix, the fibers are randomly

rranged in the plane and pores with different sizes are formed. The

mployed stochastic algorithm for the construction of the fiber matrix

13] has been widely used in numerical simulations of the GDL region

27–29] . The relevant model parameters are listed in Table 1 . A solid

echanical simulation is then carried out to evaluate the mechanical be-

avior of the GDL. In this FEA model, one side of the GDL is fixed and a

ressure is applied on the other side. All boundary conditions are shown

n Fig. 1(b) . The compressed microstructure and stress–strain curve can

e obtained by the simulation results. The microstructure reconstruction

nd FEA are described in detail in our previous paper [13] . 

.2. 3D gas diffusion model 

The 3D computational domain of the gas diffusion model is obtained

y the 3D FEA results. Fig. 2(a) shows the compressed microstructure

btained by the 3D FEA compression model. The reactant gas diffuses

n the pores. As a result, the fluid domain can be extracted, as shown in

ig. 2(b) . 

The mass transport of gas is governed by the Fick diffusion law 

 

(
𝐷 0 ∇ 𝐶 

)
= 0 (1) 

here D 0 (m 

2 ·s − 1 ) is the intrinsic gas diffusivity, which can be elimi-

ated with the constant assumption, and C (mol ·m 

− 3 ) is the gas concen-

ration. Eq. (1) can be then simplified to the Laplace equation, 

 ( ∇ 𝐶 ) = 0 (2) 
361 
The inlet and outlet gas concentrations are fixed, and four side faces

re set as symmetry boundaries, as shown in Fig. 2(c) . According to the

rinciple that the macro and microdiffusion fluxes are equal, the gas

iffusivity correction factor used in the 3D CFD transport model can be

btained by 

𝐷 eff 
𝐷 0 

= 

𝑙( ∬
𝐴 
𝜕𝐶 

𝜕𝑧 
𝑑 𝑥𝑑 𝑦 ) 

𝐴 ( 𝐶 𝑖𝑛 − 𝐶 𝑜𝑢𝑡 ) 
(3) 

here D eff is the effective gas diffusivity, A is the outlet area of the

D gas diffusion model, and l is the thickness of the compressed GDL.

he unstructured mesh is employed to discretize the fluid domain, as

hown in Fig. 2(c) . Fig. 3(a) shows the grid independence results. The

verage concentration flux on the outlet surface changes slightly when

he grid number reaches 3.8 million. Considering the calculation time

nd accuracy, this grid size is employed here. 

.3. 2D FEA deformation model 

The GDL deformation on a millimeter scale is needed to study the

ell performance on a typical unit (usually a single straight channel).

ecause the length of the typical unit (50 mm) in this study is rather

arger than the width (1.7 mm) and the force on the GDL does not change

long the length or flow direction, the model is simplified as a 2D zone

s shown in Fig. 4 . It consists of a BP and GDL. Other components are

gnored due to the higher Young’s module than that of the GDL, and the

ressure is applied on the top surface of the BP. The mesh in the contact

rea between the BP and GDL is dense. Thus, the GDL undergoes a large

isplacement or deformation, as shown in Fig. 4 . A grid independence

nalysis is carried out, as shown in Fig. 3(b) . Accordingly, a 30,205-

esh system is subsequently employed. 

Different from using a constant Young’s modulus to characterize the

DL’s mechanical behavior, in this study, the stress–strain curve of the

DL obtained by the 3D FEA microstructure results [13] is employed,

s shown in Fig. 5 . It is regarded as a type of plastic material. The data

able of the stress–strain curve could be imported. 

.4. 3D CFD multiphase model 

A 3D multiphase model is developed to study the effect of the as-

embly pressure on the cell performance. Fig. 6 shows the computa-

ional domain ( Fig. 6(a) ) and model validation results ( Fig. 6(b) ). The

overning equations are listed in Table 2 . Details about the correspond-

ng source term and boundary conditions are presented in Ref. [30] .
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Fig. 3. Grid independence analysis. (a) 3D gas diffusion model; (b) 2D finite-element analysis (FEA) deformation model. 

Fig. 4. 2D finite-element analysis (FEA) deformation model. Gas diffusion layer (GDL). 

Table 2 

Governing equations of the 3D computational fluid dynamics (CFD) multiphase model. 

Solution zone Physical quantity Governing equation 

GCs, GDLs, MPLs, CLs Gas density 𝜌g ∇ ⋅ ( 𝜌g ⃖⃗𝑢 g ) = 𝑆 m 

GCs, GDLs, MPLs, CLs Gas mixture velocity ⃖⃗𝑢 g 

∇ ⋅ ( 𝜌g ⃗𝑢 g ⃗𝑢 g 

𝜀 2 ( 1− 𝑠 lq ) 
2 ) = −∇ 𝑝 𝑔 + 𝜇g ∇ ⋅ ( ∇( 

𝑢⃗ g 

𝜀 ( 1− 𝑠 lq ) 
) + ∇( 

𝑢⃗ T g 

𝜀 ( 1− 𝑠 lq ) 
) ) 

− 2 
3 
𝜇g ∇( ∇ ⋅ ( 

𝑢⃗ g 

𝜀 ( 1− 𝑠 lq ) 
) ) + 𝑆 u 

GCs, GDLs, MPLs, CLs Mass fraction of species Y i ∇ ⋅ ( 𝜌g ⃖⃗𝑢 g 𝑌 i ) = ∇ ⋅ ( 𝜌g 𝐷 eff i ∇ 𝑌 i ) + 𝑆 i 
BPs, GDLs, MPLs, CLs Electronic potential 𝜙ele 0 = ∇ ⋅ ( 𝜅eff ele ∇ 𝜙ele ) + 𝑆 ele 
MEM, CLs Proton potential 𝜙ion 0 = ∇ ⋅ ( 𝜅eff ion ∇ 𝜙ion ) + 𝑆 ion 
GDLs, MPLs, CLs Liquid pressure p lq 0 = ∇ ⋅ ( 𝜌𝐥 

𝐾𝑘 lq 

𝜇lq 

∇ 𝑝 lq ) + 𝑆 lq 
MEM, CLs Membrane water content 𝜆mw ∇ ⋅ ( 𝑛 d 

𝐹 
∇ 𝐼 ion ) = 

𝜌mem 
EW 

∇ ⋅ ( 𝐷 eff mw ∇ 𝜆 mw ) + 𝑆 mw 

Whole domain Temperature T ∇ ⋅ ( ( 𝜌𝐶 p ⃖⃗𝑢 ) eff 𝑇 ) = ∇ ⋅ ( 𝑘 eff ∇ 𝑇 ) + 𝑆 E 

Note: gas channel (GC), microporous layer (MPL); catalyst layer (CL); membrane (MEM). 
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able 3 lists key parameters that affect the cell performance (polariza-

ion curve). They are obtained from a commercial BP and MEA. More

etails are presented in our previous paper [31] . To validate the model,

hese parameters are initially set to those in Ref. [32] . The predicted po-

arization curve agrees with the experiment data, as shown in Fig. 6(b) ,

hich validated our model accuracy. As shown in Fig. 6(a) , the profile

f the deformed GDL obtained from the 2D FEA deformation model is

mported into the 3D model. The deformation of the GDL directly leads
 w

362 
o a change in the porosity distribution. In the plane perpendicular to the

 axis, the local porosity could be calculated by the local compression

y 

new 

= 1 − 

(
1 − 𝛾original 

) 𝛿original 

𝛿new 

(4) 

here 𝛾 and 𝛿 are the porosity and thickness, respectively. 
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Fig. 5. Stress–strain curve of the gas diffusion layer (GDL) material. 

Fig. 6. Computational domain validation of the 3D computational fluid dynam- 

ics (CFD) multiphase model. (a) Computational domain for the 3D CFD multi- 

phase model; (b) 3D CFD multiphase model validation. 
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Table 3 

Key parameters in the 3D CFD model. 

Parameters Value Unit 

Width of rib, channel 1, 0.35 mm 

Length of BP 50 mm 

Height of channel (anode/cathode) 0.35/0.55 mm 

Thicknesses of MPL, ACL, MEM, CCL 45, 6, 15, 18 𝜇m 

Density of MEM ( 𝜌MEM ) 2,150 kg ·m 

− 3 

Equivalent weight of MEM 1,000 kg ·mol − 1 

Porosities of MPL, CL 0.4, 0.3814 - 

Contact angles of GDL, MPL, CL 159, 166, 140 °

Transfer coefficient (anode/cathode) 0.25/0.25 - 

Volumetric reference exchange current 

density (anode/cathode) 

12 × 10 9 /758.94 A ·m 

− 3 

Reference concentration of hydrogen, 

oxygen 

40, 40 mol ·m 

− 3 

Stoichiometry ratio (anode/cathode) 1.5/1.5 - 

Back pressure (anode/cathode) 1.5/1.5 bar 

Relative humidity (anode/cathode) 100/100 % 

Operating temperature 353.15 K 

Note: anode catalyst layer (ACL); cathode catalyst layer (CCL). 
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Other porosity-dependent transport properties, such as the perme-

bility, effective conductivity, source term of the gas–liquid phase

hange, and Leverett J value, also change accordingly. Notably, the cor-

ection factor of the effective gas diffusivity in the GDL is obtained by

he 3D gas diffusion model rather than using the Bruggemann correc-

ion, 𝛾1.5 . 

The assembly force significantly changes the electrical contact resis-

ance (ECR) at the BP–GDL interface. The ECR correlation model pro-
363 
osed by Zhou et al. [33] has been employed to estimate the total con-

act resistance in similar studies [ 34 , 35 ], which is expressed by 

 contact = 

1 
∑𝑛 
𝑖 =1 

1 
𝑅 𝑖 

= 

1 
∑𝑛 
𝑖 =1 

𝑆 𝑖 
𝑎 ( 𝑏 ∕ 𝑝 𝑖 ) 𝑐 

(5) 

here R contact is the total ECR, n is the number of contact elements at

he interface, S i is the area of the i th contact element, p i is the i th contact

tress, and a, b , and c are constant coefficients. For the contact of a stain-

ess steel and carbon paper, the coefficients are set to a = 81.4 m Ω·cm 

2 ,

 = 2.52 MPa, and c = 1.07 [33] . 

The average contact pressure is practically constant and independent

n the number of cells, 1.4 to 1.6 MPa [4] . The value of 1.4 MPa is rec-

mmended by the US Department of Energy for interfacial contact resis-

ance measurements [36] . Besides, the range of 0.5–2.5 MPa is in line

ith the actual levels demonstrated in similar studies [ 22 , 24 , 37 , 38 ].

herefore, 0.5, 1.4, and 2.5 MPa are chosen as low, medium, and high

evels of assembly pressure, respectively. 

. Results and discussion 

The results of the 3D FEA compression model are presented in our

revious paper [13] , and thus they are not repeated here. Based on its

ompression results, the gas diffusivity and GDL macroscopic deforma-

ion profile are illustrated in this section. Furthermore, on a macroscopic

cale, the effects of the compression on the cell performance, fluid flow,

ass transport, reaction rate, and water and thermal management are

nalyzed. 

.1. Gas diffusivity after compression 

To compare with the experiment data, we evaluate the compression

atio and oxygen diffusivity under three assembly pressures (1.4, 2.5,

nd 3.0 MPa). Based on the original GDL, the normalized diffusivity af-

er the compression is defined. The simulation and experiment [39] are

ompared in Fig. 7 . The simulation value is close to the experimental

alue, which verifies the accuracy of the model. Fig. 8 shows the dif-

usivity correction factor calculated by Eq. (3) . The diffusivity correc-

ion factors at 1.4 and 2.5 MPa are reduced by approximately 9.97%

nd 14.43%, respectively, compared with the original GDL (without

ompression). For comparison, the correction factor calculated by the

ruggemann equation is also plotted. The simulation value f m 

is lower

han the Bruggemann value f B , approximately 0.86 times f B . The diffu-

ivity calculated above is used in the 3D CFD multiphase model. 
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Table 4 

Correlations of porosity-related parameters. 

Parameter Correlation 

Permeability (m 

2 ) [40] 𝜅

𝑑 2 
= 𝛾( 𝜋2 

16 (1− 𝛾) 2 
− 𝜋

2(1− 𝜋) 
+ 1)(1 + 0 . 72 1− 𝛾

( 𝛾−0 . 11) 0 . 54 
) 

Effective electrical conductivity (S ·m 

− 1 ) 𝜎GDL , eff = (1 − 𝛾) 
1 . 5 𝜎GDL , s 

Leverett J value for the capillary pressure 𝑝 c = { 
𝜛 cos 𝜃( 𝛾

𝜅0 
) 0 . 5 × [ 1 . 42( 1 − 𝑠 lq ) − 2 . 12 ( 1 − 𝑠 lq ) 

2 + 1 . 26 ( 1 − 𝑠 lq ) 
3 ] 𝜃 < 90 ◦

𝜛 cos 𝜃( 𝛾
𝜅0 
) 0 . 5 × [ 1 . 42 𝑠 lq − 2 . 12 𝑠 2 lq + 1 . 26 𝑠 

3 
lq ] 𝜃 > 90 

◦

Source term of gas–liquid phase change 𝑆 𝑣 − 𝑙 = { 
𝛼𝛾(1 − 𝑠 𝑙𝑞 )( 𝜌𝑣𝑎𝑝 − 𝜌𝑠𝑎𝑡 ) , 𝜌𝑣𝑎𝑝 > 𝜌𝑠𝑎𝑡 
𝛼𝛾𝑠 𝑙𝑞 ( 𝜌𝑣𝑎𝑝 − 𝜌𝑠𝑎𝑡 ) , 𝜌𝑣𝑎𝑝 < 𝜌𝑠𝑎𝑡 

Note: In the Leverett J function, p c represents the capillary pressure, ϖ is the surface tension coefficient, 𝜃 is the contact angle, 𝛾 is 

the porosity, s lq is the liquid water saturation, and 𝜅 is the intrinsic permeability. 

Fig. 7. Validation of the 3D gas diffusion model. 

Fig. 8. Simulation results of the 3D gas diffusion model. 

3

 

c  

r  

t

 

f  

t  

f  

o  

A  

l  

d  

T  

s  

3

3

 

t  

l  

d  

F  

i  

p  

l  

a  

z  

l

 

t  

i  

t  

r  

T  

2

 

t  

F  

s  

t  

p  

p  

i  

c  

a  

l  

a  

f  

s  

t  

t  

z  

p  

t

3

 

p  

F  

C  

d  

s  

2  

o  

i  

n  
.2. Data preparation for the 3D CFD multiphase model 

Through the 2D FEA deformation model, the geometry profile of the

ompressed GDL is obtained, as shown in Fig. 9(a) . The GDL under the

ib is compressed significantly. This cross section is employed to draw

he computation domain of the 3D CFD multiphase model. 

The correction factor simulated by the 3D gas diffusion model is used

or the calculation of the effective gas diffusivity. Fig. 9(b) shows that

he cathode oxygen diffusivity is lower than the anode hydrogen dif-

usivity. Therefore, more attention should be payed to the limitation

f cathode mass transfer. Fig. 9(c) shows the distribution of porosity.

 common characteristic of the porosity and diffusivity is that they are

ower under the rib than under the channel. However, the electrical con-

uctivity distribution is higher under the rib than under the channel.

able 4 [40] lists porosity-related parameter correlations. All of these

pace distributions are implemented through the user defined function.
364 
.3. Cell performance prediction 

.3.1. Effect on the cell performance 

Fig. 10(a) shows polarization and power density curves under

he three assembly pressures when the ECR is not considered. A

ower pressure led to a better output performance, particularly un-

er the concentration-dominant zone. The voltage loss analysis in

ig. 10(b) shows that when the assembly force is weaker, the Ohmic loss

s large while the activation and concentration losses are small. The com-

ression increases the effective conductivity, thus reducing the Ohmic

oss. The output voltage at 2.5 MPa decreases by approximately 15.4%

t 1.7 A ·cm 

− 2 compared with that at 0.5 MPa (concentration-dominant

one), owing to the decreases in the porosity and permeability, which

argely impacts the mass transfer. 

An important role of the assembly pressure is to decrease the ECR be-

ween the BP and MEA. The stress distribution at the BP–GDL interface

s shown in Fig. 10(c) . The stress under the rib is higher than that under

he channel. The stress peak appears at the junction of the channel and

ib. The ECR could then be calculated by the stress according to Eq. (5) .

he predicted ECRs are 343.57, 121.20, and 67.61 m Ω at 0.5, 1.4, and

.5 MPa, respectively. 

After the ECR (as a part of the Ohmic impedance) is considered,

he polarization and power density curves shift downward, as shown in

ig. 10(d) . At current densities lower than 1.7 A ·cm 

− 2 , a higher pres-

ure led to a better performance, which is contrary to the case when

he contact resistance is not considered, because the lower assembly

ressure leads to a large Ohmic impedance. In this study, under a low

ressure (0.5 MPa), the contact resistance is dominant in the Ohmic

mpedance. Therefore, the output voltage decreases largely with the in-

rease in the current density under a pressure of 0.5 MPa. When the

ssembly pressure increases to medium (1.4 MPa) and high (2.5 MPa)

evels, the contact resistance significantly decreases. The mass transport

nd contact resistance have important contributions to the output per-

ormance. When the assembly force is large, the contact resistance is

mall, which is conducive to an Ohmic loss. However, it deteriorates

he mass transfer (by reducing the porosity) and increases the concen-

ration loss. Considering these two aspects, under the Ohmic-dominant

one, the performance at 2.5 MPa is higher than that at 1.4 MPa. The op-

osite behavior is observed in the concentration-dominant zone (higher

han 1.7 A ·cm 

− 2 ). 

.3.2. Effect on the fluid flow 

To study the effect of the assembly pressure on the gas flow or

ressure drop, the change in pressure drop is shown in Fig. 11(a) .

ig. 11(b) shows the pressure distributions in the cathode GDL, MPL, and

L at 1.7 A ·cm 

− 2 . With the increase in the current density, the pressure

rop increases due to the mass flow rate increase. Besides, the compres-

ion leads to a significant increase in pressure drop. The pressure drop at

.5 MPa is 20% higher than that at 1.4 MPa at the same current density

f 1.7 A ·cm 

− 2 . Owing to the compression, the GDL under the channel

s bulged, which reduces the flow cross-section area of the flow chan-

el. The flow velocity becomes larger under the same volume flow rate.
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Fig. 9. Data preparation for the 3D multiphase model. (a) GDL compression profile; (b) effective gas diffusivity distribution; (c) porosity distribution; (d) effective 

electrical conductivity distribution. 
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owever, the compression results in reduced GDL porosity and intrinsic

ermeability. This implies that the flow resistance for gas flowing into

he porous electrode increases. Considering the above two effects, the

ressure loss increases considerably. 

.3.3. Effects on the mass transport and reaction 

Figs. 12(a) and 12(b) show the O 2 concentration and reaction rate

n the CCL under assembly pressures of 1.4 and 2.5 MPa, respectively.

 2 is hard to flow into the region under the rib where the porosity and

ermeability are lower. The reaction rate and reactant concentration

re coupled. In the flow direction, both O 2 concentration and reaction

ate decrease from the inlet to the outlet, due to the consumption of the

xygen reduction reaction. 

In the vertical direction, the lower O 2 concentration under the rib

ields a lower reaction rate under the rib, as shown in Fig. 12(b) . Under

he same current density (1.7 A ·cm 

− 2 ), the total generated current is the

ame. As a result, the total reaction intensity (integration of the reac-

ion rate over the whole CCL zone) is unchanged, but the distribution

f the reaction rate becomes uneven. In other words, at a higher degree

f compression, the chemical reaction is more concentrated under the

ow channel, as shown in Fig. 12(c) . Furthermore, the higher reaction

ate implies a higher flux or higher gradient of O 2 concentration under

he channel. According to the isoline distribution, Fig. 12(d) shows that

he O 2 concentration decreases faster at 2.5 MPa in the through-plane

irection. Generally, at the high-level compression, the reactant con-

entration in the CL decreases rapidly, and the cell performance enters

he concentration-dominant zone faster. This validates the polarization

urve results in Figs. 10(a) and 10(d) . 
365 
.3.4. Effect on the water and thermal management 

Fig. 13(a) shows the temperature distributions in the CCL under the

ssembly pressures of 1.4 and 2.5 MPa. The distribution characteristics

re almost the same as those of the reaction rate shown in Fig. 12(b) . A

alley-type higher-temperature region occurs in the left center part of

he membrane, which can be explained as follows. In this study, the tem-

eratures of the surrounding walls of the cell and inlets in the domain

re set as the operating temperature (353.15 K) [30] . The temperature is

igher in places with large heat sources. Fig. 12(b) shows that the reac-

ion rate at the cathode inlet is higher, which leads to more irreversible

eat of the electrochemical reactions. Therefore, the temperature near

he cathode inlet is higher than that near the outlet. The temperature

nder the rib is lower than that under the channel. This has also been

bserved in Ref. [41] . 

For the water distribution, the liquid water saturation profiles are

hown in Fig. 13(b) . The liquid saturation is obtained from the inverse

olution of the capillary pressure by the Leverett J function (listed in

able 4 ). As the contact angle, porosity, and intrinsic permeability are

ifferent in the GDL, MPL, and CL, there is a liquid water saturation jump

t the interfaces of different layers, as shown in Fig. 13(b) . Besides, the

iquid water saturation increases at 2.5 MPa. This demonstrates that the

ompression also hinders the discharge of liquid water. The membrane

ater content variation is shown in Fig. 13(c) . With the increase in the

urrent density, the membrane water content initially increases, and

hen decreases, owing to the combined effect of two factors. With the

ncrease in the current density, the temperature increases to promote

he conversion of membrane water. However, the content of membrane

ater produced by the reaction also increases. The membrane water
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Fig. 10. Cell performance and contact resistance. (a) Without contact resistance; (b) voltage loss; (c) stress distribution; (d) with considered contact resistance. 

Fig. 11. Effect on the pressure distribution. (a) Pressure drop; (b) pressure contour at 1.7 A ·cm 

− 2 . Cathode gas diffusion layer (CGDL); cathode microporous layer 

(CMPL); cathode catalyst layer (CCL). 
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ontent is high when the pressing force is large. A wet membrane implies

 smaller proton Ohmic resistance, which is consistent with Fig. 10(b) . 

. Conclusion 

In this study, based on the microstructure of the compressed GDL,

he effective oxygen diffusion coefficient was obtained by a simulation.

he deformation GDL profile was obtained by substituting the nonlinear
366 
tress–strain law into the 2D FEA deformation model. Finally, the influ-

nces of the assembly force on the fluid flow, mass transport, reaction

ate, water and thermal management, and fuel cell performance were

tudied by the 3D CFD multiphase model. The findings of this study can

e summarized as follows. 

1) The effective oxygen diffusion coefficient simulated by the com-

pressed GDL is approximately 0.86 times the Bruggemann’s esti-

mated value f . 
B 
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Fig. 12. Cathode reaction rate and O 2 concentration distribution in the cathode catalyst layer (CCL). (a) O 2 concentration in the CCL; (b) reaction rate in the CCL; 

(c) average reaction rate in the X direction (rib–channel–rib) in the CCL; (d) O 2 concentration in the cross-section plane. 

Fig. 13. Temperature and water distributions at 1.7 A ·cm 

− 2 . (a) Temperature distribution in the membrane (MEM); (b) liquid water saturation distribution in the 

cathode in the through-plane direction; (c) membrane water content. 
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2) The compression has significant effects on both contact resistance

and mass transport ability. The contact resistance has an important

role under the Ohmic-dominant zone. As a result, the cell perfor-

mance at 2.5 MPa with the small contact resistance was better than

that at 1.4 MPa with the large contact resistance. However, the op-

posite behavior was obtained in the concentration-dominant zone

(higher than 1.7 A ·cm 

− 2 ), where the mass transfer deterioration be-

came the main reason for the performance degradation. 
367 
3) The GDL porosity and permeability decrease after the compression.

The pressure drop of the 2.5 MPa case was 20% higher than that

of the 1.4 MPa case at 1.7 A ·cm 

− 2 . O 2 was hard to flow into the

region under the rib where the porosity and permeability were

lower. 

4) The reaction rate was lower under the rib due to the lower O 2 con-

centration. Furthermore, this uneven distribution became more ob-

vious with the increase in the assembly force. 
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5) Both liquid water and membrane water contents increased when the

assembly force increased. A wet membrane implies a smaller proton

Ohmic resistance. 
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