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Abstract: The deflection of the endplate under the clamping force has a vital effect on fuel cell
performance. An optimal cross-sectional shape with a high moment of inertia of the endplate
is significant to maximize the bending stiffness of the fuel cell stack. Five cross-sectional shapes
(rectangular, round, parabolic, rectangular + round, and rectangular + parabolic) of the typical
endplates are proposed. An analytical study on the moments of inertia of the endplates is introduced
and analyzed. The maximum moments of inertia of the cross-sections are obtained and displayed
in a matrix in thickness and length. The statistical results show that the “rectangular + parabolic”
cross-section has the advantage of wide dimensional size while maintaining a high moment of inertia.
Finally, the analytical studies are validated by a finite element method (FEM) and the corresponding
trends are highly agreed upon. The maximum moment of inertia of the parabolic endplate is 85.71%
higher than the rectangular endplate with a thickness of 80 mm, and the corresponding contact
pressure variance is 6.15% less than the rectangular endplate. The presented analytical study is
significant and effective to optimize the cross-sectional shape of the endplate and provide an endplate
design direction for a large fuel cell stack.
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1. Introduction

As environmental problems become more prominent, more and more attention is
turning toward clean energy worldwide. The proton exchange membrane fuel cell (PEMFC)
can directly convert chemical energy into electrical energy with high efficiency. Hydrogen
is a raw material whose production is only water, which makes PEMFC a promising energy
source [1-3].

PEMEC surpasses the efficiency limitation brought by the Carnot cycle with a high
efficiency, which greatly reduces the waste of energy [4]. Meanwhile, PEMFC does not need
a mechanical transmission mechanism, the structure is compact without working noise,
and its life and reliability levels are high [5]. In addition, PEMFC also has the advantages
of low operating temperature, and good cold start performance, which grant it potential in
many fields, such as power stations, vehicles, and aviation [6]. The application of PEMFC
is beneficial to sustainable development.

During the fuel cell stack assembly, there is inevitably a deflection of the endplates.
The deflection will cause uneven contact pressure distribution on the membrane electrodes
assembly (MEA), and lead to differences in the fuel cell electro-chemical reactions [7-9].

Improper contact pressure will affect the transfer of electrons [10,11] and the fuel
supply [12,13]. Low contact pressure causes a small contact area and a large interfacial
contact resistance, which brings ohmic voltage loss [14,15], a large contact pressure causes
excessive gas diffusion layer (GDL) deformation, decreases its porosity and permeability,
and leads to concentration voltage loss [16]. The uniform contact pressure distribution is of
great significance to the high performance of a fuel cell stack.
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Increasing the thickness of the endplates is an effective way to reduce the deflection of
the endplates and improve the uniformity of contact pressure [17], but it will also increase
the total mass and reduce the volume power density, which is important in the evaluation
of the fuel cell stack. Therefore, it is necessary to properly design the fuel cell endplates
before the assembly of the fuel cell stack.

Asghari et al. [18] designed and machined an endplate for a 5 kW fuel cell stack,
and aluminum alloy was selected as the endplate material. The endplate thickness was
optimized based on the evaluation of the tested deflection. The strain of the endplate with
low mass is the optimization objective. The experiment did not consider the effect of the
local dimensions of the endplate on the uniformity of the integrated force distribution
inside the stack.

Lin et al. [19] proposed a multi-objective endplate optimization method to reduce
the endplate mass and improve the uniformity of the contact pressure distribution in the
steel strip-strapped fuel cell stack. The two-dimensional optimization of the endplate
cross-section was divided into two steps: Shape optimization and topology optimization.
Based on the two-dimensional optimization, the three-dimensional model of the endplate
was optimized by the parametric modeling method. Lin et al. [20] used a multi-objective
topology optimization method based on the finite element method to obtain the maximum
stiffness of the endplate and ensure the integrated force is uniformly distributed inside the
stack, while the material distribution under the maximum stiffness of the end plate was
employed to make the pressure distribution inside the stack more uniform. The internal
structure of the stack model established in this paper is replaced by rectangular plates,
ignoring the influence of the bipolar plate ridge and flow channel, so the model has a
large deviation.

Carral et al. [21] used experiments to study the deformation of the endplate under the
action of the clamping force. A strain gauge was utilized to measure the strain of different
parts of the endplate. The formula was deduced to fit the date. The experimental value and
the theoretical value have a good consistency. Zhang et al. [22] designed a downwardly
inclined endplate and optimized the structural size. After the optimization, the uniformity
of contact pressure distribution was improved. Liu et al. [23] proposed a new pneumatic
clamping device for the endplates where uniform pressure was applied on the endplate
by nitrogen gas. Compared with the traditional clamping method, the new device can
effectively improve the uniformity of stress distribution. Tests showed that the new device
can effectively reduce the internal ohmic impedance by 18%. Alizadeh et al. [24] also
proposed a similar device to obtain a more uniform pressure distribution. Qiu et al. [25]
established an intelligent method to optimize the uniformity of pressure distribution inside
the fuel cell stack. It can greatly simplify the limits of simulation and provide a novel idea.
However, the trained model had certain shortcomings with not many data. It can only
be used for a specific fuel cell stack. Chang [26] proposed a bendable fuel cell, where the
degree of bending is controlled by the endplates. The test results show that the ohmic
impedance and Faraday impedance of the fuel cell after bending are significantly reduced,
which also brings about a significant improvement in performance.

Wei [27] studied the compression effect on GDL through FEM. A simulated annealing
algorithm was used then to optimize the endplate shape and topology. Zhang et al. [28]
used the FEM to obtain three topology structures of lightweight endplates. A comparison
was made between those endplates before and after optimization. The results showed that
the optimized endplates can reduce the mass of the endplates and improve the uniformity
of the contact pressure. Jiang [29] established a multi-objective fuel cell endplate topology
optimization model based on topology optimization theory and finite element method
considering several design indexes. The finite element analysis was performed on several
groups of endplates with the same cross-sectional area and different cross-sectional forms
to determine the optimal cross-sectional shape by the root mean square of the displacement
of the contact surface between the endplate and the bipolar plate.
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Usually, the maximum cross-sectional stiffness endplate should be selected by taking
the strain energy at the contact surface of the endplate and the stack internal component as
the minimum target, the root mean square of displacement as the minimum target, and
the weighted value of both as the minimum target for the basic shape selection of the end
plate, respectively. However, no corresponding relationship is built between the shape of
the maximum cross-sectional stiffness and the endplate of different sizes. At the same time,
the FEM needs a great deal of calculation time and resources, adding to the convergence
difficulty, which will need enormous calculation resources.

To simplify the analysis process and obtain a reliable result, a theoretical method is
needed to replace the FEM and experiment method. In this study, a theoretical calculation
method is proposed to analyze different endplate cross-sectional shapes for optimization.
The inertia moments of endplates with different cross-sectional shapes in the same area
will be presented to evaluate the optimal endplate shapes of different sizes. The result is
then validated by the FEM models. Through the theoretical method, the analysis process is
simple and could save a great deal of time and resources.

2. Moment of Inertia Analysis of Different Cross-Sectional Endplates

In the case of the same cross-sectional area, under the clamping force of the fuel cell
stack, the deflections of different cross-sectional shapes of the endplate are different. The
cross-sectional stiffness and endplate deflection are inverse relations. The cross-sectional
bending stiffness is shown as follows [30]:

K=El=— (1)
@
where K is the cross-sectional bending stiffness, E is the material modulus of elasticity, I is
the cross-sectional moment of inertia, M is the bending moment per unit cross-section, and
@ is the cross-sectional curvature. It can be found that the cross-sectional moment of inertia
can represent the bending stiffness to evaluate the endplate deflection.

For the cross-section shape design of the fuel cell endplate, five typical cross-sectional
shapes (rectangular, round + parabolic) and two combination shapes (rectangular + round
and rectangular + parabolic) are proposed as shown in Figure 1. The center of coordinates
in each endplate is the centroid of each shape. The moments of inertia are calculated to
compare them with the same cross-sectional area based on the rectangular shape.

The length of the rectangular endplate is equal to the bipolar plate length Ls which is
constant in this study for comparison. So, the unique parameter that determines the area
is the height of the endplate H; (i.e., the thickness of the endplates), which can be called
the “characteristic parameter” of the different cross-sectional endplates. The characteristic
parameter of the round cross-section is the radius Ry. The characteristic parameter of the
parabolic cross-section is the parabolic quadratic term coefficient ap. The characteristic
parameter of the rectangular + round cross-section is the rectangular occupation factor
kj = 0.5 (Hjy = kj x H;) and the round radius Rjy. The characteristic parameter of the rectan-
gular + parabolic cross-section is the rectangular occupation factor kj = 0.5 (Hjy = kj x Hj)
and the parabolic quadratic term coefficient aj,

According to Figure 1, the unique characteristic parameters of each cross-sectional
shape can be determined. The area of each shape can be adjusted to be equal to the
rectangle by the characteristic parameters. The thickness of the rectangular endplate H; is
the “Equivalent thickness” of the rectangular endplate for all five endplates with the same
cross-sectional area. The next step is to find the maximum moment of inertia.
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Figure 1. Diagram of the endplates with different cross-sections: (a) Rectangular; (b) round; (c) parabolic;

(d) rectangular + round; (e) rectangular + parabolic.
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(1) Rectangular cross-section

The moment of inertia for the rectangular cross-section to its centroid is:

LSH].3
N7 12

@

where L is the length of the rectangle and Hi; is the height of the rectangle.
(2) Round cross-section

The center angle of the round endplate is less than or equal to 180°, so the moment of
inertia of the round cross-section to its centroid can be expressed as:
The center angle is:

L
0 = arcsin( ﬁ) (©)]
y

The cross-sectional area of the endplate is:
_op2_ L
Ay=ORj — ELSR};COS(G) 4)

The moment of inertia of the round endplate to the round center is:

1 sin20 1
_ 2 2 _ PR3 3
Ixyo—./ArY dAr*‘/ASy dAs—RY[4RY(e+2 >4LS(COSG) :| (5)

The distance between the round center and the round centroid is:

2 Ry(sin)’
Dyoye = = X =~ 6
yoye = 3 % 9 sinBcos o ©)
The moment of inertia of the round endplate to the round centroid is:
Ixyc: Ixyo - A}’D%o—yc )

(3) Parabolic cross-section

Since the bottom length of the parabolic endplate is at Ls as presented, the parabolic
quadratic term parameter ap, and the parabolic zero term parameter c, have the relationship

as shown: 5
apL
p == ®)

The area of the parabola is:
Ap = ~cpy|—— )

The moment of inertia of the parabolic endplate to the bottom edge is:

32 5 | ¢
a= 1= | (10)
PE105 P —ap
The distance between the bottom edge and the parabola centroid is:
Dpc-pd = gcp (11)
The moment of inertia of the parabolic endplate to the parabola centroid is:
Lipe= Lipd — ApD2 (12)
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(4) Rectangular + round cross-section

The center angle of the round part is:

0’ = arcsin(=—— 1
arcsin( 2R, ) (13)
The area of the round part is:
Ajyy= O'R%, — SLRiycos 0/ 14
yy= ¥ Ny T o jycos (6') (14)
The area of the rectangular part is:
Ajyi= LsHjy (15)
where Hjy is the height of the rectangular part.
The total cross-sectional area of the endplate is:
Ay = Ajyy T4y (16)
The moment of inertia of the rectangular part to the rectangle centroid is:
LH3
— Y
Ixjyjc = T (17)
The moment of inertia of the round part to the round centroid is:
— 2
Livye = Ixjyyo = AjyyDiyyojyye (18)
1 sin 20’ 1 3
— R3 / /
Ljyyo= Rjy ERD,(G +— ) —bs (cos6') (19)

2 Ry (sin®’)’

Diyyorvye = 30 —sin0 cos @ 20)
where Lyjyyc is the moment of inertia of the round part to the round centroid, Iyjyy, is the
moment of inertia of the round part to the round center, and Diyyoyyc is the distance
between the round center and the round centroid.

The distance between the endplate centroid to the bottom edge is:

AjnyjyyC-iyd+AJ'YJ" Diyicjyd

Diyejya = A (21)
— /
Djyyeiya= Diyyojyye — Riycos(6') +Hy (22)
Dpjeipad = 2 (23)
Jyjedjyd = T

where the Djyjyq is the distance between the endplate centroid to the bottom edge, Djyyc.iyd
is the distance between the round part centroid to the bottom edge, Djyic.jyd is the distance
between the rectangular part centroid to the bottom edge, and Djyyo-jyyc is the distance
between the round part round center to the round part centroid.

The distance between the rectangular part centroid to the endplate centroid is:

Digiciye= Djyeiyd ~ Diyjeiyd (24)
The distance between the round part centroid to the endplate centroid is:
Diyyejye= Diyejyd ~ Diyyeiya (25)
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The moment of inertia of the endplate to the endplate centroid is:

Liye= Lyye+AjyyDj

2
yyciye Txyie TAjyiD; (26)

Jyjedye
(5) Rectangular + parabolic cross-section

Since the bottom length of the parabolic end plate is Ls, the parabolic quadratic term
parameter ajp, and the parabolic zero term parameter ¢jp, have the relationship as shown:

ai 12
o = -0 @
The area of the parabolic part is:
4 Sp
Ajpp = 3% | (28)
P
The area of the rectangular part is:
Ajpj= LsHjp @9
where Hjp, is the height of the rectangular part.
The cross-sectional area of the endplate is:
Ajp= Ajpp+Ajpj (30)

The moment of inertia of the parabolic part to the parabola centroid is:

— 2
Lppe= Ixppd — AjppDippeppd 1)
32 5 | Sp
Lippd = 705 — (32)
2
Dippeippd = 5 %p (33)

where Lyj,,4 is the moment of inertia of the parabolic part to the bottom edge of the parabolic
part, and Djppcjppd is the distance between the parabola centroid to the bottom edge of the
parabolic part.

The moment of inertia of the rectangular part to the rectangle centroid is:

3
Lsij

IXijC = 12 (34)

The distance between the endplate centroid to the endplate’s bottom edge is:

AippDippe ipd +Aipi Diic-ipd
Dipeipd = jPP-jppe JPA. jpi ~jpic-ip (35)
j
Djppe-jpd = Djppejppd +Hjp (36)
H‘
Dipjcpd = —- (37)

where D, jpq is the distance between the endplate centroid to the endplate’s bottom edge,
Djppcijpd is the distance between the parabola centroid to the endplate’s bottom edge, and

Djpicijpd is the distance between the rectangle centroid to the endplate’s bottom edge.
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The distance between the rectangle centroid to the endplate centroid is:
Dipje;pe= Dipejpd ~ Dipjepd (38)

The distance between the parabola centroid to the endplate centroid is:
Dipic;pe= Djpepd — Dipie-jpd (39

The moment of inertia of the endplate to the endplate centroid is:
—T1. 2 . 2

IXjPC_ IX]PPC+AJPPD]PPC -Jpc +IXJPJC +A]p]D]P]C -Jpe (40)

The moment of inertia obviously depends on the size of the endplate. With different
thicknesses and widths, the optimal cross-sectional shape is also different. It is necessary to
take the size into consideration when the endplate has the maximum moment of inertia
with different cross-sectional shapes.

Figure 2 shows the cross-sectional shape with the maximum moment of inertia with
different sizes. The horizontal coordinate is the cross-sectional width, which corresponds
with the bipolar plate size. The vertical coordinate is the equivalent thickness of the
cross-section shape.

Endplate desngn w:dth[mm]
] 1 Fil Ell 41 51 Sl 71 01 11 121 |3I 141 |5| |5| 171 181 191

i
@&%%%%%ﬁ&&%ﬂ%%%&@ BB
M@ﬁﬁﬁﬁﬁﬁ

i
i
i
i
i
i
i

i
EE R A A
R R R S

Endplate equivalent thickness[mmy]

HHEHEHE
%%&&ﬁ%ﬂ $EE EEE R B 4 L L FERL L B O S R B
e SR R S
L R R S R R B B R S

% rectangular Endplate k¢ rectangular + round Endplate %k round Endplate % parabolic Endplate

Figure 2. The maximum moment of inertia with five different cross-section sizes.

It can be found that the parabola endplate has the maximum moment of inertia in
different sizes (thickness and length), i.e., the parabola cross-section, which has a high
proportion of the moment of inertia, is effective in the wide range design of the endplate.
However, the endplate with a parabolic cross-section is difficult to manufacture. On the
other hand, as the equivalent thickness of the endplate increases, the parabolic cross-section
will approach a similar triangular shape and forms a sharp peak, which will result in
concentration stress during the fuel cell stack assembly. Therefore, the parabolic endplate
is better to be evicted for these reasons.

Figure 3 shows that the “rectangular + parabolic” endplate with the maximum moment
of inertia has a large, occupied proportion in the wide dimensional size of the endplate, and
then the round endplate. The rectangular endplate and the “rectangular + round” endplate
only have a small specific region. Therefore, the “rectangular + parabolic “cross-section is
suitable for a large length and width endplate design while maintaining a high moment
of inertia.
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Figure 3. Maximum moment of inertia with different sizes (thickness and width) of four different
endplate cross-sectional shapes.

In these different cross-sectional shapes, the rectangular proportion factor k; of the
“rectangular + parabolic” cross-section shape is set at 0.5, i.e., half rectangle and half
parabolic. However, factor kj may also have an important effect on the maximum moment
of inertia distribution.

Figure 4 shows the maximum moment of inertia matrix in the thickness and the length
size when the factor k; varies between 0.1 and 0.9. It can be found that as the proportion
of the rectangle in the “rectangular + parabolic” cross-section increases, the occupied
region of the round endplate increases, but it is not obvious. The “rectangular + parabolic”
cross-section still has the advantage in the endplate design with large thickness.

03 0.6
# rectangular Endplate + rectangular + round Endplate # round Endplate

Figure 4. Maximum moment of inertia occupation proportion under different sizes with different k;
values of endplate cross-sectional shape.

On the other hand, at the k;j value of 0.9, the “rectangular + round” endplate almost
substitutes the “rectangular + parabolic” cross-section. For the endplate with a small
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thickness and large length, the round endplate is suitable; for endplates with a certain large
thickness and length, the “rectangular + round” has an obvious advantage.

At present, the fuel cell stacks have a large active electro-chemical reaction area and
endplates with small thickness; for the increasing requirements of high working current
and high volumic power density, the round endplates are suitable for certain power of
the fuel cell stack, e.g., 100 kW. However, if the fuel cell stack power is over 100 kW, the
clamping force is relatively high. In order to avoid the leakage of the high-pressure fuel
and air, the endplate has a large thickness, and then the “rectangular + round” endplate is
preferred in the pre-design.

3. Validation with Finite Element Method (FEM)

The optimal cross-sectional shape of the endplate could be selected according to the
presented matrix including the maximum moment of inertia distribution, then a finite
element model will be developed to validate the moment of inertia of different cross-
sectional shapes, and the corresponding contact pressure variance will also be analyzed.

Five fuel cell stack models with different cross-sectional endplates are shown in
Figure 5. The materials are shown in Table 1. According to the symmetry, the 1/4 models
are developed to reduce the calculation resource and improve the calculation efficiency. In
the discretization of the model, the sealant, bipolar plate, MEA, and endplates all use the
Solid95 mesh. The mesh shape is tetrahedral, and the free mesh is adopted. The contact
between the MEA and the sealant is bonded. The contact behavior between the bipolar
plate and the endplate is also bonded to simulate the boundary condition after the assembly
of the fuel cell stack. The contact behavior between the sealant and the bipolar plate and
MEA and the bipolar plate is frictional.

Table 1. Materials used in the simulation.

Component Material ElasticModulus/GPa Poisson
Endplate Aluminum Alloy 70 0.3
Bipolar plate Stainless Steel 158 0.33
Sealant Olefin resin 3.226 0.49
MEA Composite 7 0.33

Based on the models, the moments of inertia and the contact pressure distribution with
five cross-sectional shapes are analyzed and the numerical results are shown in Figure 6.
Figure 6a shows the moments of inertia with increasing equivalent thickness for different
cross-sectional shapes of the endplates. For the same thickness and area of the endplate,
the parabolic cross-section has the maximum moment of inertia, and then there is the
“rectangular + parabola” cross-section, which corresponds with the analytical results as
presented. Furthermore, with an endplate thickness of 80 mm, the moment of inertia of the
parabolic cross-section is 85.71% higher than the rectangular cross-section.

Figure 6b shows the uniformity of contact pressure distribution between the MEA and
bipolar plate with increasing equivalent thickness for different cross-sectional shapes. The
contact pressure variance is defined as the value of standard deviation divided by the mean,
which can be used to indicate uniformity. The smaller the contact pressure variance, the better
the uniformity. For the parabola cross-section of the endplate, the contact pressure variance
is minimum, and then there is the “rectangular + parabola”, which corresponds with the
analytical results as presented. With an endplate thickness of 80 mm, the contact pressure
variance of the parabola cross-sectional shape is 6.15% less than the rectangular shape.

With the endplate equivalent thickness increasing, the moment of inertia for different
shapes increases greatly. When the thickness is larger than 40 mm, the contact pressure
variance almost remains the same although the moment of inertia increases. The reason
is that when the endplate is thick enough, the thickness is not an important factor for
uniformity. To further decrease the contact pressure variance, other factors such as the
material and the position of the belt should be considered.
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Therefore, it can be found that with the same cross-sectional area, the endplates
with different cross-sectional shapes have different moments of inertia, which lead to the
different uniformity of the contact pressure inside the fuel cell stack. The larger the moment
of inertia of the endplate, the more uniform the contact pressure distribution. The contact
pressure variance of each shape is in the opposite order of the moment of inertia. The order
is further analyzed, as shown in Figure 7.

‘(a) ‘

(b)
Figure 5. Five fuel cell stack models with different endplates: (a) Rectangle; (b) round; (c) parabola;
(d) rectangle + round; (e) rectangle + parabola.

In Figure 7a, five endplate cross-sectional shapes are ordered by contact pressure
uniformity. The shape in the first order of the contact pressure uniformity is the one with
the minimum contact pressure variance, which means the uniformity is the best among
all shapes. In Figure 7b, five endplate cross-sectional shapes are ordered by the cross-
sectional stiffness. The shape in the first order of cross-sectional stiffness is the one with the
maximum moment of inertia.
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Figure 6. The moment of inertia and contact pressure variance of five different cross-sectional
endplates: (a) Moment of inertia; (b) contact pressure variance.

These trends of each cross-sectional shapes as shown in Figure 7a,b are almost the
same, especially when the equivalent thickness is larger than 30 mm. When the thickness is
less than 30 mm, there is a certain difference due to the influence of the existing installation
grooves of the steel belts on the endplate. When the equivalent thickness of the endplate is
large, the effect of the installation groove of the steel belts will gradually decrease, and then
tends to be consistent.

From the presented analysis, the results of the analytical study regarding the moment
of inertia and the numerical results of FEM models correspond with each other. In particular,
in the field of the optimal cross-sectional shape study of the endplate, the analytical study

is recommended thanks to the reliability and the economic calculation cost for a large fuel
cell stack.
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Figure 7. Comparison of different orders: (a) Ordered by contact pressure uniformity; (b) ordered by
cross-sectional stiffness.

4. Discussion and Conclusions

The uniform contact pressure is crucial to the performance of a PEMFC stack. The
deflection of the endplate will significantly cause the inhomogeneity of contact pres-
sure. Therefore, the endplate should have enough stiffness to minimize its deflection.
A cross-sectional shape with a high moment of inertia is desirable to improve the endplate
bending stiffness.

Firstly, five typical different cross-sectional shapes of the endplates were proposed,
and their moments of inertia were introduced and analyzed based on a theoretical method.

Then, the thickness and width of the endplate in a wide dimensional size were consid-
ered in the calculation of the moment of inertia. For the different cross-sectional shapes of
the endplate, the proportion of the maximum moments of inertia with the different thick-
nesses and widths was different. The “rectangular + parabola” endplate is advantageous in
the wide dimensional size of the endplate. The distribution matrix is therefore developed
so that the optimal shape can be selected more easily and quickly in engineering design.
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Finally, the 3D FEM models were developed to validate the analytical study. The
cross-sectional shape did not influence the contact pressure unevenness along the stack
assembly direction, while it had an important influence on the uniformity of contact
pressure distribution on the multi-contact interface. The results of the analytical study and
the FEM were in high agreement. With a larger moment of inertia of the endplate, the
uniformity of the contact pressure is better.

This study confirms that we could adopt this effective theoretical method for the
optimal cross-sectional shape design and evaluate the fuel cell endplate design, which will
be economical regarding the huge calculation resource and the convergence difficulty of
using FEM for a large fuel cell stack.
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