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HIGHLIGHTS

o Carefully tested grid-independence for the refined simulation requirement.
o Proposed a POD based method for flow distribution analysis.
o Explicit expression between coolant distribution curve and eccentricity.

o Finding the optimal eccentricity of 0.8856.

© 4.04-times reduction of the coolant distribution non-uniformity.
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ABSTRACT

The uniform distribution of coolant among different coolant flow field plates is of critical importance to the
thermal management of proton exchange membrane fuel cell (PEMFC) stacks. Herein, the coolant distribution
uniformity is optimized using an eccentric end socket structure based on the computational fluid dynamic (CFD)
method. Firstly, the grid systems are comprehensively tested for the refined simulation requirements under a
well-distributed condition and a high current density. Then, to reduce the heavy burden of computing resources,
a novel analysis model is proposed to further establish the explicit mathematical expression between the coolant
distribution curve (CDC) and the eccentricity based on the CFD results and proper orthogonal decomposition
(POD). Finally, the coolant distribution uniformity is optimized according to the above explicit expression.
Results suggest that for the studied cases, the grid systems with the manifold cross section grid numbers take 4
480 and 8 385 can be regarded as the grid-independent ones under the eccentricity ranges of 0 ~ 0.7 and 0.7 ~
1.0 respectively. The simulated stack pressure drops show a high consistence with the experimental ones with a
maximum relative deviation of 10%, validating the reliability of the CFD model. With the increase of the ec-
centricity, the coolant distribution non-uniformity decreases firstly and finally increase. The CDCs are similar if
the eccentricity vector points to the same side of the transverse eccentricity axis. The optimized coolant distri-
bution non-uniformity (1.58%) reduces 4.04 times compared with that in the benchmark case (6.38%) when the
eccentricity takes 0.8856.

1. Introduction

carbon-neutral industry [1,2]. To date, proton exchange membrane fuel
cell (PEMFC) is one of the most important power generating facilities
utilizing hydrogen [3]. With the accelerating application scopes [4] of
PEMFCs around the world, for instance, transportation, stationary,
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Nomenclature

Symbol

A Half of the manifold cross section length, [m]

a Coolant distribution curve on the mode space

B Half of the manifold cross section width, [m]

Cr Inertial resistance coefficient, [m ']

Cvr Viscous resistance coefficient, [m 2]

Cy; C1e, G2 Constants

E Eccentricity vector

E Eccentricity

E, Longitudinal eccentricity

E; Transverse eccentricity

ec The major flow direction in the single coolant flow field
plates

e Positive direction of the longitudinal eccentricity

e Positive direction of the transverse eccentricity

T Space transformation

(e Turbulence kinetic energy generation due to local mean

velocity gradient, [kg-m™!-s~%]

g Gravitational acceleration, [m-s 2]

k Turbulence fluctuation kinetic energy, [m?s2]

l Truncation order

N Number of coolant flow field plates

n Mode number

Pr Prandtl number

P Pressure, [Pa]

m,0 Average mass flow rate through each coolant flow field
plate

Qm,i Mass flow rate through each coolant flow field plate

R? R-squared

Re Reynolds number

r Axis distance vector, [m]

n Longitudinal component of the axis distance vector, [m]

T Transverse component of the axis distance vector, [m]

Suj Momentum source term, [N-m>]

U Left singular vectors

u; Superficial velocity in porous media, [m-s~]

\% Right singular vectors

X Direction vector, [m]

y Porosity

A Non-uniformity

8 Kronecker symbol

13 Turbulence fluctuation kinetic energy dissipation rate,
[m*s 3]

i Coolant distribution curve

i Influence of vortex on coolant distribution curve

0 Argument

u Molecular viscosity, [Pa-s]

He Effective viscosity, [Pa-s]

Uy Relative viscosity in the porous medium

He Turbulent viscosity, [Pa-s]

p Density, [kg~m’3]

z Singular value matrix

o Singular value

v Mode

Abbreviation

CDC Coolant distribution curve

CFD Computational fluid dynamic

CFP Coolant flow field plate

FNM Flow network model

PEMFC Proton exchange membrane fuel cell

POD Proper orthogonal decomposition

s.t. Subject to

UDF User defined function

auxiliary and portable devices, etc. [5], the performance investigation of
PEMFC stacks is of critical significance to the ever-accelerating com-
mercial-size application.

Thermal management is one of the most critical issues in PEMFC
stack investigation [6]. On the one hand, a high operational temperature
will result in membrane dehydration, leading to reductions of perfor-
mance and device durability. On the other hand, a low operational
temperature will result in the flooding of electrodes, leading to an
additional resistance in reactant mass transfer process. Therefore, an
appropriate operational temperature range, generally within 60-80 °C
[7]1, exists for a given PEMFC stack. In the high-power applications
scenarios of PEMFCs, plenty of waste heat, even comparable to the
output electrical power [6,8,9], dissipates due to the electrochemical
reaction and the transport processes. To avoid the deterioration of
thermal management, the waste heat must be timely taken away. Single-
phase forced convection liquid cooling is the most widespread cooling
strategy in the scenarios due to appropriate heat transfer coefficients
[9,10]. The coolant firstly flows into an inlet manifold through an inlet
end socket, and then distributes into each single coolant flow field plate
(CFP) from the manifold, finally flows out of the stack through an outlet
manifold and an outlet end socket. Insufficient coolant flow rates for
several CFPs will lead to higher temperatures in the corresponding
single cells. Therefore, coolant distribution uniformity is one of the most
important factors affecting the thermal management of PEMFC stacks
[5,11].

During the past two decades, the PEMFC stack flow distribution
uniformity, defined by the flow rate (through each flow field plate)
uniformity of the reactants or coolant in the studied PEMFC stack, has
been widely studied. In the following, unless the ’coolant’ is

emphasized, the presenting flow distribution researches represent that
in the anode, cathode or coolant due to the extremely similar research
methodology. Due to the difficulty to deposit sensors testing the flow
rate in each single cell, there are very limited researches investigating
the flow distribution uniformity in PEMFC stacks by an experimental
approach [12]. Modeling, represented by a computational fluid dynamic
(CFD) model and a flow network model (FNM), is the most famous
research procedure. CFD models are the most comprehensive prediction
model which can also be regarded as the standard solution inspecting
the reliability of FNMs [13]. In CFD models, the velocity and pressure
fields in the studied PEMFC stack are simulated numerically. And then
the flow distribution of each single cell can be obtained by the statistical
results from the simulated fields. In contrary, in FNMs, the fluid flow in
PEMFC stacks is modelled by an analogy with circuits. And then the flow
distribution can be obtained by the solution of simultaneous equations.
Till now, FNMs [13-20] have been more widely adopted by researchers
benefiting from the prediction efficiency. However, the possible vor-
texes generated in the manifold are very difficult to be modelled in
FNMs. In view of this, a CFD model is adopted in this paper.

After a survey of 12 journal articles on CFD models [4,12,13,21-29],
a few important observations are summarized below.

(a) Two literatures report 2D simulation and 10 literatures report 3D
simulation. 3D simulation can predict the flow field in the
manifold more precisely, therefore is more widely adopted in the
literatures.

(b) In the researches with the cell number larger than 100, 93 flow
distribution curves are presented. The reported current density
and flow distribution non-uniformity (defined as the difference
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between the maximum and minimum single cell mass flow rates
divided by the average one) frequency distribution diagrams are
shown in Fig. 1. From Fig. 1 (b), it can be seen that most of the
reported flow distribution non-uniformities are up to several tens
of percent and even exceed 100%. As far as the grid number is
concerned, the maximum grid number is 1.2 x 107 and millions
of grid cells are adopted in a majority of the researches. However,
these results may not sufficiently guide the flow distribution
design for the practical commercial-size PEMFC stack. In the
practical commercial-size PEMFC stack, a flow distribution non-
uniformity less than 10% is highly required. During the mani-
fold design under this flow distribution non-uniformity level, due
to a tiny mass flow rate difference between the adjacent cells, a
highly refined simulation is required, but the numerical uncer-
tainty caused from the computational domain discretization has
not been carefully analyzed especially for the manifold with
complex end socket. It can also be found that only 12.9% of the
flow distribution curves (only in one paper [28]) are reported
within the high current density range (>1.8 A-cm™2), which is
also an important condition during practical PEMFC stack oper-
ation. Besides, with the increase of the load (current density), the
total coolant flow rate will also increase, and thus the flow dis-
tribution uniformity among cells or CFPs will deteriorate rapidly
especially in the high current density range. Therefore, it is of
crucial necessity and urgency for the coolant flow distribution
analyses and optimizations for the practical commercial-size
PEMFC stack especially under the highest working current
density.

Most of the researchers present, compare and analyze the flow
distribution curve only under several groups of conditions. Chen
et al. [26] goes further and establishes machine learning models
to characterize the correlation between the pressure uniformity
and several design parameters. However, the models can only
predict pressure uniformity, and fail to predict the whole flow
distribution curve. Furthermore, the method can only obtain an
implicit machine learning model instead of an explicit mathe-
matical expression.

Only a few literatures focus on the design of vortexes for the flow
distribution optimization. Previous researchers introduce the
vortexes in the manifold to improve the flow distribution uni-
formity using an eccentric end socket by designing the feed
header’s configuration [28], tube-to-intermediate zone length
ratio [26,28], intermediate zone width [26], and the ratio of inlet
tube to manifold hydraulic diameter [26,28]. The above studies
make important contribution for the flow distribution uniformity
improvements. However, it is the eccentric structure in the inlet
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end socket that directly drives the vortexes in the manifold. The
impact of the eccentricity on the flow distribution curve has not
been adequately studied. Therefore, the eccentricity is selected as
a design parameter in this paper.

This paper pertains to optimize the coolant distribution uniformity
for a practical commercial-size PEMFC stack by designing the end socket
based on a 3D porous medium CFD approach under a high current
density. The grid systems are comprehensively tested for the refined
simulation requirements. A novel data analysis model is proposed to
establish the explicit mathematical expression between coolant distri-
bution curve (CDC) and design parameters based on proper orthogonal
decomposition (POD), to reduce the heavy burden of computing re-
sources in the manifold and end socket design. In the remainder of this
paper, the modeling methodology is introduced in Section 2. Then, the
results are exhibited and discussed in Section 3. Finally, conclusions are
drawn in Section 4.

2. Methodology

The methodology of implementing efficient simulation proposed in
this paper consists of two main submodules: (1) a CFD model, which is
used to determine coolant distribution curve under one given group of
conditions; (2) a POD based analysis model, which establishes the
explicit mathematical expression between CDC and design parameters
within the entire studied range. In the following of this section, the two
submodules will be described in Subsections 2.1 and 2.2 sequentially.
The experimental setup will be presented in Subsection 2.3.

2.1. Computational fluid dynamic model

2.1.1. Computational domain and grid system

In this research, the coolant flow field with U-type configuration in a
commercial-size PEMFC stack with 320 cm? activation area and 141
CFPs is studied. The computational domain and grid system are shown
in Fig. 2. The computational domain consists of the end sockets, the
manifolds and the CFPs simulated by porous medium. The manifold and
the CFPs are remained the same in this research, and only the socket part
is studied. The inlet and outlet end sockets are identical in each studied
case. Due to the coolant is separated with the reactants, the multi-
physics fields in the anode and cathode are not simulated. As shown
in Fig. 2, patched three-block grid system is generated for simulation.
The 2D ‘ogrid block’ grid and the entire 3D grid are generated using
ANSYS ICEM 2019 R2 and Altair Hypermesh 2019 respectively.

As shown in Fig. 3, the eccentricity vector (E) is defined as the axis
distance vector (from the axis of the manifold to the axis of the inlet
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Fig. 1. Current density and flow distribution non-uniformity frequency distribution histograms reported in the literatures.
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Fig. 2. Computational domain and grid system.
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Fig. 3. Sketch map of the eccentricity vector (E) definition.

surface) normalized by the characteristic length in the transverse and
longitudinal directions, defined as the perpendicular and parallel di-
rections to the major flow direction in CFPs respectively. The charac-
teristic length of each direction is selected as half of the manifold
magnitude in the direction. E can be decomposed into two components,

transverse eccentricity (Ey) and longitudinal eccentricity (E}). The posi-
tive directions of the eccentricities are pointing in the inner direction
between the axes of inlet and outlet manifolds. For example, in the
studied PEMFC stack shown in Fig. 2, the major flow direction in CFPs,
the positive directions of the transverse and longitudinal eccentricities
are marked as e, e; and e respectively in Fig. 3. The axis distance vector
is marked as r. The two components of the eccentricity vector can be
calculated as (ri/A, ri/B). The magnitude and argument of the above
eccentricity vector is marked as E (eccentricity) and 6 (argument)
respectively. In this paper, they are selected as the two variable
geometrical parameters for vortex design in the manifold. The condition
of each simulated case is shown in Table 1. Cases 0 ~ 4 are designed for
investigating the impact of eccentricity on CDC. Cases 1, 5 ~ 11 are
designed for investigating the impact of argument on CDC.

2.1.2. Assumptions

(1) Coolant flow is incompressible and in steady state.

(2) The back pressure is defined as the reference pressure. Therefore,
the relative pressure in the outlet surface is set as 0.

(3) The flow in the manifold (Rej, ~ 1.26 x 105) is turbulent while
that in the CFP (Re ~ 1200) is laminar.

(4) The PEMFC stack is well sealed and the leakage among the anode,
cathode, coolant and the stack outside are neglected.

(5) The influence of temperature non-uniformity on the coolant
physical properties is neglected because the temperature differ-
ence between the coolant inlet and outlet is small (within 8°C).
The average temperature is selected as the reference temperature
to determine the physical properties.

(6) The CFP region is simplified as an integrated porous medium.

(7) The enhanced wall function treatment [30] is adopted for the
accurate simulation of the flow boundary layer.
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Table 1
Variable design geometrical parameters of each simulated case.
No. 0 1 2 3 4 5 6 7 8 9 10 11
E 0 0.35 0.7 0.85 1.0 0.35 0.35 0.35 0.35 0.35 0.35 0.35
0 0 0 0 0 0 45° 90° 135° 180° 225° 270° 315°
2.1.3. Governing equations bl
The coolant flow is governed by the continuity equation and the Table 2 . . . .
. . Parameters in the computational fluid dynamic model.
momentum equation, as shown in Egs. (1) and (2).
2 No. Parameter Value
™ (pu;) =0 (€D)] 1 p) 998 kg-m~ (20 °C)
i 978 kg-m 3 (69 °C)
2 " 1.003 x 10 kg-m 157! (20 °C)
O (pe) _ 0 0, 0 ()Y 0 (0 (u 2092 1 10 kgm 57 (69
ox; \ 72 ox;  0x; \ “ox; \ 7 ox; \"ox; \ v 3 He 1
2 4 g 9.8 m-s~2
20,9 (u)) g 5 G 0.09
3 0x \ ox; \ 7 " 6 Cre 1.44
7 Cae 1.92
where x; is the direction vector component, p is the coolant density, u; is 8 Pr 1
9 Pr, 1.3

the superficial velocity in porous media, y is the porosity (takes 1 in
manifolds and end sockets), p is the relative pressure, . is the effective
viscosity and S, j is the momentum source term which can be calculated
by Eq. (3).

1
Suj = 6j1Pe8 — <Clemj + CIRE/)\/ (uiu;) uj) 3)

where g is the gravitational acceleration. §j; is the Kronecker symbol
meaning that the direction of the gravitational acceleration towards the
positive direction of the 1st axis (x axis). Cyg and Cg are the viscous and
inertial resistance coefficients respectively (take 0 in manifolds and end
sockets). ye can be calculated by Eq. (4) [31,32].

He = Hp + My 4

where yu, y; and y; (takes O in laminar regions) are the molecular vis-
cosity, relative viscosity in the porous medium and the turbulent vis-
cosity respectively.

In turbulent regions, y; can be calculated as Eq. (5).

k2
He = pcﬂ; (5)

where C, is a constant. k and ¢ are the turbulence fluctuation kinetic
energy and its dissipation rate respectively. For calculating the turbulent
viscosity in Eq. (5), the standard k-¢ model is adopted. The governing
equations are shown in Egs. (6) and (7).

0 0 u\ ok

d 9 u '\ Oe
()7,» (pue) = 0x; {(ﬂ + Prg) ox;

where Pry, Pre, Cy,, Cy. are constants. Gy is the turbulence kinetic energy
generation due to local mean velocity gradient, which can be calculated
by Eq. (8).

()Mi aM,‘ ()u,
Ge = e < o aTc,-> ®

2

£ €
Gy — Coep * )

+C1€k

All the modeling parameters in Egs. (1)-(8) are summarized in
Table 2. The three porous parameters, y, Cyr and Cir, will be discussed in
Subsection 3.1.

It should be noted that in Table 2, the relative viscosity takes 1
instead of other correlations (as functions of porosity) for porous media
as adopted in literatures [33,34]. This is because it is the pressure dif-
ference across the CFP that drives the flow through it. The correlation

between the pressure difference and mass flow rate for the studied CFP is
the most important parameter influencing the CDC. Therefore, as long as
Cyr and Cpg take proper values to guarantee a correct correlation be-
tween the CFP pressure difference and the mass flow rate, the CDC will
be simulated correctly. This is the reason why the relative viscosity takes
1 in this research.

2.1.4. Numerical procedure

The above governing equations are solved by the finite volume
method (FVM) in ANSYS FLUENT 17.2. SIMPLE algorithm is adopted for
the pressure-velocity coupling. Second order upwind difference is
adopted for the convection term discretization in the momentum, k and
& governing equations. The data exchange between different blocks
across interfaces is implemented in the FLUENT solver. The relative
deviation of the mass flow rate for each CFP y; (1 <i < N, i represents the
index of CFP, i = 1 represents the nearest CFP from the stack inlet) is
defined as the relative deviation of the mass flow rate through each CFP
(qm,) to the average one (qm,0), as shown in Eq. (9).

Gmi — dmo0 o 100% 9)

Xi=
dm0

If the coolant distribution is extremely even, y; takes O for each CFP.
In each case, y; can be obtained from the statistical result of the velocity
field using self-developed user defined function (UDF). The variation
curve between y; and CFP index i under one condition forms a CDC. Then
the non-uniformity (A) can be defined by Eq. (10).

A = max(y;) —min(y;)

It should be emphasized that in this paper, the range of y; (A) is
selected as the definition of the flow distribution non-uniformity crite-
rion instead of the more widely adopted criterion in several previous
literatures, the standard deviation[4,13,28]. This is because it is the
extremum of the thermal management that will lead to the flooding or
the membrane dehydration. The range of y; (A) can exhibit the above
extremum information better compared with the standard deviation,
therefore is adopted in this paper. Furthermore, the conventional
convergence criteria (i.e., residuals <10’4) are not sufficient for this
simulation due to the refined simulation requirement for capturing the
tiny mass flow rate difference between the adjacent CFPs. The conver-
gence criterion of the simulations in this paper is that the maximum
absolute change of each point on the CDC is lower than 0.01% within at
least 2 000 iterations. A typical convergent simulation requires 20 000
~ 200 000 iterations. The most time-consuming simulation (grid num-
ber: 298 million) in this paper takes 6.17 days even by 1008-core

10)
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parallel simulation. Furthermore, the R-squared value [35] is adopted to
judge if one curve y; 1 is identical with the standard one y; o, as shown in
Eq. (11).

2?1:1 (Zi.] *)(i.o)z
2
2?1:1 (Z;:o - %Z/'il)(j.o)

In this research, two curves are regarded as identical if R-squared is
higher than 0.98.

R=1- 11

2.2. POD based analysis model

The computational fluid dynamic model described in Subsection 2.1
is time-consuming. It is extremely uneconomical to simulate CDCs under
lots of conditions for design. A more feasible and economical strategy is
to simulate CDCs under a small number of conditions by the CFD
approach firstly. And then establish a correlation between CDC and
design parameters within the studied ranges. Finally, the coolant dis-
tribution uniformity can be optimized based on the above correlation.
However, the dependent variable of the above correlation is the whole
curve, leading to the modeling difficulty. A POD based analysis model is
proposed to establish the above correlation. The centerpiece of this
model is to analyze CDC in a low-order mode space, similar to the
spectrum map analysis in the Fourier series. In this subsection, the al-
gorithm of the analysis model will be introduced. Details about the
principle of POD can be referred to [36].

The sketch map of the model is shown in Fig. 4. An example of the
original CDC is shown in Fig. 4 (a). The influence of vortex on CDC (;(;) is
defined as the additional curve after introducing the eccentric end
socket structure, as shown in Eq. (12).

X =Xi— X0 = Xi— AW (12)

where y; o is the CDC using the non-eccentric end socket structure (Case
0 in Table 1). ap and ;o are the magnitude and normalization mode of
xi0- xi can be expressed as the formation of modal superposition, as

(c) Expression in mode space
a

255

a=7 () 1~
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shown in Fig. 4 (b) and Eq. (13).
1= aw, (13)
=0

where each y; (columns of y;j, 1 < j < n) is the normalization mode
capturing each characteristic of y;, n is the mode number, a; is the pro-
jection of y; on the corresponding mode. Finally, the original CDC y; is
transformed into the mode space expression aj, as shown in Fig. 4 (c) and
Eq. (14).

a=.7(y) 14

where .7 represents the space transformation.

From the above discussion, it can be seen that the basic problem of
the analysis consists of two parts. (a) How to construct the mode space?
(b) How to establish the correlation between CDC and design parameters
in the mode space?

2.2.1. How to construct the mode space?

POD is a feasible approach to construct the above mode space for
order reduction. The snapshot matrix )(lm is formed by combining all the
vectors y; obtained from the pre-simulated CDCs. The singular value
decomposition of ;('i‘m is expressed as Eq. (15).

X =UzV’ (15)

where U and V are unitary matrices called left and right singular vectors
respectively. X is the non-square diagonal matrix storing the singular
value o of each singular vector, representing the amount of information
captured by the corresponding singular vector. -* represents the matrix
transpose. After right multiplying the snapshot matrix X by V and
normalization, the mode space y;;j can be constructed, as shown in Eq.
(16).

(a) Original problem

(b) Modal decomposition

Fig. 4. Sketch map of the POD based analysis model.
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Z:Tn:lxlmvm-j
L (16)
Vi I Vi

where ||-|| represents the L2 norm.

Due to the information concentration property of each yj;, after
sorting y; by the descending order of the respective singular value oj, the
secondary dimensions can be neglected. Therefore, the order of the
original problem is further reduced. The considering information is
regarded as sufficient if the modes capture more than 99% of the total
information. Therefore, the truncation order [ is defined by Eq. (17).

min : 1

DRy an

s.t. =EL > 999

o
j=1"7

2.2.2. How to establish the correlation between CDC and design parameters
in the mode space?

After the above step, CDC can be transformed into the I-dimension
mode space with the coordinate axes (mode) of y; and the coordinates of
aj. Once each coordinate g;j is known, CDC can be obtained by Eq. (18).

!
Xi= Z“j‘//f,/ (18)
=0

Each coordinate g; is a function (f;) of design parameters, as shown in
Eq. (19).

a; = f;(E) 19

The coordinates at snapshot conditions can be projected by Eq. (20).
N ’
Ajm = Zwi,j)(i,m (20)
i=1

Then, the function f; in Eq. (19) is obtained by the cubic spline
interpolation. The algorithms in Subsection 2.2 are realized by self-
programing in MATLAB R2021a.

2.3. Experimental setup

The experimental system to test the PEMFC stack pressure drop for
the following calibration process is shown in Fig. 5. It consists of the
PEMFC stack, pressure test system and temperature test system. Four-
way ferrules are installed on the coolant inlet and outlet pipelines of
the stack. The temperature sensors and the pressure sensors are installed
at the other two sides of the four-way ferrules respectively and parallel
to the ground. The sensors are 5 ~ 7 cm away from the PEMFC stack
inlet and outlet end sockets. The specification of the pressure sensor is
Dwyer 626-09-GH-P1-E1-S1. The range is 0 ~ 50 PSIG. The precision is
+ 0.25% (full scale).

Coolant Four-way ferrule Coolant
outlet inlet

Temperature Pressure sensor ] Temperature
[ F—
sensor End socket sensor

PEMFC
stack

Fig. 5. Experimental setup (vertical view).
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3. Results and discussion

The developed CFD and analysis models in Section 2 are now used to
optimize coolant distribution uniformity by designing the eccentricity
vector of the end socket for the PEMFC stack shown in Fig. 2. The
coolant flow field is designed with a serpentine configuration. The mass
flow rates of all the cases are 0.01 kg-s~-CFP"! (current density:1.8
A-cm™2). In general, under one given condition, the higher the working
current density is, the worse the coolant distribution uniformity is.
Therefore, in this paper, only the coolant distribution uniformity under
the highest load of the commercial application is optimized. In the
following, the determination of the three porous medium parameters, 7,
Cyr and Cpg, will firstly be presented in Subsection 3.1. The CFD model
will be comprehensively validated in Subsection 3.2. Later, the impacts
of the eccentricity and argument on CDC will be presented and analyzed
in Subsections 3.3 and 3.4 respectively. Finally, the optimal eccentricity
vector will be designed in Subsection 3.5.

3.1. Determination of the porous medium parameters

This subsection presents the determination of the three porous pa-
rameters, y, Cyg and Cpg in Eq. (3). Porosity y is computed directly by
dividing the volume of actual coolant flow field by the volume of porous
simplified coolant flow field. Cyg and Cig can be calibrated by a trial-
and-error approach from the experimental correlation between the
pressure and mass flow rate. The calibrated stack contains 15 CFPs. The
experimental and simulated correlations between the 15-CFP stack
pressure drop and mass flow rate are shown in Fig. 6. R-squared is 0.995,
showing a high matching degree between experimental and simulated
results. The temperature, eccentricity vector, porosity y, Cyr and Cg
take 20°C, (0.42, 0.05), 0.376, 2.12 x 10° m > and 617 m™'
respectively.

3.2. Validations of the computational fluid dynamic model

This subsection validates the CFD model presented in Subsection 2.1
for predicting the CDC of the 141-CFP PEMFC stack (stack hereafter in
this paper represents 141-CFP PEMFC stack) in the aspects of compre-
hensive grid-independent tests, selection of turbulent model, the
experimental validation. In the following they will be presented in
order.

3.2.1. Grid-independent test
In flow distribution phenomenon, the pressure drops through one

60 T T T T

50
®  Experiment

—e— Simulation
40 +

30

Pressure drop / kPa

20

10 -

0.010

0.006 0.008
Mass flow rate / kg-s™"-CFP™

0.002 0.004 0.012

Fig. 6. Experimental and simulated correlations between 15-CFP stack pressure
drop and mass flow rate.
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single cell (or CFP) and the manifold are crucial factors influencing CDC.
Furthermore, the CDCs under zero, medium and high eccentricities are
important output characteristics. The grid-independent tests are imple-
mented in the above aspects.

(a) CFP pressure drop. The pressure drop through one unit with the
porous medium simplified CFP and real CFP inlet and outlet
zones is simulated. The temperature, mass flow rate and Cyg takes
20 °C, 0.01 kg-s *-CFP! and 10”7 m~?2 respectively. Six grid sys-
tems are examined. The simulated pressure drops between inlet
and outlet are shown in Fig. 7. From Fig. 7, it can be seen that the
results of the fourth grid system is 2.25% higher than that of the
sixth grid system in the test condition. Therefore, the fourth grid
system (grid number: 312 800) can be regarded as the grid-
independent solution and is adopted in the following simulation.
Manifold pressure drop. The relationship between pressure drop
and mass flow rate in a 75.2 mm stretch of manifold is simulated.
The temperature takes 20 °C. Two grid systems are examined, in
which the face grid numbers on the manifold cross section are

903 and 1 382 respectively. The simulated results are shown in

Fig. 8. From Fig. 8, it can be seen that the maximum pressure drop

relative deviation of the two grid systems is 1.8%. Therefore, the

grid system with a manifold cross section grid number of 903 can
be regarded as the grid-independent solution.

(c) Coolant distribution curve of Case 0 in Table 1. In the following
four tests, the CDCs of the PEMFC stacks introduced in Subsection
2.1.1 are simulated and the temperature takes 69 °C, which is the
experimental average temperature of the coolant inlet and outlet
surfaces in an on-line case. Four grid systems are examined, in
which the face grid numbers on the manifold cross section are 2
091, 4 480, 8 385 and 16 560 respectively. Total grid numbers of
the four grid systems are 57 780 808, 76 478 352, 106 889 238
and 170 943 600 respectively. The simulated results are shown in
Fig. 9. From Fig. 9, it can be seen that the simulated result using
the first grid system (2 091) will lead to wrong regular patterns at
the begin and end of the CDC. Therefore, the second grid system
(4 480) can be regarded as the grid-independent solution.

(d) Coolant distribution curve of Case 2. Two grid systems are
examined, in which the face grid numbers on the manifold cross
section are 4 480 and 8 385 respectively. The simulated results
are shown in Fig. 10. R-squared is 0.996, showing a high
matching degree using the two grid systems. It can be seen that
the first grid system (4 480) can be regarded as the grid-
independent solution.

b
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Fig. 7. Grid-independent test for coolant flow field pressure drop.
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Fig. 10. Grid-independent test for coolant distribution curve of Case 2.

(e) Coolant distribution curve of Case 3. Three grid systems are

examined, in which the face grid numbers on the manifold cross
section are 4 480, 8 385 and 16 560 respectively. The simulated
results are shown in Fig. 11. It can be seen that the simulated
results using the first grid system (4 480) will underestimate the
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Fig. 11. Grid-independent test for coolant distribution curve of Case 3.

impact of the eccentric end socket on the begin of the CDC.
Furthermore, R-squared between the CDCs using the second and
third grid systems is 0.997. Therefore, the second grid system (8
385) can be regarded as the grid-independent solution.

(f) Coolant distribution curve of Case 4. Three grid systems are
examined, in which the face grid numbers on the manifold cross
section are 4 480, 8 385 and 33 065 (total grid number: 298 095
750) respectively. The simulated results are shown in Fig. 12. R-
squared between the CDCs using the second and third grid sys-
tems is 0.985. Therefore, the second grid system (8 385) can be
regarded as the grid-independent solution.

In summary, grid number tests of six aspects on the manifold cross
section have been implemented. From the above six aspects of grid-
independent tests, the grid independences for manifold pressure drop,
CDC (0 < E; < 0.7) and CDC (0.7 < E; < 1.0) are summarized in Table 3.
From Table 3, it can be seen that under the studied conditions, the grid
independence for the pressure drop characteristics cannot guarantee the
grid independence for the CDC, showing the necessity to test the CDC
grid independence. Furthermore, due to a more complex flow field near
the end socket, the grid independences under low and middle eccen-
tricities cannot guarantee the grid independence under a high eccen-
tricity, showing the necessity to test the grid independence under the
most extreme working condition. Therefore, hereafter this paper, grid
systems 4 and 5 are adopted if E ranges 0 < E < 0.7 and 0.7 < E < 1.0
respectively. Furthermore, in the analyses related to Cases 2, 3 and 4 in
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Fig. 12. Grid-independent test for coolant distribution curve of Case 4.
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Table 3
Summary of the grid-independent tests.
Grid system index 1 2 3 4 5 6 7
Manifold cross section 903 1 2 4 8 16 33
grid number 382 091 480 385 560 065
Stack total grid - - 58 76 107 171 298

number x 10

Manifold pressure \/ \/ \/ \/ \/ \/ \/

drop
CDC (0 < E<0.7) x x x vV Vv v v
CDC (0.7 < E < 1.0) x x x x v v v

Table 1, the simulated results using the grid systems with the largest cell
numbers in the grid-independent test process are adopted.

3.2.2. CDC comparison adopting different turbulent models

In the literatures, the standard and realizable k-¢ models are widely
adopted. Case 2 in Table 1 is selected as an example to analyze the in-
fluence of turbulent model. The simulated results are shown in Fig. 13.
R-squared between the two CDCs is 0.998, showing a high matching
degree between the two turbulent models in the studied cases.

3.2.3. Experimental validation for the stack pressure drop

The stack pressure drop of the coolant plays an important role in a
flow distribution and is important available information in the
commercial-size PEMFC stack testing system. Therefore, the stack
pressure drop is selected as a judgement for the validation of the
established CFD model. The CFP number, eccentricity vector and tem-
perature take 141, (0.42, 0.05) and 20 °C respectively. The experimental
results between pressure drop and mass flow rate, and the pressure drop
in three simulated cases are shown in Fig. 14. It can be seen that the
simulated pressure drops show a high consistence with the experimental
ones, especially under the mass flow rate of 0.01 kg~s’1-CFP'1 (corre-
sponding current density: 1.8 A-cm™2) which is the condition to be
optimized hereafter, validating the reliability of the simulation model.
Furthermore, it is sufficient to validate the cases with 0.01 kg-s~!-CFP’!
in this paper. This is because that the maximum validated coolant mass
flow rate condition corresponds to the highest working current density
(1.8 A-cm™?) for the studied PEMFC stack. And it is for this current
density case we work for the improvement of coolant flow distribution
uniformity. Due to a heavy computing resource consumption for simu-
lation, we think it is sufficient and economical to validate the case
within 0.01 kg-s~!-CFP™! in this paper.

2.5 T T T T T T T T

i

20

Standard k-¢ model

1.0+ Realizable k-¢ model

0 20 40 60 80 100 120 140
Coolant flow field plate index

Relative deviation of CFP mass flow rate y,/ %

Fig. 13. Coolant distribution curve comparison adopting different turbu-
lent models.
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3.3. Impact of the eccentricity

Fig. 15 shows the impact of the eccentricity E on CDC when the
argument 6 takes 0°. It can be seen that in general, with the CFP away
from the stack inlet, the distributed coolant flow rate increases firstly,
tends to decrease near the end, and finally increases slightly. The reason
will be discussed in the following of this paragraph. Fig. 16 shows the
streamline and pressure contour diagrams on the middle cross-section in
the e direction in the inlet manifold under different Es. Fig. 17 shows the
relative pressures on the inlet and outlet surfaces of each CFP as func-
tions of the eccentricity. From Fig. 16, it can be seen that the vortex
forms near the inlet end socket driven by the shear flow. Imaging an
isolate region filled with static fluid, when a vortex is formed, the
pressure at the center of the vortex is lower than that near the edge of the
vortex. According to the vortex location in Fig. 16, the vortex (or flow
rotating phenomenon) will lead to a high pressure gradient along the
axial direction of the inlet manifold and a high gradient for the curve of
CFP inlet pressure versus the CFP index, as shown in Fig. 17. As for the
outlet manifold, although the eccentric structure is also adopted as the
outlet end socket, it is located downstream of the outlet manifold,
therefore shows small impact on the CFP outlet pressure distribution, as
shown in Fig. 17. Therefore, with the increase of the CFP index, the
pressure drop across a CFP will increase for the previous several CFPs. It
is the pressure difference between a CFP inlet and outlet surfaces
determine the mass flow rate through the CFP. Due to the identical
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Fig. 15. Impact of the eccentricity magnitude on coolant distribution curve.
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geometric structure for all the CFPs, their resistances are also identical.
Therefore, for the previous several CFPs, the distributed coolant flow
rate also increases with the increase of the CFP index. Furthermore,
vortexes or rotating flow also form near the end of the inlet manifold, as
shown in Fig. 16. Similar with the above analyses, this is also the reason
why the distributed coolant flow rate increases slightly at the end of the
inlet manifold.

From Fig. 15, it can also be seen that with the increase of E, the mass
flow rates of the first several CFPs decrease. Based on the analyses of the
previous paragraph, this is because that with the increase of E, the vortex
is more violent (as shown in Fig. 16), and thus the gradient of the CFP
inlet pressure curve increases especially for the first several CFPs (as
shown in Fig. 17). Furthermore, with the increase of E, the coolant
distribution non-uniformity decreases firstly due to lower mass flow
rates near the stack inlet. With the further increase of E, when y; is lower
than the lowest y; near the end of the inlet manifold, the coolant dis-
tribution non-uniformity will finally increase. Therefore, a minimum
coolant distribution non-uniformity exists. This is also the reason why
the coolant distribution uniformity can be optimized by designing the
eccentricity vector.

3.4. Impact of the argument

Fig. 18 shows the impact of the argument § on CDC when the ec-
centricity E takes 0.35. It can be seen that the CDCs are nearly identical if
the eccentricity vector is axisymmetric with e; (¢ = 90°) as axis. For
example, 0° and 180°, 45° and 135°, —45° and —135°. This is because
that the geometrical structure of the PEMFC stack is approximately
axisymmetric.

From Fig. 18, it can also be seen that the CDCs are similar if the
eccentricity vector E points to the same side of the e; axis (¢ = 0°). For
example: 45°, 90° and 135°; —45°, —90° and —135°. Contrarily, the
CDCs are dissimilar if E points to the different sides of the e; axis. Firstly,
the gradient at the beginning of the CDC under —135° < 6 < -45° is
lower than that under 45° < § < 135°. This is due to different velocity
vector distribution regular patterns, as shown in Fig. 19. It can be seen
that driven by the end socket structure, the velocity component toward
the CFP region under 8 = -90° (-135° < 6 < -45°) is larger than that
under 6 = 90° (45° < 6 < 135°) at the beginning of the inlet manifold,
leading to a better flow distribution. Therefore, the CDC gradient of the
first thirty CFPs under —135° < 0 < -45° is lower. Furthermore, the
gradient at the middle of the CDC under —135° < 0 < -45° is higher than
that under 45° < 6 < 135°. This is because that when 8 = 90° (45° < 8 <
135°), the flow rotating phenomenon (curvature of the streamline) in
this region is more violent, as shown in Fig. 19. As is analyzed in Sub-
section 3.3, the more violent the flow rotating phenomenon is, the lower
the CDC gradient is. Therefore, the CDC gradient at the middle of the
CDC under 45° < 0 < 135° is lower. Moreover, when 6 = -135°, —90°,
—45° and 90°, the slightly increasing trend at the end of CDC does not
appear. This is because that in these cases, driven by the fluid viscosity,
the vortex at the end of the inlet manifold is far from the CFP inlet re-
gion, as shown in the bottom right corner in Fig. 19 (a) and (b), showing
an extremely low impact on CDC.

3.5. Design of the optimal eccentricity vector

According to the discussions in Subsections 3.3 and 3.4, the impact of
E on CDC is much more prominent than 6. Therefore, E is selected as the
only design parameter for the eccentricity vector design and 6 takes 0.

Based on the simulated results of Cases 0 ~ 4 in Fig. 15, the mode
space is constructed according to Subsection 2.2.1, as shown in Fig. 20.
Case 1 is selected as an example to exhibit the predicted CDCs under
different truncation orders, as shown in Fig. 21. From Fig. 20, it can be
seen that mode 1 captures the most important CDC characteristics, for
example, the lower distributed coolant flow rate near the stack inlet, the
gradually decreasing impact of the vortex on distributed coolant flow
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Fig. 16. Velocity vector and pressure (kPa) contour diagrams on the middle cross-section in the e direction in the inlet manifold under different eccentric-

ity magnitude.

rate with the increase of the CFP index, and the slightly higher distrib-
uted coolant flow rate near the end of the inlet manifold. Therefore, the
predicted CDC is close to the simulated one when the truncation order
takes 1, as shown in Fig. 21. Furthermore, modes 2 and 3 slightly correct
the local characteristics of CDC.

According to Subsection 2.2.2, the explicit mathematical expression
between CDC and eccentricity is presented in Eq. (21).

23.26y,, + (7.696E° +6.332E% +8.046E)y, |
+(19.82E° —21.91E*+3.378E)y,,
+(—21.25E°+25.82E* —7.257E)y;,
i~ 23.26y,, + (229.6E° —459.7E> +334.3E-76.12) y,
+(17.24E° — 16.50E* —0.4128E+0.8845)y,,  0.7<E<1.0

+(80.79E° — 188.5E> +142.7E —35.00)y, 5

(21)

11

Then according to the analysis in Subsection 3.3, the coolant distri-
bution uniformity can be optimized by Eq. (22).

21 —min(yyg.04) =0 (22)

After solving Eq. (22) by the bisection method, the minimum non-
uniformity is obtained as 1.58%. The corresponding E takes 0.8856
and the CDC are shown in Fig. 22. The non-uniformity reduces 4.04
times compared with that in the benchmark case (Case 0, 6.38%).

Even though the above results can only be adopted for the studied
PEMEFC stack, the proposed methodology has its wide application range
to design better distributed manifold and end socket structures for the
coolant, anode and cathode in PEMFC stacks, and even other similar
heat exchange equipment.

4. Conclusion
In this research, the coolant distribution curve of a practical

commercial-size PEMFC stack with 141 coolant flow field plates is
modelled by a 3D porous medium computational fluid dynamic
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Fig. 18. Impact of the eccentricity argument on coolant distribution curve.

approach. The grid systems are comprehensively tested for the refined
simulation requirements under a well-distributed condition and a high
current density. A novel analysis model is proposed to further establish
the explicit mathematical expression between coolant distribution curve
and the eccentricity based on the CFD results and proper orthogonal
decomposition method. The proposed methodology can reveal the
explicit correlation according to a small amount of computational fluid
dynamic cases (Cases 0 ~ 4), therefore, reduce the heavy burden of

Single cell zone

=

(a) 6=90°
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computing resources in the manifold and end socket design. The coolant
distribution uniformity is finally optimized based on the explicit
expression.

The major conclusions of this paper are summarized as follows:

(1) The grid independence for the pressure drop characteristics of the
manifold and coolant flow field plate cannot guarantee the grid
independence for the coolant distribution curve and the grid
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Fig. 20. Mode space for coolant distribution curve.
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Fig. 22. Optimized coolant distribution curve.
independences under low and middle eccentricity cannot guar-
antee the grid independence under a high eccentricity. Within the
range of this research, the grid systems with the manifold cross
section grid numbers being 4 480 and 8 385 can be regarded as
the grid-independent ones under the eccentricities ranging 0 ~
0.7 and 0.7 ~ 1.0 respectively.
Driven by the eccentric end socket structure, with the coolant
flow field plate away from the stack inlet, the coolant distribution
curve increases firstly, tends to decrease near the end, and finally
increases slightly when the eccentricity higher than 0.
The coolant distribution curves are nearly identical if the eccen-
tricity vector is axisymmetric with the longitudinal eccentricity
direction as axis. The coolant distribution curves are similar if the
eccentricity vector points to the same side of the transverse ec-
centricity axis. When 6 takes —135°, —90°, —45° or 90°, the
slightly increasing trend at the end of coolant distribution curve
does not appear.

(4) With the increase of the eccentricity, the coolant distribution
non-uniformity decreases firstly and finally increase. The opti-
mized coolant distribution non-uniformity (1.58%) reduces 4.04
times compared with that in the benchmark case (6.38%). The
corresponding optimal eccentricity takes 0.8856.
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