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Abstract In the constantly growing market of fuel cells, the heat management of the system is a crucial area
of research, since it affects the efficiency, operability and lifetime of the fuel cell. The CFD simulations per-
formed for a plate heat exchanger (PHE) with flat plates clearly demonstrate temperature non-uniformity
across the membrane of the unit cell. The CFD code was successfully validated with experimental data ac-
quired from a setup that reproduces the geometry and simulates the thermal behaviour of a typical unit
PEMFC. Additionally, the performance of a novel PHE, with micro-structured corrugations on its plates,
was studied with the previously validated CFD code. The results clearly show that the proposed plate mod-
ifications can increase temperature uniformity across the membrane more than 20% compared to that of the

flat plate.
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1. Introduction

Global energy market, due to high concern
about fossil fuel depletion and climate change,
has paid significant attention to clean energy
alternatives. Hydrogen has been pointed out as
one of the most promising energy carriers, as it
can be produced through both traditional in-
dustrial and renewable routes. Fuel cells play a
dominant role in the future hydrogen economy
as they are electrochemical devices that direct-
ly convert the chemical energy of hydrogen
into electrical energy. Polymer electrolyte
membrane fuel cells (PEMFCs) are the key
energy convertors applied not only for portable
but also for low-power stationary applications.
Due to high voltage requirements of most ap-
plications, stacks of fuel cells have to be em-
ployed in most of cases.

Although research concerning fuel cells was
intensive during the last two decades, it has
been mainly focused on the technology of the
membrane and the electrochemical phenomena
that take place inside the cell. Nevertheless, a
fuel cell stack may be very complicated due to
the specific requirements for high power out-
put and thus a detailed design of the major sys-
tem components is a critical concern of ongo-
ing research (Kandlikar and Lu, 2009). Heat
management of the fuel cell stack has been
pointed out recently as one of the critical de-

sign issues to be solved before commercialisa-
tion of fuel cell technology (Basu, 2007).

Under normal electric load a PEMFC has an
energy efficiency of about 50% (O'Hayre et
al., 2009), while the remaining energy content
of hydrogen is transformed into waste heat,
which must be effectively removed and used.
Heat is generated in a Fuel Cell mainly due to
the following reasons:

e Entropy losses associated with the electro-
chemical reaction.

o Activation losses due to reaction kinetics.

e Ohmic heat production from both the
proton current and the electron current.

As a result the sum of the heat sources is
analogous to the power output of a PEMFC.
Recovery of the waste heat produced by fuel
cells especially in micro-cogeneration facilities
has been an interesting alternative to tradition-
al approaches (Wang et al., 2011). An exergy
comparison has showed that the PEMFC-
based system uses the fuel energy input more
efficiently than other fuel cell-type systems
(Barelli et al., 2011). Several researchers have
proposed heat recovery units for residential
applications (Arsalis et al., 2011; Hwang et al.,
2010), thermal coupling of hydride storage
tanks (Forde et al., 2009; Pfeifer et al., 2009;
Visaria et al., 2011) and space heating in au-
tomotive applications.
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The efficient design of a proper cooling sys-
tem for a PEMFC stack is challenging mainly
because of the low driving force between the
cooling fluid and the stack temperature, which
for normal operating conditions is 60-80 °C.
As a result an optimum design of mini-scale
compact heat exchangers, based on well-
established procedures for industrial compact
heat exchangers (Kanaris et al., 2009) is a de-
finite market need. Besides heat recovery,
another critical issue, often overlooked, is the
temperature distribution along the membrane.
A temperature non-uniformity has a significant
impact on the water content of the membrane
and correspondingly on its lifetime (Kandlikar
and Lu, 2009).

To the authors’ best knowledge, research
studies concerning the rheological characteris-
tics of the flow of the coolant in the narrow
channels of the cooling loops of PEMFC are
limited. Lasbet et al. (2007) have numerically
studied the flow in a chaotic mini-channel,
constructed to pass through special bipolar
plates for fuel cell cooling. Senn & Poulikakos
(2004) introduced a comparison study between
a tree-like net of cooling channels and com-
mon serpentine passages based on the fractal
network theory. A common practice in both
approaches is to study a unit cell (i.e., a single
membrane with the cooling unit on it) and to
extrapolate the results to assess the thermal
behaviour of multiple cells in a PEMFC stack.

The objective of the present research study
is the design and optimisation of a micro-
structured compact cooling unit for recovering
the heat generated by PEMFC stacks. First, to
assess the thermal behaviour of a unit PEMFC,
an experimental apparatus that adequately si-
mulates both the heat generation and the cool-
ing is designed and constructed. The experi-
mental results are then used to validate a CFD
code that simulates a generic geometry for
cooling PEMFC applications. Moreover, in
order to enhance heat transfer, cooling plates
equipped with flow disrupting micro-structu-
red corrugations are numerically tested. Final-
ly, seeking the optimal solution, a parametric
study taking into account the geometrical cha-
racteristics of the plates is performed based on
Design of Experiment (DOE) technique.

3rd Micro and Nano Flows Conference
Thessaloniki, Greece, 22-24 August 2011

2. Experimental Setup

For this study, an experimental apparatus that
reproduces the geometry and “simulates” the
thermal behaviour of a typical unit PEMFC
has been fabricated, while the electrochemical
phenomena are not considered. In place of the
Membrane Electrode Assembly a thin thermal
plate (Minco Foil Heater) has been positioned.
A schematic of the geometry is shown in Fig-
ure 1 while the heat exchanging set-up is pre-
sented in Figure 2.
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and insulation
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Cooling Plate

Figure 1 Schematic representation of the experimental
unit simulating the thermal behaviour of a FC unit.

It is assumed that the unit cell produces
practically equal amounts of heat from both
sides and thus only one of the membrane sides
needs to be studied. By applying a controllable
voltage it is possible to impose a uniform heat
flux over the total area (84.5 cm?) of the heat-
ing pad. Heat transfer from the “virtual mem-
brane” to the cooling liquid is performed
through a 3 mm thick aluminium plate. The
thermal conductivity of the plate is identical to
that of the plates used for constructing cooling
systems in PEMFC stacks. Using a common
thermoplastic  material ~ (Polyoxymethylene
Acetal) a conduit for the cooling fluid, with a
height of 3 mm is constructed. The proposed
geometry allows the cooling fluid to fill the
conduit and thus heat is transferred only
through the aluminium flat plate. The cooling
fluid is provided by a constant temperature
bath (Neslab RTE-221) and is circulated by a
centrifugal pump. The temperature of the bath
is controlled with an accuracy of 0.1 °C, while
the flow rate of the cooling water is adjusted
using a high-accuracy valve and is measured
by an electro-optical flow meter (McMillan, S-
111). Temperature measurements on the plate
are performed using surface thermocouples
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(Surface Mount CO1) of type K, while the
temperature of the cooling liquid outlet is
measured by a type K thin thermocouple
(Omega®).
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Figure 2 Set-up of the experimental unit with all the key
components.

A photo of the experimental set-up and the
position of the thermocouples is shown in
Figure 3. The thermocouples, whose accuracy
has been estimated to be +0.2 °C, are con-
nected through an A/D card (Advantech®,
PCI-1710HG) to a PC for temperature moni-
toring and recording.

Figure 3 Photo of the experimental unit. The positions
of the six thermocouples are indicated.

During each experiment the flow rate of the
cooling fluid is initially set, voltage is applied
to the heating pad and after steady state is
achieved, six temperatures are recorded. Then,
the cooling liquid flow rate is increased and
new data are collected. Experiments were con-
ducted for a set of flow rates between 100 and
250 ml/min.
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3. Numerical Calculations

A CFD code (ANSYS CFX® 13.0) is employed
to visualise the velocity field, and the tempera-
ture distribution on the plate as well as to cal-
culate heat transfer characteristics. The cooling
plate surface might be either flat or imposed
with corrugated patterns.

The flow of the cooling liquid is considered
fully developed at the inlet, while no-slip con-
dition is assumed for the walls of the water
conduit. Since the flow is considered laminar
Direct Numerical Solution is employed. Each
computational model, with different geome-
trical configurations, is constructed using the
parametric design features of ANSYS Work-
bench®. Employing the Design Exploration
features of the software a detailed set of 23
“computational experiments” has been de-
signed based on the Box-Behnken technique, a
well-established DOE method.

Four dimensionless groups are selected as
the design variables (Figure 4), namely:

e The step to height ratio (d/H) that expresses
the portion of the cooling channel filled
with the corrugation’s height.

e The corrugation aspect ratio (I/d) defined as
the length of the step divided by its height.

e The dimensionless offset (off/x) between
two consecutive corrugations on the same
plate, defined as the distance between the
corrugations to the total length of the plate.

e The Reynolds number inside the conduit,
Re=udp/u, where the characteristic

length is the height (d) of the corrugation.

<k

Figure 4 Geometric parameters of a part of the
computational domain.



The computational grid is an unstructured
mesh constructed with Ansys Mesh capabilities
using the Delauny method. For the appropriate
representation of fluid flow and heat transfer
near the solid wall, a layer of prism elements
(also known as “inflated” layers) is imposed in
the vicinity of the walls. Three distinct compu-
tational domains were used: one for the simu-
lation of cooling liquid, one (with two parts)
for the solid cooling plates and one for the foil
heater. The working fluid i.e. water that enters
the conduit along the z-direction (Fi%ure 5),
and has an entrance temperature of 40 “C in all
simulations. The use of different domains al-
lows the user to optimise the density of the
grid based on the computational needs of the
specific geometry studied. As the quality of
the mesh is critical for the accuracy of the si-
mulations, it is examined and modified espe-
cially in the small passages of the water con-
duit in order to speed up convergence and to
increase accuracy. Due to high computational
needs a high-performance unit for parallel
computing is employed consisting of 24 Intel
Opteron cores with 24 GB of RAM which runs
on a Gentoo Linux distribution. The wall clock
time needed for each simulation run varies
from 8 to 16 hours and depends mainly on the
mesh density of each computational model.

Figure 5 Representation of the computational geometry.

In order to achieve an optimum grid density
a grid dependence study has been performed.
Two critical parameters, namely the outlet
temperature of the cooling liquid (Tcwou) and
the pressure drop along the conduit have been
chosen to be compared between different si-
mulations and for the various Re studied. Typ-
ical results for Re=90 are presented in Table 1.
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Table 1 Grid dependence study for a typical Re=90

Grid Density Tewouwt  Pressure Drop
(fluid section) °C) (Pa)
650,000 454 11
1,250,000 45.7 8
1,700,000 46.1 7
2,300,000 46.1 7

4. Experimental & Numerical Results

Appropriate voltage is applied on the foil hea-
ter using an autotransformer in order to pro-
duce a stable heat flux of 0.5 W/cm? The
thermal energy produced corresponds to a fuel
cell of 42 W. This level of power output is typ-
ical for a fuel cell unit with a Membrane Elec-
trode Assembly area of around 80 cm?, i.e.,
equivalent to that of the foil heater used in the
experimental unit.

Firstly, the thermal energy that is recovered
in the cooling fluid is computed using the total
energy balance:

Q=mc, AT,
where m is the mass flow rate of the cooling
water, cp, the heat capacity of the water and
ATy the measured temperature difference be-
tween the inlet and the outlet of the cooling
water.

As it is obvious from Table 2, it is possible
to efficiently cool the PEMFC and recover the
heat dissipated from the foil heater with the
experimental set-up constructed in our Lab.
Local temperature measurements serve a dual
purpose; they can provide useful coarse in-
sights of “hot spots” that can lead to degrada-
tion of membrane and, on the other hand, can
provide results that can be used for validating
the CFD simulations.

Table 2 Heat recovered from the PEMFC unit for
different cooling water flow rates.

Flow Rate Tcw,in Tcw,out Heat
(ml/min) (°C) (°C) recovered
100 40.0 45.9 97.2 %
150 40.0 44.0 99.2 %
250 40.0 42.4 98.1 %

In Figure 6 a typical comparison of temper-
atures measured by the thermocouples and the
ones computed by the CFD code is presented.

-4 -



The XY coordination of the thermocouple loca-

tions on the plate is also included in the graph.
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Figure 6 Local temperature measurements on the
“virtual membrane ” and validation of the CFD code.

The numerical results are in fairly good
agreement with the experimental ones. Data
from the numerical simulations are given in
Figure 7, where a typical temperature distribu-
tion on the “virtual membrane” is presented
(for water flow rate 100 ml/min). It is obvious
that the temperature is not uniformly distri-
buted over the plate, while the temperature dif-
ference reaches 7 °C. Two major areas of lo-
cally increased temperature can be readily dis-
tinguished, i.e., the upper part of the plate
(above Y=60 mm) and the bottom of the plate
(above X=70 mm).

Mw,out

ki
- =

rnw,in 12500

Figure 7 Temperature distribution and non-uniformity
on the “virtual membrane”, cooling water flow rate
100 ml/min.

The velocity distribution of the cooling lig-
uid (Figure 8) shows that the “hot spots” iden-
tified on the surface of the “virtual mem-
brane” correspond to the areas where cooling
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fluid has very low or even zero velocities. An
analogous result, for compact plate heat ex-
changers has also been reported in a relevant
study by Kanaris et al. (2009).
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Figure 8 Typical flow field of the cooling water inside
the conduit for a flat cooling plate.

The way in which the cooling liquid enters
the conduit is another important issue. Since
the non-uniformity of the temperature distribu-
tion, observed in both experimental and com-
putational results, can be attributed to the fact
that the cooling liquid enters through a single
entrance, a multi-inlet configuration seems to
be a feasible solution. Thus a multi-inlet con-
duit is designed and numerically studied.

5. Modification of the cooling plate

During the quest for heat transfer enhancement
in plate heat exchangers, one of the most
promising fields of research is the study of the
effect of corrugations imposed on the surface
of the plates. It is known that an undulated sur-
face results in flow separation and reattach-
ment and thus augments heat transfer rates.
This heat transfer enhancement is inevitably
accompanied by a substantial increase in pres-
sure drop. However, in fuel cell applications
the key issue is to achieve a practically uni-
form temperature distribution along the mem-
brane. This can be accomplished by suitably
modifying the cooling liquid flow field.

The CFD code, previously validated in a
unit PEMFC, is used in this computational
study that aims to optimise the geometrical
characteristics of a cooling plate employed
with flow disrupting corrugations.
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Table 3 Constraints of the design variables.

Parameter Lower Limit Upper Limit
d/h 0.4 0.7
I/d 2 4
offset 0.14 0.28
Re 90 170

As it has been already mentioned, a three-
inlet approach is chosen in order to reduce the
area of hotspots and enhance temperature un-
iformity over the “virtual membrane”.

Design specifications that are commonly
used in heat transfer equipment have been tak-
en into account in order to select the upper and
lower bound of each dimensionless group cho-
sen as design variable. Namely, the height to
step ratio (d/h) is limited to 0.7, since a higher
value leads to almost complete blockage of the
water conduit and also to poor performance of
the grid algorithm in the small passages con-
structed in higher values of the variable. As for
the corrugation aspect ratio the upper limit is
set to 2 and the lower limit is set to 4. For the
dimensional offset between two consecutive
corrugations a routine has been built and im-
plemented in Ansys Geometry in order to en-
sure that the corrugations constructed are
placed fully on the surface of the plate. A
summary of all design variables limits is given
in Table 3.

To optimise the performance of a PEMFC
stack cooling unit, both the uniformity of the
temperature on the “virtual membrane” and
the corresponding friction losses must be con-
sidered. The concept of an Index of Uniform
Temperature (IUT) proposed by Chen et al.
(2003) and used in similar studies, quantifies
the uniformity of temperature over a surface A.

[T —Tog| dA [TdA
IUT =AJT and T, = AifdA
A A

In the present case A is the surface area of
the “virtual membrane”. It is obvious that IUT
becomes zero when the temperature is constant
throughout the heat transfer area. Consequent-
ly, a thermal-related quantity, nyr that ex-
presses the temperature uniformity on the cor-
rugated plate (IUT), with respect to that on a
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flat one (i.e., without corrugations) (IUTy) is
defined as:
_ (IUT>
"ur = 1T,

Similarly, a friction-related term (n;) based
on the well-established friction factor, f, is
formulated:

AP D, f
= - d =\
f L puz/z an nf (fo)

where Dy, the hydraulic conduit diameter.

Baek et al. (2011) have proposed a PEMFC
cooling unit with coolant flow channels of dif-
ferent designs and they report that the IUT
values range from 10 to 1.4. Giddey et al.
(2004) suggest that a temperature difference
even up to 25 °C on the surface of a PEMFC
stack can be considered satisfactory.

Typical results of the present study are giv-
en in Table 4. A significant improvement in
temperature uniformity over the “virtual mem-
brane” can be observed for certain sets of de-
sign variables. Offset, i.e. the parameter that
expresses the total number of corrugations on
the surface of the plate, significantly affects
the IUT. When the offset parameter is set be-
tween 0.17 and 0.24, an acceptable uniformity
(i.e., low IUTs) is achieved. At lower values of
offset (<0.17) the majority of the cooling liquid
“flows over” the array of corrugations without
significant flow disruption, while at higher
values of the parameter (>0.24) the effect of
the modifications is practically negligible.

Table 4 A sample set of results for different values of
the design variables.

Uniformit
offset |d/H | I/d I(L‘{)r Increasey (gg) N¢
(%)
0.14 |04 | 3| 153 4.4 9.9 |1.18
0.14 |06 4 | 155 3.1 146 |1.34
0.17 |04 | 3| 1.48 7.5 8.6 |1.13
0.17 |06 | 4 | 1.24 22.5 15.8 |1.38
021 /04| 3| 141 11.9 7.6 |1.08
021 107 3] 121 24.4 135 [1.31
024 |07 3| 124 22.5 9.9 |1.18
0.28 |0.7| 3| 1.47 8.1 8.2 |1.11




On the other hand, increase of the parameter
d/H leads to considerable increase in flow dis-
ruption and correspondingly to an improve-
ment of the temperature uniformity on the
“virtual membrane”.

The effect of the proposed modifications on
the flow field of the cooling liquid and, as a
result, on the temperature uniformity can be
attributed to the generation of lateral velocity
components and the breakage of boundary-
layer, before and after each flow obstruction.
A typical vector field, depicting the velocities
of the fluid, is shown in Figure 9.
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Figure 9 Generation of secondary flows in a typical
water conduit employed with corrugations.

It must be pointed out that the increase in
pressure drop is relatively small compared to
the improvement of temperature uniformity.
For small scale application, where PEMFC
stacks consist of 50-100 cells the total pressure
drop for corrugated plates can reach 0.15 bar,
while a flat plate would exhibit pressure drop
of about 0.05 bar.

In Figure 10 the temperature distribution on
a plate with corrugations (the best design from
the set of results, Figure 10b) is compared
with that of the base case (Figure 10a), i.e.,
flat plate with three inlets design. It is obvious
that the proposed design greatly improves the
temperature uniformity over the “virtual mem-
brane”.

To summarise, the results of the present
study can be used as a rough guideline for de-
signing compact heat exchangers for PEMFC
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stacks. Furthermore, the use of optimisation
tools, like the Response Surface Methodology
(RSM), is expected to provide a general me-
thodological framework for the optimal design
of this type of equipment.

Temperature

0 30.000 60.00 (mm)

(@)

(b)

Figure 10 Temperature distribution and uniformity: a) flat

plate (IUT=1.6 K) and b) corrugated plate (IUT=1.21)
for Offset=0.21, d/H=0.7 and I/d=3.

6. Conclusions

A CFD code was employed for the study of a
cooling unit of a PEMFC stack. The code was
validated with relevant experimental results,
also acquired during this study in a unit
PEMFC. A common DOE technique was used
for planning the experiments.

Flow disrupting corrugations were con-
structed on the surface of a cooling plate in
order to achieve uniform temperature distribu-
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tion on the membrane of the fuel cell by en-
hancing heat transfer in identified "hot spots".
The results showed that the modification of
cooling water flow field, initiated by the cor-
rugations, can locally increase heat transfer
coefficients and correspondingly augment heat
transfer. Proposed plate modifications can in-
crease temperature uniformity across the mem-
brane by more than 20% compared to a flat
plate.

The optimisation study of the geometrical
characteristics of the corrugations suggests
that a higher d/h value leads to an important
enhancement of temperature uniformity. It has
also been shown that an increase of the num-
ber of corrugations up to a critical value im-
proves temperature uniformity while further
increase of the corrugations has no significant
effect on uniformity.

As this work, which is still in progress, is
the first part of a wider research project con-
cerning heat management of low-temperature
applications like the PEMFC stacks, the
achieved improvement can be considered sa-
tisfactory. Future considerations can include
the implementation of the constructal theory in
the designing pattern of the corrugations on
the cooling plates.
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