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Abstract: Heat management is crucial for the
satisfactory operation of HT-PEM (High
temperature polymer-electrolyte-membrane) fuel
cells. Current work investigates the use of heat
pipes in a HT PEMFC stack consisting of 24
cells, each with an active area of 300 cm?. Heat
pipes are known to be thermal superconductors
operating on the principles of high convective
heat transfer and phase transition. They can
transfer large amounts of heat at high speeds in
both heating and cooling applications with a
higher thermal conductivity than a solid copper
bar of same geometry. They are used extensively
in the electronic industry. However, adapting
them in fuel cell stacks in order to maintain a
desired temperature level comes with challenges.
The thermal load a specific heat pipe can get, the
amount of heat the same can transfer and its type
(groove, mesh, etc) are some of the factors to
consider when choosing a suitable heat pipe.
Commercially available sinter type heat pipes
were selected for these investigations. COMSOL
Multiphysics®based simulations were performed
to analyze temperature profiles in transient mode
during heating up of a 1 kW HT-PEMFC stack
from room temperature to 160°C as well as
cooling down from 160°C to room temperature.
Calculations are performed with COMSOL
Multiphysics® by using an equivalent model
derived for a single heat pipe.

Keywords: High temperature polymer-
electrolyte-membrane fuel cell (HT-PEMFC),
fuel cell thermal management, heat pipe.

1. Introduction

The thermal management of HT-PEM fuel
cells plays an important role in getting higher
performance and stable operating conditions [1].
Heat pipes are thermal devices working based on
phase transition for transmitting heat at high
rates. The use of enthalpy of evaporation and
condensation enables heat pipes to reach up to a
90 times higher value of effective thermal
conductivity than a copper bar of the same
size [2]. This makes heat pipes reasonable for

HT-PEM fuel cells applications. The principle of
a heat pipe and the components can be seen in
Figure 1. The efficient heat removal with small
temperature gradients is performed by the heat
transfer from the evaporator to condenser
section. The easy structure and cost-effective
manufacturing are significant advantages of heat
pipes [3]. The high rate of heat transfer and the
wide range of operating temperature from 4[K]
to 2,400[K] ensures the use in several
application areas e.g. aerospace, electronics,
solar systems, aeropanic, etc. [3, 4, 5, 6, 7].

Figure 1 Principle of a heat pipe

Concerning the heat transfer limitations of
heat pipes (e.g. sonic, capillary, boiling limits
etc.) the sinter type of heat pipe is selected with
respect to the operation temperatures [8]. Further
information can be obtained from known sources
[1,2,6,8,9].

2. Use of COMSOL Multiphysics®

Beside the multiphysics capabilities,
COMSOL Multiphysics® has the ability to add
dependent variables which facilitates the
analysis of engineering problems.
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2.1. Model Set-up

The simplified model of a HT-PEM fuel cell
stack assembled with heat pipes can be seen in
Figure 2. The thermal management of the fuel
cell stack is to be analyzed and optimized with
regard to heat removal and temperature
distribution.

Figure 2 Simplified model of a HT-PEM fuel cell
stack with 24 cells

The transient analysis of a heat pipe with
phase transition is a complex phenomenon
regarding the computing  capabilities,
inaccuracies and the size of the geometry. The
3D modelling of heat pipes with phase transition
asinthe examples [10, 11, 12, 13] is suitable for
single heat pipe computations. For analysis of
the whole fuel cell stack thermal management,
the equivalent model analysis is used.

The equivalent model of a heat pipe as in
[14, 15, 16] is obtained using the thermal
resistance network as in Figure 3.
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Figure 3 Thermal resistance network of a heat pipe

I, is the outer radius of the copper tube. I,

represents radius of the wick structure and I, is

the vapour radius. The representative resistances
(R1-R9) are defined as in the Table 1 with
respect to the mentioned literature.

Table 1
R; Definition
In(r, /r,
= M Eq.(1) Evatp%rator
27 K, lube
resistance
In(r,, /r
= ( o V) Eq.2) Evap_orl?tor
24k, wic
resistance
3
_ VRTe 27 @) | Liquid
3 L2Lr,p, resistance
1
R, = PAE Eq.(4) | Tube axial
¢ resistance
1
R, = PR Eq.(5) | Wick axial
w resistance
T« A
R = Zet Py Eq.(6) Vapour
LQp, resistance
In(r, /r
, = M Eq.(7) Cor:dggser
24 K, u
resistance
In(r, /.
. = M Eq.(8 Condenser
24k, a®) | " wick
resistance
[oT3 Condenser
_ Rl /27 Eq.(9) | gas-liquid
° L2 L0, interface
resistance

K, I, are thermal conductivity and the length

of each element. p, represents density. Teff ,Q

represent effective temperature and heat transfer
rate. Subscripts C and € represent condenser
and evaporator sections respectively. Thermal
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conductivity of the wick can be defined as in
Eq.(10) [4]

|24k Tk, 251k, /k,)
Y| 24k Tk, +e(l-k /k) | EH-(O)

The average of the conductivity matrix
Eq.(10) is used as overall thermal conductivity

of wick structure. K,k are thermal

conductivities of operating liquid and solid
material respectively. g (porosity) is assumed as
0.8 according to [8]. Comparing with the overall
resistance, R4 and R5 can be neglected. R3, R6,
and R9 are set to be zero since the heat pipes are
working below limits [8, 14]. The overall
resistance for the heat pipe is therefore shown in
the Eq.(11).

R. =R +R, +R; + R, Eq.(11)

The overall thermal conductivity for one
heat pipe is calculated as 1,656.2[W/K.m]

2.2. Subdomain Equations

The governing equation for the heat
transfer is shown in Eq.(12).

T Iat+V-(KVT)=Q  Eq.(12)

T is temperature variable and Q isthe heat
source. tand K represent time and thermal
conductivity respectively. C p Is the specific heat
capacity.

2.3. Boundary Settings

Defined boundary conditions can be seen
in Figure 4.

Figure 4 Boundary conditions

Overall thermal energy to be removed from
the system is 50[W] for a single fuel cell.
Thermal energy transferred from the fuel cell
stack is defined as boundary condition. The
natural heat convection on the sides of the fuel
cell stack is defined using convection functions
of COMSOL reference library [17]. The initial
temperature is selected as 160[°C].

The element type for the geometry is
selected regarding the simulation conditions.
Transient analysis is performed by setting the
time step as 20[sec] and time interval from
O[sec] to 1000[sec] interval.

Meshing of the fuel cell stack can be seenin
Figure 5.

Figure 5 Meshing Elements

The model consists of 116,958 degrees of
freedom. Taking the number of degrees of
freedom into account, a direct solver
(SPOOLES) is chosen.

3. Results

Two types of heat pipe assembly concepts
are studied. Four heat pipes for each fuel cell are
used in the first one. The second concept has six
heat pipes assembled for each fuel cell. Heat
pipes extend to the top of fuel cell stack because
of the necessity to embed a thermal sink.

The transient analysis of the heat pipe
assembly for selected times (200, 500,
1000[sec]) can be seen in the Figure 6, Figure 7
for both concepts respectively. The ranges for
the legends are kept same for the Figure 6 and
Figure 7.

Thermal distribution and the transient
thermal development can be seen from the
figures.
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(@) t=200][sec]

(@) t=200][sec]

(b) t =500[sec]

(b) t =500[sec]

(c) t =1000[sec]

Figure 6 Thermal distribution of the first concept
with 4 heat pipes for each fuel cell
at the time (t= 200, 500, 1000[sec])

The computations for the second concept
with 6 heat pipes for each fuel cell are performed
with the same boundary conditions as seen in the
Figure 7.

(c) t =1000[sec]

Figure 7 Thermal distribution of the second
concept with 6 heat pipes for each fuel cell
at the time (t= 200, 500, 1000[sec])

The thermal distribution with time shows
significant differences between two concepts.

Excerpt from the Proceedings of the 2012 COMSOL Conference in Milan




The temperature peaks occurring in the
middle of the fuel cell stack can be seen in
Figure 6 and Figure 7. High temperature causes
degradation in the fuel cell and is critical for the
proper operation of fuel cell stack [17]. In order
to avoid this effect, an evenly distributed
temperature profile in an allowable operating
temperature interval (130°C-200°C) is preferred
[1]. The isothermal surfaces for both concepts
are shown in Figure 8 and Figure 9 to analyze
thermal gradients.

Figure 8 Isothermal surfaces for the first concept
at time (t=1000[sec])

Figure 9 Isothermal surfaces for the second
concept at time (t=1000[sec])

It can be seen from Figure 8 and Figure 9,
that the temperature at the bottom of the stack
reaches values of 180°C and temperature
difference between bottom and top to 30°C. The
results for the second concept with 6 heat pipes
for each cell is analyzed in detail (Figure 10) by
using a higher resolution of the temperature
scale.

The second concept with 6 heat pipes for
each cell shows better thermal distribution and
lower temperature profile. The first concept can
lead to exceeding the allowable temperature
interval during the stack operation.

Figure 10 Thermal distribution according to the
second concept with 6 heat pipes for each fuel cell
at the time (t =1000[sec])

4. Conclusion

In this study, the use of heat pipes in HT-
PEM fuel cell stack is investigated.

An evenly distributed temperature profile
plays an important role for fuel cells. The heat
removal with small temperature gradients is
required. Fast heat transfer rate is necessary for
dynamic operation conditions. The analysis of
using heat pipes for thermal management in fuel
cell stacks is performed and optimized assembly
structure is investigated. The equivalent model
of a single pipe is developed and integrated for
96 and 156 heat pipes in the fuel cell stack for
both concepts respectively. The promising
simulation results assure the application of heat
pipes in HT-PEM fuel cell stacks. The
simulations for the second concept with 6 heat
pipes for each fuel cell show better thermal
distribution and lower temperature values.
Regarding the amount of heat pipes used and the
ease of the montage, the first concept with four
heat pipes for each fuel cell is chosen for the
first experiments. The positioning and assembly
structure are to be analyzed further.
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