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Abstract: This paper reports on an experimental investigation of a passive thermal coupling
arrangement between a Proton Exchange Membrane (PEM) fuel cell and a Metal Hydride
(MH) hydrogen storage canister using heat pipes for enhancing the release rate of hydrogen.
The performance of this arrangement was measured by inserting the evaporator sections of the
heat pipes into an aluminum plate mimicking one out of five cooling plates of a 500-W fuel cell (that
is a 100 W section of the stack). Thermal pads were attached on both sides of the plate to represent
the fuel cell heat to be supplied to a 660-sl MH canister. The results showed that the operating
temperature of the fuel cell can be maintained in the desired range of 60–80 ◦C. A complementary
experimental study was also conducted on an 800-sl MH canister supplying hydrogen to a 130-W
fuel cell stack (a slightly scaled-up setup compared to the first experiment). The study confirmed
the findings of an earlier theoretical study by the authors that by supplying about 20% of the total
cooling load of the stack to a MH canister, its maximum sustainable hydrogen supply rate increased
by 70%, allowing for continuous operation of the stack at its rated power.

Keywords: PEM fuel cell; metal hydride hydrogen storage; heat pipes; passive cooling; thermal
management

1. Introduction

A Proton Exchange Membrane Fuel Cell (PEMFC) can generate electricity by using the
electrochemical reaction between hydrogen and oxygen (from air) supplied to the fuel cell, with heat
and water as by-products [1,2]. The heat generated by the PEMFC has to be dissipated from the stack
in order to maintain its temperature within a desired range (e.g., 60–80 ◦C) [3–10]. This heat can be
captured and used for a range of Combined Heat and Power (CHP) applications such as hot water
supply [11–15], space heating [16], pre-heating the PEMFC inlet air in cold climates [17,18], or thermal
management of batteries in a hybrid battery fuel cell system (also in cold conditions) [19–24]. This heat
can also be utilized to enhance the hydrogen release rate of Metal Hydride (MH) hydrogen storage
canisters used to supply hydrogen to PEMFCs [25–27]. In MHs, hydrogen is stored in special metal
alloys in atomic form [28]. Hydrogen molecules entering the storage canister can form weak bonds with
metal particles at moderate pressures (e.g., ~10–40 barg) [29,30]. The hydrogen can be then released
from the MH bonding by transferring the heat that can be absorbed from the ambient surrounding the
MH canister or any additional heat supplied to the MH canister [30–33]. In general, proper thermal
management is essential for MH canisters to increase their charge and discharge rates [34–36].

Due to relatively low release rates of hydrogen from MH canisters, usually it is a challenging
task to match the hydrogen capacity in MH canisters with the hydrogen flow rate demanded by the
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PEMFC, particularly when the fuel cell operates at its rated power. Heating the MH canister enhances
the release rate of hydrogen that suggests opportunities for recycling the heat generated by the fuel
cell for this purpose [37,38].

The fuel cell stack demands a higher flow rate of hydrogen supply as its power output increases.
On the other hand, the efficiency of a PEMFC drops as its power output increases up to its rated power.
Hence the fuel cell cooling load (i.e., that needs to be removed from the stack) increases by increasing
the fuel cell power output [39]. When using MH hydrogen storage, more heat is demanded by the
hydrogen canisters to increase their supply rate (i.e., to meet the fuel cell demand at higher power
outputs). The fact that the fuel cell generates more heat at higher power operating points correlates
very well with increased demand of heat by the MH canisters (i.e., to release hydrogen at a faster
rate) [40]. Hence the potentially-attractive opportunity arises of thermal coupling of a PEMFC with
the MH canister used to supply it.

Several research studies have been reported in the literature that covered this possibility
(e.g., [41–49]). However, these studies were mainly focused on using active methods (e.g., by using
air or liquid) by employing heat exchangers or a water bath for heating and cooling of MH canisters
and PEMFCs. Such active arrangements involve parasitic energy that decreases the overall energy
efficiency of the fuel cell system. Heat pipes provide a solution for thermal coupling of PEMFCs and
MH canisters that eliminate the parasitic energy associated with these active thermal management
methods. Heat pipes can transfer high rate of heat in a passive way, and are currently used in many
electronic applications such laptops [50–52], and batteries [53–56]. The use of heat pipes has been
previously suggested for fuel cell cooling only [57–60]. The high thermal conductivity of heat pipes
is their key advantage that can help remove a considerable amount of heat generated in a fuel cells
quite effectively [61–65], while this heat can be transferred to MH canisters to enhance their hydrogen
release rates. Moreover, they offer other advantages, such as simplicity and low maintenance, over
conventional active cooling methods (e.g., water and air cooling) [66], while they can be assembled in
different orientations and arrangements as required [67–69].

Apart from a theoretical study published by the authors previously [40], the use of heat pipes
for thermal coupling of PEMFCs and MHs has not been thoroughly investigated before. Earlier
studies on the thermal coupling of PEM fuel cells and MH canisters are reviewed in Section 2 of the
present paper. This paper then focuses on an experimental investigation to study further the feasibility
of this arrangement and confirm some of the results suggested earlier by a theoretical computer
simulation [40] (Sections 3 and 4).

2. Thermal Coupling of PEM Fuel Cell and MH Canister: A Literature Review

There are some published studies in which the heat generated by the PEMFC was recycled
through active methods and used to heat up the MH canisters [70,71] (i.e., supplying hydrogen to
the fuel cell). The electrical energy efficiency of PEMFCs is in usually in the range of 30–55% that
means a substantial amount of heat is generated by the fuel cell stack as a by-product, while producing
electricity. The cooling load of the stack is part of this total heat, since it excludes the heat used
internally by the stack to evaporate the generated water and a small portion of heat taken out of the
stack by the excess oxygen/air and hydrogen.

Some of the examples of active methods used for thermal coupling between the fuel cell and MH
canisters are as follows: Wilson et al. [41] investigated the thermal coupling opportunities between
a 1-kW PEMFC and two LaNi4.8Sn0.2-based MH canisters with the capacity of 280 sl (i.e., 25 g) of
hydrogen each for 50 min of operation. A heating bath was used in the discharging mode that was
set at 75 ◦C to help increase the hydrogen discharge rate from 4 slpm to 8 slpm at 2 bar of pressure,
with heat being actively transferred from the stack to the heating bath. In a similar study Førde
et al. [25] analyzed the thermal coupling of a 1.2-kW PEMFC (comprising of 22 cells with membrane
active area of 170 cm2) and a 17.5-kg LaNi5-type MH canister (260 g) using a water circulation loop
(U-tube) inside the canister. The heat generated in the PEMFC was used to enhance the hydrogen
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release rate in the MH canister at 30 ◦C. In this thermal coupling system, the MH canister was used
to supply hydrogen to the fuel cell for three hours of operation at its rated power of 1.2 kW. In their
experiment, the PEMFC’s cooling load was measured to be 800 W at the current density of 0.35 A/cm2

while on the other hand, the MH demanded for 200 W of heat (i.e., 25% of the total cooling load of the
fuel cell) to enhance its discharging performance and match it with the fuel cell demand.

Pfeifer et al. [43] also published the result of their study on thermal coupling of a high temperature
(i.e., operating at 160–200 ◦C) 1-kW PEMFC (with 10 cells and membrane area of 256 cm2) supported
by four parallel MH hydrogen tanks filled with total of 2 kg sodium alanate, designed for storing
36 g of hydrogen enough for 2.5 h of operation. The heat from the PEMFC was transferred to the MH
canisters using oil. The optimum condition in the MH was achieved by supplying 150 W of heat to the
canister at the temperature of 185 ◦C; as the result, the hydrogen discharge rate was improved from
2 slpm to 3.5 slpm (75% improvement).

Urbanczyk et al. [72] analyzed the integration of a high-temperature 260-W PEMFCs (28 cells and
effective cell area of 50 cm2) and a MH canister. In this arrangement, sodium alanate (2.7 kg) was used
as the MH material with the capacity of storing 60 g of hydrogen (i.e., for three hours of operation).
The MH canister was heated up by thermal oil flowing into a U-bend inside the canister transferring
the heat generated by the PEMFC stack to the MH storage. By supplying 160 W of heat (i.e., from the
fuel cell) to the MH canister at 120 ◦C the hydrogen discharge rate was reported to be improved from
195 lph to 255 lph (i.e., over 30% improvement).

In a more recent study published in 2014, Weiss-Ungethüm et al. [73] experimentally investigated
the thermal coupling of a 400-W high temperature (HT) (160 ◦C) PEMFC (8 cells and 163.5 cm2) and a
300-g sodium alanate MH storage tank (2.6 wt. % of hydrogen) using direct liquid cooling (i.e., from
the fuel cell point of view). A tube was used as a heating coil wrapped around the MH canister to
provide additional heating and enhance the canister’s hydrogen discharge rate. By supplying 100 W
of heat to the MH canister hydrogen discharge rate improved from 4.5 mg/s to 5.8 mg/s. Published
in the same year (2014), Kim et al. [74] investigated the possibility of thermal coupling arrangement
between a MH canister system and a 2.7-W PEMFC (8 cells with an active area of 1.68 cm2). The fuel
cell was used as an alternative solution to a Li-ion battery system used for powering a mobile phone.
The Mm-Ni-Mn-Co-based MH canister used in the study has a weight of 25 g (i.e., 1.5 wt. % of
hydrogen). The results suggested that the thermal coupling arrangement between the PEMFC and
MH canister, for mobile phone application, is a practical solution to operate the PEMFC at its peak
power density of 200 mW/cm2, for six hours. The paper did not quantify the effect of this thermal
coupling arrangement in terms of enhancing the MH hydrogen discharge rate.

By contrast, in the present paper, the opportunities for passive thermal coupling of these two
components, by using heat pipes without any additional energy-consuming devices (i.e., to carry the
fuel cell heat to the MH canisters), is experimentally investigated. While heat pipes are commonly
used for cooling electronic equipment [51,52,75–78], only limited reported examples can be found
in the literature (even at R&D stage) in which heat pipes have been used for either cooling of fuel
cells [57,59,60,79,80], or heating up MH canisters [81–83]. The studies conducted on the use of heat
pipes for fuel cell cooling, suggested the uniform temperature distribution across the stack and
membrane and less weight and volume (i.e., at a system level) to be the key advantages of this
approach [60,79]. These studies were mainly conducted for high temperature fuel cells (i.e., different
ranges of around or above 100 ◦C) and they all suggested that the proper design of heat pipes can
maintain the fuel cell temperature within its recommended range (i.e., ~60–80 ◦C) [57,59,60,80]. On the
other hand, the studies conducted on the use of heat pipes for thermal management of MH canisters
were mainly focused on reporting the significant effect of this thermal management method (i.e., using
heat pipes) on charging and discharging capacities of the canisters as well as their charge and discharge
rates (i.e., that improves charging and discharging times).

As mentioned before, the use of heat pipes for thermal management of fuel cells, or MH hydrogen
storage canisters, have thus been studied as separate arrangements for each of these components
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in the past, but not as a combined system, to thermally couple the two components. An earlier
theoretical study [40] tried to address this gap by developing a steady-state analytical model in
MATLAB. The model was then applied on a 500-W PEMFC and five MH canisters (LaNi5, 660 sl)
coupled using heat pipes. The cooling loads of the stack, at different operating points, were assumed
to be available for use by the MH canisters. The model is though able to estimate how much of the fuel
cell cooling load is required by the MH canisters (i.e., to match their discharge rate with the fuel cell
demand). Considering a hydrogen utilization factor of around 85%, 7.2 slpm of hydrogen had to be
supplied to the PEMFC at its maximum power operating point (i.e., 500 W). Five LaNi5-based MH
canisters were used as hydrogen storage in this study (each 660 sl) with a total hydrogen discharge
capacity of only 2.5 slpm (i.e., 0.5 slpm stable discharge rate for each canister) at ambient temperature
conditions (i.e., 25 ◦C). Supplying the fuel cell heat to the MH canister was thus considered in order to
match the hydrogen supply rate of the canisters with the hydrogen flow rate demanded by the fuel
cell (i.e., 7.2 slpm at 500 W).

The results of this earlier analytical model (i.e., the details of the model provided in [40]) suggested
that in order to match the hydrogen supply rate of the MH canisters with the flow of hydrogen
demanded by the PEMFC (i.e., at its rated power of 500 W), 34 W of heat had to be transferred to
each MH canister (LaNi5, 660 sl) to maintain their temperature at 35 ◦C (308 K) (i.e., both fuel cell and
MH canisters were assumed to be thermally isolated). With this operating temperature (i.e., for the
canisters) their hydrogen discharge rate limit could be lifted from 0.5 slpm to about 1.5 slpm such
that with five canisters the maximum hydrogen flow demand by the fuel cell (i.e., 7.2 slpm) could
be covered (i.e., with a safe margin). The heat demanded by the five canisters used in this study
was calculated to be almost 20% (170 W) of the total cooling load (880 W) of the 500 W PEMFC (i.e.,
at maximum power operating point) used in the model. This finding closely agreed with an earlier
result (i.e., with water cooling arrangement) obtained by Førde et al. [25] in which 25% of the total fuel
cell cooling load was demanded by the canisters in order to match their hydrogen supply rate with
the demand of the 1.2-kW fuel cell used in their study. In the model, the operating temperature of the
stack was assumed to be 60 ◦C. Since only about 20% of the fuel cell cooling load was demanded by
the MH canisters [40], the rest of the fuel cell cooling load would need to be rejected through another
cooling arrangement (e.g., additional heat pipes and cooling plates). More investigation has been
conducted experimentally to further understand the nature and detailed behavior of this thermal
coupling. The details of this experimental study are described in the following section.

3. Experimental Investigation

3.1. An Overview

The present experimental study focused on studying the thermal coupling of fuel cells and metal
hydride canisters using heat pipes by considering a similar arrangement to that employed in the earlier
theoretical model [40]. To investigate how the heat pipes can thermally interact with the fuel-cell
cooling plates, initially the thermal performance of 1/5th of the 500-W fuel cell, schematically shown
in Figure 1, (i.e., equivalent to 100 W) was taken into consideration. One real cooling plate (i.e., that
was used in the earlier theoretical study published by the authors [40]) was surrounded by a couple of
thermal pads on both sides to mimic part of the 100-W fuel cell’s cooling load (to be transferred to
the MH canister). Equivalent to the same amount of heat demanded by the MH canister (i.e., 20% of
the total cooling load of the cells as suggested by the theoretical study) was generated by the thermal
pads, which were connected to the cooling plates. The main objective of this experimental study was
to provide ideas around the temperature range that the cooling plates can be maintained.
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Figure 1. (a) The experimental set-up comprising of a water chamber, seven heat pipes, aluminum
plates (for mimicking the cooling plate of a 100 W PEMFC), and thermal pads generating 20% of the
total fuel cell cooling load (that is equivalent to the heat demanded by one MH canister); (b) The side
view of the aluminum plates and the thermal pads used to mimic the fuel cell side and (c) Schematic
diagram of the experimental set-up shown in Figure 1a.

It is noteworthy that the PEMFCs are desired to operate at temperatures around 60–80 ◦C while the
temperature distribution across the plate is preferred to be uniform. In fact, depending on real design
constraints (e.g., space availability, and structural constraints), the MH canisters can be positioned
on top of the fuel cell stack or underneath the stack. Obviously, the heat pipes show different levels
of performance in each of these orientations (i.e., in terms of their heat removal capacity and their
thermal resistance). If the stack is positioned on top of the MH canisters, then the heat pipes’ working
liquid should travel back right against gravity from the condenser side toward the evaporator side:
this is not a favorable condition for the heat pipes operation. On the other hand, when the heat pipes
are placed on top of the stack, then the liquid travels from the condenser back to the evaporator with
the support of gravity. Both orientations were taken into consideration in this experimental study.

A MH canister was also investigated experimentally to study its temperature distribution profile
and hydrogen discharge rate while being heated up using the fuel cell heat transferred to them via
heat pipes. This experiment was conducted by mimicking the heat generated by the PEMFC using a
thermal pad (i.e., powered by a DC power supply) wrapped around the MH canister. The MH canister
was also tested separately at ambient temperature (e.g., 20 ◦C) to analyze its hydrogen discharge rate
(i.e., without the addition of heat from the fuel cell).



Energies 2018, 11, 915 6 of 19

3.2. Heat Pipes to Transfer the Fuel Cell Heat from the Fuel Cell to the MH Canister

The key objective of this investigation was to look at the feasibility of using heat pipes as a passive
device to remove the heat collected by a cooling plate in this representative part of the overall PEMFC
stack. Specifically, the steady temperature of the cooling plate, the temperature distribution on the
cooling plate and the heat removal capacity of the heat pipe system were investigated. The results
were then compared with what the earlier theoretical calculations.

Considering the performance of the 100 W BSC PEMFC (i.e., with one cooling plates) that
was used for this study (i.e., 1/5th of this 500 W stack) a basic setup with one cooling plate was
manufactured. The heat that was supposed to be generated by seven cells around this cooling plate
was generated using two DC thermal pads attached to both sides of the cooling plate. To minimize
the heat losses, thermal insulation material (cotton wool) was used to cover the plate and the thermal
pads. The 115 mm × 115 mm aluminum cooling plate, used in this study, was selected to be at the
same size as the cooling and bipolar plates used in the original 500-W PEMFC stack. The thermal pads
were also selected to be 80 mm × 80 mm to mimic the exact overall dimension of the membrane used
in the 500 W PEMFC. The electrical power supply to the thermal pads where adjusted to generate the
same level of heat demanded by the MH canisters. The generated heat in this experiment was adjusted
to represent 20% of the total cooling load to be dissipated through one cooling plate of the stack (i.e.,
as suggested by the earlier theoretical study conducted by the authors [40]). The remaining 80% of
the fuel cell cooling load is supposed to be removed by other means (e.g., extra heat pipes designed
and sized for this purpose). These extra heat pipes whose evaporator sections were supposed to be
inserted into the cooling plates are designed to take care of removing the remaining 80% of the cooling
load to maintain the operating temperature of the fuel cell within the desirable range of 60–80 ◦C.

Seven heat pipes with the original diameter of 6 mm, flattened with the pressed thickness of 2 mm
and the width of 8.50 mm at the evaporator section were inserted in the cooling plate. Each heat pipe
had evaporator, condenser, adiabatic, and effective lengths of 80 mm, 100 mm, 100 mm, and 190 mm
respectively. The evaporator sections of the heat pipes were inserted into the cooling plate and the
condenser section of them were cooled using an adjustable flow of cold water (i.e., mimicking the heat
demanded by a 660 sl MH canister designed to store 61 g of hydrogen). A circular water chamber
(diameter of 150 mm and a length of 100 mm) was used to cool the condenser section of the heat pipes.
To monitor the temperature distribution in the evaporator and the condenser sections of the heat pipes
and the inlet and outlet of the water, several thermocouples were used, and a flow meter was used to
monitor the flow of the cooling water throughout the chamber. The details of the experimental set-up
and its schematic diagram are shown in Figure 1.

In this experiment, the heat in the range of ~20–55 W was supplied through the thermal pads
and removed by the heat pipes (i.e., their evaporator side) inserted into the cooling plate. The heat
pipes were then cooled (on their condenser side) using a flow of cold water passing through a water
chamber. The flow of water was adjusted to achieve a steady temperature condition in the cooling
plate (Figure 1). This heat removal arrangement was used for mimicking the heat demanded by the
MH canister.

3.3. Fuel Cell Heat to Improve Metal Hydride Hydrogen Discharge Rate

3.3.1. Overview

In previous theoretical modeling conducted by the authors [40], five 660-sl LaNi5-based canisters
were used to supply hydrogen to a 500 W stack (i.e., one canister per 100 W, as used in the present
experimental study). In that study, heat pipes were used to transfer the fuel cell heat towards the MH
canister and it was found that around 20% of the fuel cell heat is sufficient to maintain the hydrogen
discharge rate of the canister at a suitable level required by the fuel cell. The purpose of this part of the
experiment is to validate this finding. It is important to note that considering the availability of MH
canisters in our laboratory, an 800 sl MmNiMnCo-based MH canister (i.e., with a higher hydrogen
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discharge capacity) was used for the experiment. Hence the stack to be supplied by this canister (i.e.,
for this part of the present experimental study) was proportionally assumed to be larger (i.e., about
130 W). To be able to validate the previous theoretical study, the theoretical modeling exercise was also
repeated for this new 800 sl MH canister and a 130 W fuel cell case). The theoretical model on this
scaled up case also confirmed that again about 20% of the fuel cell heat is enough to enhance the MH
canister hydrogen supply rate such that it meets the fuel cell demand at its rated power (130 W).

3.3.2. Using Thermal Pads to Mimic the Fuel Cell Heat Transfer towards the MH Canister via
Heat Pipes

In this experimental study the heat that is supposed to be transferred from the fuel cell to the
MH canister via heat pipes was directly supplied to the canister using thermal pads. The MH canister
(MmNiMnCo, 800 sl) was wrapped using a thermal pad for supplying heat to that during discharging
(i.e., equivalent to 20% of the fuel cell cooling load to be removed at 130 W operating point). A thermal
insulation layer (i.e., cotton wool) was used to minimize the error caused by the heat losses from the
MH canister surface. The heat supplied by the DC-powered thermal pads was adjusted to represent
the theoretically-calculated heat demanded by the MH canisters (i.e., to match their supply rate with
that demanded by the fuel cell at 130-W operating point). This heat input was selected to be 45 W and
the heat pipes were supposed to carry this heat from the fuel cell stack to the canister. According to the
theoretical model, by transferring this heat to the 800 sl MH canister its hydrogen release rate could
increase from 1 slpm to 1.7 slpm (i.e., enough to supply the fuel cell demand for hydrogen at 130 W).
The schematic diagram and the actual set-up of the experiments for hydrogen discharge are shown in
Figure 2a,b.

Figure 2. (a) The experimental set-up of the MH canister (MmNiMnCo, 800 sl) to study its hydrogen
discharge rate behavior with heat addition using the thermal pads wrapped around the canister
(mimicking the heat supplied by the fuel cell); (b) Schematic diagram of the experimental set-up used to
study the hydrogen discharge rate of the MmNiMnCo, 800 sl MH canister with thermal management.

We assumed that the heat pipes are well insulated; however, imperfect operation of the heat pipes
(in a real practice of this arrangement) is not expected to change the outcome of this experiment for two
reasons: (i) the MH canister demands only ~20% of the total fuel cell cooling load. This means if any
heat is lost through the body of the heat pipe (e.g., from the adiabatic section of the heat pipe), more
fuel cell heat is available to compensate any shortfall of heat causes by such thermal leaks; (ii) the heat
transfer capacity of heat pipes have been selected to be slightly above what is needed to be transferred,
so that such thermal leaks would not affect the capacity of heat pipes in transferring 20% of the fuel
cell heat towards the MH canister. With these two key assumptions, we can make sure that using
thermal pads supplying the same amount of heat that is supposed to be transferred by the heat pipes
is an accurate way of mimicking the thermal bridging role of the heat pipes.
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It is important to underline the point that the present thermal coupling arrangement is studied
at the system’s critical condition with fuel cell operating at its rated power (i.e., 100 W) at which its
demand rate for hydrogen is maximum (i.e., that may not be reached by the MH canister’s supply
rate). We assume, as in a healthy fuel cell, the cooling system of the fuel cell is designed to maintain
its temperature at around 60 ◦C in all operating points. Considering the 20% fuel cell cooling load
directed to the MH (i.e., from the fuel cell), the demand for heat (from the fuel cell) is reduced at lower
power operating points as less flow of hydrogen is required by the fuel cell. That gives the system the
chance of self-regulating itself and maintaining its temperature at the level desired by the fuel cell (i.e.,
~60 ◦C). Sometimes at low power outputs the temperature of the fuel cell goes up very slowly or does
not go up at all (i.e., when the stack’s surrounding temperature is quite low). However, operation in
extreme cold climate conditions remained outside the scope of this work.

4. Results and Discussion

4.1. Heat Pipes to Transfer Heat from the Simulated Fuel Cell

The temperature variations with respect to time at different points (shown in Figure 1) were
recorded until they reached steady conditions (i.e., with adjusted water flow rates). These variations
are shown in Figures 3 and 4. For example the results demonstrated in Figures 3 and 4 were specifically
obtained with supplying 39 W of heat to the cooling plate through the thermal pad, slightly higher
than 34 W of heat removal, suggested by the earlier theoretical study (i.e., to take into account a small
percentage of heat that can be lost through the insulation layer around the system).

Figure 3. Temperature as a function of time in the evaporator and the condenser section of the heat
pipes (diameter of 6 mm, effective length of 190 mm and pressed thickness of 2 mm and width of
8.50 mm at the evaporator section) in different locations (gravity orientation) using heat supply of 39 W.
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Figure 4. Temperature as a function of time in the evaporator and the condenser section of the heat
pipes (diameter of 6 mm, effective length of 190 mm pressed thickness of 2 mm and width of 8.50 mm
at the evaporator section) in different locations (against gravity orientation). The error of 1% was
associated with the results using the heat supply rate of 39 W.

According to these results the temperature of the evaporator section of the heat pipes (i.e., where
connected to the cooling plates) initially increased sharply and then saturated by reaching a steady
condition. The middle sections of the heat pipes were well insulated so that almost the same amount
of heat collection was measured (i.e., through the cold water flow) on the condenser side. For gravity
orientation heat pipes (i.e., where the evaporator is on the bottom side of the heat pipes), in which
the gravity effect supports the liquid to move back to the evaporator section, this steady temperature
was recorded to be between ~50 ◦C (i.e., on the side of the membrane active area) and 60 ◦C (i.e.,
in the center of the membrane active area). The steady conditions were achieved in about 17 min
(i.e., ~1000 s). By changing the orientation of the heat pipes for the working liquid to be moving
against gravity (i.e., with the evaporator positioned to be on the top side of the heat pipes), the steady
temperature of the points monitored in this experiment were recorded to be settled at about 5 ◦C
higher than the previous case (i.e., bottom heat pipes), that is 55–65 ◦C. In this case, it took longer to
achieve steady condition (i.e., about 35 min) and the temperature of the condenser side was recorded
to be slightly lower than when the heat pipes were used in gravity orientation (i.e., due to a poorer
heat transfer capacity of the heat pipes).

As a comparison, the temperature variations with respect to time at different points on the heat
pipes using higher heat input (e.g., 55 W) are shown in Figures 5 and 6. Similar to the previous results
provided in Figures 3 and 4, the temperature of the evaporator section of the heat pipes (i.e., where
connected to the cooling plates) initially increased sharply and then saturated by reaching a steady
condition. For heat pipes with gravity orientation, the steady temperature was recorded to be between
~60 ◦C (i.e., on the side of the membrane active area) and 80 ◦C (i.e., in the center of the membrane
active area). On the other hand, for heat pipes with against gravity orientation, the steady temperature
was recorded to be in the range of 75–90 ◦C. This is just to show the heat removal capacity of the
system at higher temperature; however, in practice the heat that is supposed to be transferred from the
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cooling plate to the MH canister was not expected to exceed ~34 W (according to previous validated
theoretical investigated conducted by the authors) [40].

Figure 5. Temperature as a function of time in the evaporator and the condenser section of the heat
pipes (diameter of 6 mm, effective length of 190 mm and pressed thickness of 2 mm and width of
8.50 mm at the evaporator section) in different locations (gravity orientation) using heat supply of 55 W.

Figure 6. Temperature as a function of time in the evaporator and the condenser section of the heat
pipes (diameter of 6 mm, effective length of 190 mm pressed thickness of 2 mm and width of 8.50 mm
at the evaporator section) in different locations (against gravity orientation). The error of 1% was
associated with the results using the heat supply rate of 55 W.
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The steady temperature of the heat pipes on their evaporator section (i.e., two different
orientations: gravity and against gravity) as a function of the heat generated by the 100-W stack
(that is 1/5th of the 500 W fuel cell stack used for the earlier theoretical study) is presented in Figure 7.
The heat was generated by the thermal pads (i.e., mimicking the heat that is supposed to be generated
by the stack) and was adjusted to represent the heat demanded by the MH canister to match its
hydrogen release rate with the fuel cell demand for hydrogen. The graphs show that by increasing the
heat supplied by the thermal pads, the temperature of the evaporator section of the heat pipe increases
(i.e., in both orientations). By supplying 39 W of heat (i.e., demanded by the MH canisters to supply
the fuel cell at 100 W operating point) the temperature of the cooling plate and the evaporator section
of the heat pipes can reach the maximum steady level of 60 ◦C and 65 ◦C, for gravity and against
gravity orientations respectively. It is worth noting that the 39 W of heat applied was equivalent to just
over 20% of the total cooling load of the 100-W stack, demanded by the MH canister. As shown in
Figure 7, by using the heat pipes against the gravity, their performance (i.e., their thermal conductivity)
become more sensitive to the level of heat input (i.e., compared to gravity ordination). This is mainly
due to higher pressure drops in heat pipes when used against gravity.

Figure 7. Steady temperature of the heat pipes evaporator sections (diameter of 6 mm, effective length
of 190 mm pressed thickness of 2 mm and width of 8.50 mm at the evaporator section) as a function of
heat supplied by a DC power supply for gravity and against gravity orientations (maximum 1% error
is associated with the data for temperature).

Based on previous theoretical study conducted by the author on a 500-W PEMFC and five 660-sl
LaNi5-based MH canisters [40], almost 170 W of heat was needed to match the supply rate of the
canisters (each connected to one out of five cooling plates in this stack) with the fuel cell demand at its
rated power (i.e., 500 W). Looking at 34 W (1/5th of 170 W) operating point on the graph (Figure 7),
the steady temperature of the cooling plate and the evaporator section of the heat pipe can reach the
maximum of about 55 ◦C, that is a perfectly-acceptable operating temperature level for a PEMFC. Even
by slightly increasing the level of this heat (i.e., if a different MH is used), such as 39 W that was used in
this experiment, the steady temperature of the plate does not cross a maximum in the range of 60–65 ◦C
(that is still an acceptable temperature to operate the fuel cell at). It is important to note that still more
heat pipes arrangements are required to be installed because the MH canister only demands 20% of the
total cooling load of the PEMFC, and the remaining 80% should be removed through these additional
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heat pipes. It is also noteworthy that although the experiment was conducted for the heat inputs
as high as 55 W for this case study, in practice (i.e., based on previous theoretical calculations [40])
the heat input for a similar case is expected to be in the range of 30–40 W (i.e., for one cooling plate
connected to one MH canister). Hence, high temperatures as high as 90 ◦C (i.e., corresponding to 55 W
of heat input as indicated by Figure 7) is well away from the operating region of this case. In a similar
way by up-scaling or down-scaling the case, considering the heat demanded by the MH canisters, this
thermal arrangement is expected to maintain the stack’s operating temperature at about 60 ◦C.

By measuring the temperature difference across the condenser and evaporator sides of the heat
pipes, their thermal conductivity and resistances were also calculated. The results showed that, as
also mentioned in other studies [61,75], these parameters have close links to the level of heat to be
carried by the heat pipes. The thermal conductivity and the thermal resistance of the heat pipes as
a function of heat supplied by the thermal pads (i.e., to be carried away by the heat pipes) for two
different orientations for the heat pipes (gravity and against gravity orientations) are presented in
Figure 8. In the gravity orientation, the thermal resistance remained to be almost stable at 6 ◦C/W
for heat supply rates within the range of 20 W–55 W for each cooling plates (that is ~3–7 W per heat
pipe, with 7 heat pipes connected to each cooling plate) and accordingly the thermal resistance was
almost constant. However, for the total supply rates above 50 W for each cooling plate (i.e., just
over 7 W per heat pipe), by increasing the heat supplied by the thermal pads (i.e., the fuel cell), the
thermal conductivity of the heat pipes decreased and accordingly their thermal resistance increased.
This observation agrees with what presented earlier by Do et al. [84] and Putra et al. [85] where screen
mesh wicks were used in the heat pipes. By putting the heat pipes in against the gravity orientation,
the thermal resistance increased sharply from 6 ◦C/W to 8.6 ◦C/W by applying the same range of heat
inputs (i.e., 20 W–55 W) as that used for gravity orientation).

Figure 8. Effective thermal conductivity and thermal resistance of heat pipes (diameter of 6 mm,
effective length of 190 mm pressed thickness of 2 mm and width of 8.50 mm at the evaporator section)
as a function of heat supplied by a DC power supply for two different orientations (gravity and against
gravity); maximum 1.5% error is associated with the data for thermal resistance and 2% error associated
with the thermal conductivity values.

In the present case, the heat pipes used for removing heat from the fuel cell are showing relatively
high effective thermal conductivities (i.e., up to just over 1000 W/m·◦C), which would help make the
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temperature distribution across the plate more uniform. It is important to note that in the presented case
study the heat removal load of the seven heat pipes (connected to each cooling plate) is expected to be
mainly between 30 W and 40 W, where the heat pipes are showing their relatively higher performance
in terms of thermal conductivity and resistance (i.e., Figure 8). Within this range of heat inputs, the
heat pipes used in this study are showing around 1060 W/m·◦C and about 730–1030 W/m·◦C of
thermal conductivity for gravity and against the gravity orientations, respectively. These values are in
a good agreement with those suggested earlier by Franchi and Huang [86], Solomon et al. [87] and
Asirvatham et al. [88], where screen mesh wicks were used.

4.2. The Effect of MH Canister Heating on Its Hydrogen Release Rate

The hydrogen release rate was first tested at ambient temperature (i.e., 20 ◦C) with no external
supply of heat to the MH canister (i.e., heat could only be absorbed by the canister from the ambient).
By extracting hydrogen from the MH canister, its temperature started to drop that led to decreasing
the hydrogen release rate as shown in Figure 9. Within 15 min, the maximum flow rate of hydrogen
dropped from just over 5 slpm down to 2 slpm (with 1% measurement error); while the MH outer
surface temperature decreased from 20 ◦C, down to about 7 ◦C (with 1% measurement error). 2 slpm
was still fine to meet the demand of the 130-W stack at its rated power (that requires about 1.7 slpm).
However, by moving on by another couple of minutes the canisters hydrogen release rate become
insufficient to meet the demand rate of the stack. By keeping the canister to be discharged at its full
capacity (i.e., at any time) it took about another 15 min for the MH temperature to drop down to about
3 ◦C with a maximum hydrogen release rate of just below 1 slpm (i.e., well below the 130 W stack’s
hydrogen flow requirement). This is a very similar behavior suggested earlier through the theoretical
study conducted by the authors [40] (Figure 10).

Figure 9. Hydrogen discharge rate in MH canister (MmNiMnCo, 800 sl) and the temperature of the
MH canister as a function of discharging time (experimental); maximum 1% error is associated with
the data for flow rate and 1% error associated with temperature.
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Figure 10. Hydrogen discharge rate in MH canister (MmNiMnCo, 800 sl) and heat demanded by the
MH as a function of MH temperature in both the experiments and the model; maximum 1% error is
associated with the data for flow rate and 1.5% error associated with heat demanded.

The second step was repeating the discharging process in the presence of the heat, to be
presumably supplied by the fuel cell stack (i.e., here in this experimental case the heat was supplied
through DC thermal pads, mimicking the fuel cell heat). This new 800 sl MH canister was also
modelled theoretically (the details of the model can be found in [40]), and the theoretical and the
experimental results were compared in Figure 10, that in fact show a close matching between them.
The heat requirement of the canister was suggested to be 45 W to supply enough hydrogen to the fuel
cell at 130 W operating points. Hence, the MH canister hydrogen discharge rate and temperature were
monitored by supplying heat in the range of 40 W–75 W (i.e., to cover a reasonable range around the
45 W suggested by the theoretical calculations). Both theoretical and experimental studies suggested
that the canister can maintain around 1.7 slpm of hydrogen supply rate (i.e., demanded by 130 W stack
at its rated power) by absorbing 45 W of heat, while its temperature is maintained at about 25–30 ◦C
(when thermally insulated). The results also showed that the hydrogen supply rate and MH surface
temperature both linearly related to the heat supplied to the MH through its outer surface.

5. Conclusions

The thermal coupling of a PEMFC and a MH canister using heat pipes was investigated
experimentally and, where applicable, the results were compared with the output of the earlier
theoretical model published in [40]. The heat pipes were used as a passive solution to transfer the fuel
cell heat to the MH canisters to enhance their hydrogen release rates. The experimental study was
conducted by using actual cooling plates covered by DC thermal pads to generate 20% of the total
fuel cell cooling load that is demanded by the MH canister (as suggested by earlier theoretical study).
This heat (i.e., 20% of the total fuel cell cooling load) is the heat demanded by the MH canisters to
maximize their hydrogen release rate and match the fuel cell demand for hydrogen. It was assumed
that the rest of the fuel cell cooling load is removed through other arrangements (e.g., by installing
additional heat pipes on the cooling plates). The experimental investigation on a representative part
of the stack showed that by using heat pipes for thermal management of the PEMFC, it should be
possible to maintain the operating temperature of the whole fuel cell stack in the desirable range
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of 60 ◦C to 80 ◦C. The effect of supplying heat to the MHs was also studied separately. Equivalent
to 20% of the total fuel cell’s cooling load (i.e., 45 W for a ~130 W stack) that was supposed to be
transferred from the stack to the MH canister (i.e., using heat pipes), was supplied to the canister using
DC thermal pads. An 800-sl MmNiMnCo-based MH canister was used for this study. Before supplying
heat, the discharge rate of the canister at 20 ◦C started to drop from an initial value of about 5 slpm
down to below 1 slpm in 30 min while the temperature of the canister approached 3 ◦C (from an initial
value of over 20 ◦C). However, by transferring 20% of the fuel cell heat to the canister (i.e., 45 W in this
case), using heat pipes, it was possible to maintain the canister’s temperature at about 25–30 ◦C with a
sustained supply capacity of 1.7 slpm (i.e., enough to meet the hydrogen flow demanded by the 130 W
stack at its rated power).
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