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Abstract:-

This work is concerned with some key aspects relating to design of an integrated proton
exchange membrane fuel cell and metal hydrides storage vessel provide efficient
hydrogen storage for different applications, containing low temperature polymer electrode
membrane (PEM) fuel cells. The metal hydrides systems use unsteady hydride supplies
(equilibrium H pressure at ambient temperature around 10 bar) both liquid and air heated
cooled, and optimized system layout, facilitates H> supply to low temperature polymer
electrode membrane fuel cell stacks. Study and analysis of all currently used storage
methods was undertaken, and performance of the fuel cell. A full design task was
undertaken with specific attention given to fluid flow regulation and heat transfer in the
fuel cell. Computational fluid dynamics (CFD) were completed to fully inform design
decisions a confirm success. An electrical system was also designed to compute control of
the components. All items were manufactured and the fully functioning system was
tested.

This research concludes the fuel cell voltage was outstanding although reduced time for
testing resulted in it dropping short with respect to power and current. It was found that
the rectangular channels produced a 0.3W. Furthermore, the stack combined heat and
power efficiency was determined to be 52 % and the integrated system total efficiency
was 40 %. Finally the cost analysis showed that the payback period of the capital cost
invested on the integrated system during a few years.

Keywords: polymer electrode membrane, fuel cells, heat transfer, storage vessel,
control volume-based finite difference scheme.

1. Introduction application of heat [9]. This
compound is often referred to as a

metal hydride. During the absorption
cycle is added hydrogen to the
compound, the capacity and rate of
uptake are dependent on temperature
and pressure conditions as well as the

A hydrogen storage vessel is
simple in principle; it utilizes an
intermetallic compound in the form
of a powder to absorb hydrogen into
its structure which can then be
released when needed by the
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absorbing material. This process is
exothermic causing heat to be
released and  increasing  the
temperature of the powder [10].
During desorption, the process of
removing hydrogen from the
compound, the rate of release is
dependent on the temperature and
pressure. This is an endothermic
process, resulting in a drop of
temperature [2]. In order to be
practically useful the temperature and
pressure are controlled during
absorption and desorption to achieve
the desired characteristics. A
specially designed pressure vessel is
often used in order to store the
powder, which in addition to
withstanding pressure, must also
allow for heat transfer. Fuel cell
operation is slightly. More difficult to
explain the principles of operation
are best explained by the following
steps:

1. Two hydrogen atoms are split at
an anode catalyst into their proton
and electron parts.

2. The adjacent proton exchange
membrane allows only the protons to
pass though.

3. The electrons are conducted
away through the anode around an
electrical circuit.

4. At the cathode, four protons,
four electrons, and one diatomic
oxygen then react to provide water.
This is also an exothermic process so
the water is warm.

In order for this reaction to take
place, a surrounding structure and

assisting components are needed. To
improve distribution of gas across the
catalyst anode and cathode a flow
field plate is utilized. This is a
conductive plate which allows for gas
flow and makes up the bulk of solid
material in the stack. This can be
seen in Fig. 1. The next improving
component is the gas diffusion layer.

Fig. 1 Diagram to explain fuel
cell basic operation. [2]

This is between the catalyst and
flow field plate and aids gas diffusion
across the catalyst and moisture
control [11]. The separate parts of the
reaction area are also isolated though
the use of sealants, and cooled using
fluid flow through the stack.

2. Mathematical Model

The governing equations.
corresponding to the various regions
of the fuel cell are given below. The
flow in the reactant gas channels is
governed by the Navier—Stokes
equation [13, 6].

Continuity Eq.

dp
E+Vx(p><u)=0 @Y

Momentum Eq.

Yasir Abduwahhab Abed Al-Okbi Association of Arab Universities Journal of Engineering Sciences

NO.4 Volume.25 Year. 2018



215

LEN

§d

pxi—:+p(uXV)u=Vx
[—pl+ T]+F (2)
Energy Eq.

du
p(a+uxVU)— V x (KyVT)
+pV xuw=0 (3)

These form the continuity equation
(1) which is used to represent the
conservation of mass, the
conservation of momentum (2) and
the conservation of energy (3).
Where:

* p is the density (k.gm™)

* u is the velocity vector (m.s 1)

* p is the pressure (Pa)

* [ is the index matrices

* u is the dynamic viscosity (Pa.s)

* F is the force vector (N.m™3)

* KH is the heat conduction
coefficient (W.m2K™?)

* T is the absolute temperature (K)

* V is the Del operator

* 7 is the viscous stress tensor (Pa)
given by:

r=2u5—§(v><u)1 (4)
* And S is the strain-rate tensor given
by the Eq.

S= 2 (Vu+ (Vu) (5)
The strain and stress tensor are used

to solve the Navier-Stokes equations
to output the required results [4, 5].

3. Test Procedure

The evaluation of the fuel cell
design requires that single pairs of

each design of plate be tested under
various operational conditions and
performance curves are shown. In
order to establish the operating
performance of the fuel cell, the
system was manipulated by changing
the flow of hydrogen and air. A
power resistor was used to load the
fuel cell over time at a specific
resistance and to ensure that the fuel
cell was operating. This is seen in
Fig. 2.

The check valves CV2 and 3 are
used to control and maintain the
pressure within the fuel cell,

= L._;;;,,.‘_w LiSW
|

Fig. 2 Fuel Cell Test Setup

By setting them to maintain 1 bar
internal pressure. The pico logger
records the flow of hydrogen from
the storage tank into the fuel cell.
Valves V2 and V4 are used to modify
the flow of the gases into the fuel
cell. This can be seen in Fig. 3.
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Fig. 3 Fully assembled single stack
Fuel Cell

4. Boundary Conditions and
Parameters

The boundary conditions set
depend on analysis of the plate is
analyzed in two dimensions to find
the velocity and pressure. The same
assumptions are also applied (the
flow is modelled as laminar, the
hydrogen is an ideal gas, temperature
across the plate is uniform and there
is a no slip wall boundary condition).
The results were then used to
calculate the mass transfer coefficient
across the plate, using the equations
shown above. The parameters used in
the modelling can be seen below.

This study was done on a small
section of the fuel cell to represent
and model the potential behavior of
the system as accurately as possible
without causing over complication
due to the high complexity of the
multiphase model. This complexity
due to design the channel of fuel cell
for each hydrogen and oxygen plates.
The simplified geometry can be seen
in Fig. 4.
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Fig. 4 Simplified geometry used in
Ansys. It represents an anode and
cathode side channel, the GDLs, the
catalytic layers and the proton exchange
membrane

The size of the geometry is
modelled from the square channel
flow field plates. The triangular
channels would have been modelled
as well but due to time constraints
and the difficulties in learning the
program this could not be achieved.
This analysis simulates the diffusion
and mass transfer of hydrogen and
oxygen into the GDL and catalytic
layers using the Maxwell-Stefan
diffusion model as well as the
Navier-Stokes equations to obtain
momentum transfer. The
electrochemical reaction is modelled
with the Butler-Volmer equation. In
the anode side channel, hydrated
hydrogen is present and in the
cathode channel, air is modelled
flowing through it. The air is
modelled as nitrogen, oxygen and
water vapour. The model is solved
for a range of voltages from 0.9V to
0.15V. The model outputs a
polarisation plot for the cell and the
concentrations of hydrogen, oxygen
and water in their respective channels
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and GDLs. The model assumes that
the flow of gases is laminar, there is a
no slip boundary condition on the
walls, every boundary apart from the
anode and cathode rib lengths is
electrically isolating and no water is
involved in proton transfer [9]. The
velocity at the inlets was taken from
the flow field analysis of each plate.
The list of parameters used in the
model can be seen in Tablel.

Table. 1 Model Parameters

GDL poromity
GDL permeabulity
GDL Exectnic condacevity

Water molar sass

LT TR

2 oeference Conoraaration

Hydrogen reference concertmtion

Open velume fncoon for gas

difuson in porous electmdes

Permeabilitviporous dactrode
Metrrang conduceuty

VFT:;;‘:_-I- ;Ka;v;x_ni ’

A T
Jgme m | S EXsm

5. Flow Field Analysis

A bipolar plate has dozens of fine
channels to distribute the reactant and
oxidant over the fuel cell. The size,
shape and pattern of the flow channel
significantly affect the performance
of PEMFC. Water management is
one of the major issues in PEMFC so

if the flow channel is poorly
designed, certain regions in the flow
channels will remain flooded with
water (product of PEMFC, mostly in
cathode side) and block the incoming
gas, thereby depleting the
performance of a fuel cell. Such
blocked regions not only reduce the
performance of PEMFC but also can
cause irreversible damage to the fuel
cell (i.e. corrosion and material
degradation of the plate). As far as
the flow field design is concerned,
the serpentine flow is the best option.
Serpentine flow offers high pressure
drop due to long channels which
ensures uniform distribution of
reactants. Also the water droplet
which blocks the flow channels is
removed due to the high pressure
difference which forces the water out
of the channels. Although the
elimination of condense water in the
cathode is improved, the energy
required to drive the gas increases
(like a blower), reducing the overall
performance of the PEMFC. In
serpentine type flow fields, longer
straight channel segments (narrower
channels) between channel bends
also enhance convection. To reduce
the pressure drop, multi-serpentine
channels are used to offer
considerable pressure drop while
maintaining good water management
[1,3].

6. Results and Discussion

The results from the electrochemical
analysis show the theoretical
polarisation plot for the fuel cell Fig.
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5. The model gives a maximum
current density for 0.15V at
0.769A/cm?. The results indicate that
the maximum power output from the
cell would occur at 0.45V, giving
6.3W.

Polarization plot
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Fig. 5 Theoretical polarisation plot the
fuel cells performance.

The results also show where the
current would be formed during the
cells operation. At 0.8V Fig. 6 it can
be seen that the largest current is
produced close to the inlet of the
channel but not directly above the
channel, above the walls of the
channel and in the rib between
channels. Above the channel there
can be seen to be very little current
produced. This could be a by-product
of the geometry and could change
with triangular channels in the future
work. In contrast to the concentration
of hydrogen, the current appears
highest where there is the least
amount of hydrogen Fig. 7. In fact it
is where the highest concentration of
water vapor occurs in the GDL and
catalytic layer. At this voltage, there
IS a dramatic difference in

concentration between anode and
cathode water concentration.

8 v ey e 2 gt e

von

Fig. 6 A map of the current density at
0.8V.

e
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Fig. 7 Concentration of hydrogen (left)
and water vapour (right) in the anode
side of the cell in mol/m? at 0.8V.

At the anode side, there is a
maximum water concentration of
0.61mol/m3 however at the cathode

side there is a maximum of
1.47mol/m? (Fig. 8). This is due to
the reaction in the fuel cell. Fig. 14
also shows the disapation of the
water through the channel, there is a
concentration difference between the
inlet and outlet of 0.05mol/m3. At the
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cells maximum power, 0.45V, there
IS a substatial difference in the
behavior of the cell.
The current density Fig. 9 is closer to
the initial ideas of what would

happen in the cell.
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Fig. 8 Water concentration in mol/m3
in the cathode side of the cell
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Fig. 9 A map of current density
produced at a voltage of 0.45V.

Most noticeably, there is a greater
current density being produced above
the channel compared to 0.8V. At the
center of the channel, there is a
difference  of 0.1A/cm?  being

produced from inlet to outlet. It is
now greater than that produced at the
rib however the greatest current
density can still be seen above the
walls of the channel towards the
inlet.  Comparing  again  the
distribution of hydrogen and water to
the current density is shown in Fig.
10. With a higher load on the cell, the
hydrogen has diffused into the
membrane to a much greater extent.
Interestingly, there is a considerable
lack of hydrogen by the inlet GDL
compared to the outlet, a difference
of 4.63mol/m3. This is because of the
high water concentration by the inlet,
a value of 8.43mol/m3. As the load
has increased the reaction rate has
increased with it Fig. 11 and so the
production of water is higher.
Compared to 0.8V the maximum has
greatly increased to 15.1mol/m3 and
Is saturating most of the membrane
area. The concentration of oxygen
also reveals that the water is being
dragged to the outlet with the air.
Similar to the larger voltage, it
appears that most of the water is
created at the fringes of the
membrane although at 0.45V there is
now a substantial creation of water
above the channel towards the outlet.
Finally looking at the highest current
density calculated by the model,
0.15V, the behavior and results of the
cell are similar but exaggerated. The
surface plot of current density Fig. 12
shows a similar trend to that of the
difference between 0.8 and 0.45V,
the highest current density is found
just above the walls of the channel at
the inlet. The value here is quite high,
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2.55A/cm?, however due to the lower
current density across the rest of the
face the average is brought down to
0.769A/cm?. The concentration of
hydrogen in the membrane has
further increased as the load across
the cell increases Fig.13, especially
towards the outlet of the cell where
the concentration reaches
32.7mol/m3. The water concentration
is still highest by the inlet, at a value
of 9.35mol/m3, only slightly higher
than at 0.45V. Clearly the highest
current density occurs at where the
membrane is most hydrated. The
cathode side of the cell shows that at
this high current density nearly the
entire membrane is full of water at an
average concentration of 14.2mol/m?3
Fig. 14.

The reaction is producing a lot of
water at this point and could be
limiting the reaction rate. Looking at
the underside of the cathode, there is
very little variation in water
concentration meaning that the cell
may not be able to get rid of the level
of water created effectively. Further
modelling would need to be done to
see how the level of water creation at
various reaction rates affects the state
of the cell.

The flow of air, 130 cc/min and
hydrogen, 123.49 cc/min, was set and
an 1V curve was generated from the
sourcemeter, shown in Fig. 15. The
peak power, for the quadrilateral
channel design is around 0.65Watts.
This is lower than predicted, but
shows that the fuel cell is operating

correctly. Further investigation of
air and hydrogen flows, and their
respective voltage and power curves,
Is required to fully investigate the
potential of the fuel cell.
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Fig. 10 Hydrogen concentration (left)
and water concentration (right) in
mol/m? at 0.45V in the anode side of the
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Fig. 11 Water (left) and oxygen (right)
concentration in the cathode side.
Measured in mol/m?3
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Fig. 14 The concentrations of water (left)
and oxygen (right) in mol/m3.
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Fig. 15 IV-Curve for single stack of
channel plates

7. Conclusions

The aim of the project is to design
and manufacture an integrated metal
hydride storage vessel and combined
heat and power proton exchange
membrane fuel cell with an electrical
control system. The purpose of the
project is to use new or innovative
techniques to improve on fuel cell
performance.

A fuel cell will be designed in
order to convert the hydrogen
released from the storage vessel into
as much usable energy as possible.
Although many fuel cell types are
available a PEM Fuel Cell will be
utilized. The design of the fuel cell
represents further design challenges
such as routing hydrogen, air, and
water, to alternating sides of the flow
field plates though carefully managed
flow channels and back out of the
cell whilst also remaining completely
sealed. The design of these channels
are to be optimized for minimum
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drop in pressure, optimum velocity,
pressure balance from one side of the

membrane to the other, and an even
distribution in pressure across each
channel. In addition to the
complexity already shown,
temperature measurements must be
taken as close as possible to the
reaction site in the centre of the cell
for optimal control over the rate of
reaction and electrical production
efficiency. The designed system will
provide 91% of the annual electrical
load and 50% of the annual heating

load. For this, a PEMFC was
designed  with  optimised flow
channel configuration for bipolar

plates. The IV curve of the designed
PEMFC was used to design the fuel
cell subsystem and heating data from
literature was used to make a
combined heat and power system
system. The system used for fuel
processing for the PEMFC stacks
was biomass gasification. The fuel
cell processing system was designed
with reference from the literature and
its operating conditions were set
accordingly. Then the fuel cell and
fuel processing system was couple
into an integrated combined heat and
power system

Key Findings:

e Existing PEMFC showed low
efficiency due to ohmic losse
resulting from low conductivity and
low potential of the Memebrane
Electrode Assembly to uptake water
to keep itself hydrated.

e Wide channels of the existing
PEMFC also lowered the efficiency
due to low reactant convection and
diffusion to the gas diffusion layer.

e Oxygen was fully depleted from
the quadruple squared flow channel
before oxygen reached the end of the
newly bipolar plate design which was
also confirmed by Lui et. al for their
quadruple flow channels.

e The total heat and electrical
efficiency of the stack system was 52
% which is lower than the usual 80%
combined heat and power system
efficiency but it was in the range of
47-60 % PEMFC stack combined
heat and power system efficiency of
Chutichai et.al.

e Cost of a large capacity combined
heat and power system fuel cell
system (like 25-100 KW) have low
cost compared to small capacity
system (1-5 KW) and small
variations in cost of fuel cell
combined heat and power system
system with the annual
manufacturing rate.
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