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Abstract

This paper examines the ability of metal hydride storage systems to supply hydrogen to a fuel cell with a time varying demand, when
the metal hydride tanks are thermally coupled to the fuel cell. A two-dimensional mathematical model is utilized to compare different
heat transfer enhancements and storage tank configurations. The scenario investigated involves two metal hydride tanks containing the alloy
TigogZro 02 Voa3Feq0oCroosMny 5, located in the air exhaust stream of a fuel cell. Three cases are simulated: a base case with no heat transfer
enhancements, a case with external fins attached to the outside of the tank, and a case where an annular tank design is used. For the imposed duty
cycle, the base case is insufficient to provide the hydrogen demands of the system, while both the finned and annular cases are able to meet the
demands. The finned case yields higher pressures and occupies more space, while the annular case yields acceptable pressures and requires less
space. Furthermore, the annular metal hydride tank meets the requirements of the fuel cell while providing a more robust and compact hydrogen

storage system.
© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Hydrogen storage in reversible metal hydrides is desirable
because the hydrogen can be stored at low pressures with a
high volumetric density. Hydrogen storage in metal hydrides is
particularly advantageous for stationary or small-scale fuel cell
applications, where the desire for small storage tanks outweighs
the disadvantages of metal hydride mass.

A significant issue for metal hydride storage systems is lim-
ited heat transfer between the fluid on the exterior of the tank and
the metal hydride alloy within the tank, at the location where the
reaction is taking place. Often, the heat transfer rate is the con-
trolling variable that determines the rate at which hydrogen gas
can be extracted from a tank [1]. Increasing heat transfer rates is
important for optimizing the design of metal hydride hydrogen
storage applications.

Previous numerical studies of metal hydride storage tanks
have focused on developing models to simulate various scenar-
ios. One such study, preformed by Jiang et al. [2], investigated the
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behaviour associated with a thermally coupled hydrogen stor-
age and fuel cell system. This work utilized a computational
environment referred to as the virtual test bed to simulate the
behaviour associated with uncoupled systems versus coupled
systems. This model uses lumped approximations, and a pulsed
hydrogen demand load was applied. Another study, performed
by Mazumdar et al. [3], developed a one-dimensional mathemat-
ical model of a compressor driven metal hydride cooling system.
This model takes into account transient characteristics of metal
hydride reactors that are thermally coupled to each other, and
includes external fins for heat transfer enhancement. Demircan
etal. [4], experimentally validated a two-dimensional mathemat-
ical model for various bed geometries and configurations. This
work concluded that there was reasonable agreement between
the numerical results and experimental data for a cylindrical stor-
age vessel as well as an annular storage vessel, when the tanks
are charged by hydrogen provided at a constant pressure.
These studies improve the understanding of metal hydride
storage systems but there is outstanding work that still remains.
For example, thermal time constants could be better understood,
time dependent loads could be further investigated for various
scenarios, and an analysis of how to appropriately capture the
waste exhaust heat from a fuel cell in thermally coupled situ-
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Nomenclature

Ag surface area of each fin (m2)

Ao area of the interior tube opening (m?)

Agide surface area of the side of the tank (m?)

A¢ total area including base and fins (m?)

Cpa specific heat of the air Jkg~! K~1)

D diameter of the tank (m)

D, diameter of the interior tube opening (m)

f friction factor

g acceleration due to gravity (ms™2)

hpase heat transfer coefficient for the base case
(Wm— 2K

hfin effective heat transfer coefficient for the finned
wall (Wm—2 K1)

hn heat transfer coefficient during the off-cycle
(Wm— 2K 1)

hgi heat transfer coefficient in the interior tube
(Wm— 2K 1)

hside heat transfer coefficient over the side wall
(Wm—2K™ 1)

k thermal conductivity of the air (W m~ K1)

L length of the inner tube (m)

my mass flow rate of air (kg s

N number of fins

Nus,  Nusselt number for fully developed flow

Nup Nusselt number

Nup mean Nusselt number for the entry region

P perimeter (m)

Pr Prandtl number

r radius (m)

Rap Rayleigh number

Rep Reynolds number

t time (s)

Teo ambient air temperature (K)

T, air temperature as it exits the stack (K)

Tair average air temperature (K)

Tt film temperature (K)

T; air temperature prior to encountering the tank (K)

Tout air temperature after encountering the tank (K)

Ts surface temperature of the metal hydride tank (K)

T local temperature of the interior tube wall (K)

Tside temperature of the side of the tank (K)

Tss steady-state temperature (K)

To initial temperature (K)

Teo ambient air temperature (K)

Um mean velocity of the air stream (ms~')

z height (m)

Greek letters

o
ng
Ha
%
Pa

thermal diffusivity (m?s~!)

fin efficiency

dynamic viscosity of the air (N s m~2)
kinematic viscosity (m2s~ 1

density of the air (kg m~>)

ations should be performed. This study aims to address these
issues by comparing different heat transfer enhancing configu-
rations for a thermally coupled, metal hydride hydrogen storage
and fuel cell system when a pulsed hydrogen load is applied.
Aspects from all three of the above noted studies [2—4] will be
combined and compared in this paper. The investigation will
utilize a thermally coupled metal hydride and fuel cell system
to compare a storage tank with no heat transfer enhancements
to tanks with heat transfer enhancements in the form of external
fins and an annular tank design.

There have been several mathematical models reported in the
literature that simulate the dynamic behaviour of metal hydride
reactors [2—12]. Jemni and Ben Nasrallah [7-10] have done con-
siderable work developing two-dimensional models. The metal
hydride model used in this work is based upon a previous study
[12], and is similar to the models developed by Jemni and Ben
Nasrallah [7-10]. For the current study, the previous model is
expanded to include subdomains describing the tank walls and an
external flow field representing the fuel cell exhaust air stream.
It is implemented in a finite element program called COMSOL
Multiphysics™.

2. System configuration

The fuel cell selected for this study is the BALLARD®
Nexa™ power module. The Nexa™ is a commercial proton
exchange membrane (PEM) fuel cell system capable of 1200 W
peak power. For this study, it is assumed that the system is ser-
vicing an intermittent load cycling at levels of 0 and 50% power
with a 30 min period. The complete load profile is thus 600 W
of power for 15 min (on-cycle), shut-off for 15 min (off-cycle),
and repeated for five complete cycles. The fuel cell is supplied
hydrogen from two metal hydride canisters; therefore, the hydro-
gen demand is assumed to be equally divided between each tank.
The hydrogen mass flow associated with this load is illustrated
in Fig. 1 along with the state of fill of each hydride tank over
the 2.5h of pulsed operation. The waste heat provided by the
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Fig. 1. Hydrogen mass flow rate exiting the tank and cumulative percentage of
hydrogen in the metal hydride bed consumed over the 2.5 h of pulsed operation.
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Fig. 2. Schematic of the system configuration illustrating the placement of two
metal hydride tanks above the fuel cell’s vertical cooling channels.

fuel cell module for a 600 W load is 550 W [13]. The tanks are
thermally coupled to the fuel cell system by placement imme-
diately above the vertical cooling channels, and additional duct
work is used to ensure the waste heat air stream passes over the
desired region or through the tank as required for each particular
case. Fig. 2 shows the arrangement of the tanks relative to the
fuel cell, and Fig. 3 shows the ducting work associated with the
cases where the air flows over the exterior of the tanks. For the
annular tanks, it is assumed that a collection manifold routes the
exhaust gas through the inside of the storage tanks.

A previous study performed by the authors [12] utilized the
ABs type alloy LaNis while investigating the effect of external
fins on an uncoupled system. The pressure provided by this alloy
at temperatures in the ambient range is insufficient to provide
hydrogen to the fuel cell, which requires a minimum inlet pres-
sure of 170 kPa (absolute) [13]. For this study, a commercially
available AB, type alloy, Tig 98Zrg.02 Vo.43Fe0.09Cro.0sMn 5, is
selected. The properties for this material are obtained from San-
drock [1]. The alloy has sufficiently high pressures in the ambient
temperature range, a hydrogen storage capacity of 1.9 wt.%,
and is inexpensive [1]. The size of the tanks is based upon the
20G250B model that is sold by Ovonic Hydrogen Systems LLC,
which has a hydrogen capacity of 22 g, a diameter of 6.35 cm,
and an approximate height of 26.5 cm including the valve [14].

Duct Walls
(shown as
transparent
for clarity)

10.35 cm

" T\ Metal Hydride Tanks
\’
12.0 cm

Opening for Exhaust Air

Fig. 3. Schematic of the ducting required for the finned configuration (note: not
all fins are shown).
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Fig. 4. Cross section of the metal hydride vessels for each of the three cases
being studied, including a comparison of the outer diameter for each case.

In order to compare the heat transfer enhancements, three
different cases are simulated. The first case is the base case,
where no heat transfer enhancements are used. For the second
case, the tank has 50 external fins of 2cm length and 1 mm
thickness attached on the circumference. The third case is an
annular tank design where the air stream is piped directly through
the centre of the tank. The annular geometry has an equivalent
alloy content as the base case, but has a smaller overall diameter
than the finned tank. Fig. 4 shows a cross section of each of
the three cases with the corresponding outer diameters. Since
both tanks in each scenario operate under similar conditions, the
numerical model simulates one tank utilizing half of the waste
heat air stream from the fuel cell.

3. Experimental data

In order to accurately represent the coupling between the
metal hydride tanks and the fuel cell module some experimental
data is required. Some data is available for the Nexa™ mod-
ule running at rated output (1200 W). Since this study assumes
operation of the fuel cell at 50% power (600 W), experimental
data is used to more accurately characterize the temperature of
the exhaust air.

The experiment involved the fuel cell started from off mode
in equilibrium with the laboratory temperature and immediately
set for an output load of 600 W. A thermocouple placed approxi-
mately 2 cm above the exhaust channels recorded air temperature
while a sensor built into the fuel cell reported stack temperature.
This experiment yielded a steady-state exhaust air temperature
that is approximately 14 °C above ambient temperature. The
time to reach steady-state yielded a thermal time constant, Ty,
of ~120s. The recorded data is plotted in Fig. 5 as a dashed line.

After steady-state was reached the fuel cell was shut off, and
the temperature of the fuel cell stack was recorded as it declined.
This yielded a thermal time constant for the off-cycle, ¢, of
~110s. It can be seen from Fig. 5 that the experimental curve
for the off-cycle is not a smooth line, and there is a distinct
plateau reached at approximately 200 s before the temperature
continues to decay towards ambient temperature. This behaviour
is caused by the “purge cycle” of the fuel cell module. When the
fuel cell is shut-off after operating at sufficiently high power
loads it enters into a “purge cycle” lasting a few minutes where
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Fig. 5. Comparison of the simulated temperature expression used in the mathe-
matical model with the experimental exhaust air temperature recorded from the
fuel cell module for both the on and off-cycles.

the fuel cell is switched on and off and the blower is run at full
speed. Presumably this cycle is used to remove excess hydrogen
and water. Although the purge cycle is not modelled exactly, the
anomalous plateau section is not too severe and the overall trend
for the temperature during the off-cycle can be simulated with
an exponential expression. This is explained in more detail in
the following section.

4. Heat transfer calculations

The thermal coupling between the fuel cell and the metal
hydride tanks is a complex scenario which can be approximated
by a series of relations describing air temperature and convec-
tion coefficients as a function of time. Many assumptions are
required to allow for this scenario to be modelled while at the
same time adequately representing a real-life application. For
heat transfer to and from the metal hydride canisters itis assumed
that radiation is negligible and heat transfer is due only to con-
vection. It is also assumed that the exterior of the duct work is
insulated and there is no heat transfer between the duct work
and the surroundings. For the cases involving ducted flow over
the tank it is assumed that during the off-cycle the heat transfer
from the exterior tank walls is due only to natural convection
with air that is at ambient temperature. It is also assumed that
because the tank is physically mounted by the top and bottom
surfaces that these surfaces are insulated and heat transfer only
occurs through the side wall. For the annular case it is assumed
that the exterior tank walls are insulated and during the oft-
cycle the air through the interior channel is sufficiently quiescent
such that minimal heat transfer occurs. Finally, it is assumed
that the exhaust air can be described by a first-order response
function.

4.1. Fuel cell exhaust air temperature during the on-cycle

In order to model the interaction between the tank and the
external air flow, an expression describing the temperature of

the exhaust air as it leaves the stack is required. Assuming
the behaviour of the air temperature can be approximated as
a first-order response function, the transient nature of the air
temperature during operation can be described by the following
equation:

B0 o (- L) M

To — Tss Ton

where T} is the initial temperature of the air at the start of each on-
cycle, Ty the steady-state temperature (~39 °C), ¢ is time, and
Ton 1S the experimentally determined time constant for the on-
cycle (~120s). When these values are utilized, Eq. (1) yields a
temperature behaviour that corresponds well to the experimental
results. This can be seen in Fig. 5 by comparing the simulated
temperature curve with the experimental data.

To determine the amount of air flow exiting the fuel cell
stack, a comparison is made between the temperature and flow
rate values provided in the documentation for rated load ver-
sus the values experimentally determined at half load. At rated
load (1200 W) and operating temperature the temperature of the
exhaust air is listed as 17 °C above ambient temperature, the
max flow rate is listed as 3600 SLPM, and the waste heat is
given as 1650 W [13]. At half load the temperature difference is
14 °C above ambient temperature, and the waste heat is listed as
550 W. Not all of the waste heat is removed by the exhaust air
stream, but using the given data and the measured temperatures,
the heat absorbed by the air stream can be estimated. Performing
an energy balance using the flow rate and temperature values at
rated load yields a value of 1130 W for the heat removed by the
air. Utilizing a ratio of actual waste heat (1650 W) and calculated
amount of heat removed by the air (1130 W) for full load, the
value of heat removed by the air at half load is determined to
be 377 W assuming similar thermal behaviour at 50% load. An
energy balance performed using this value and the experimental
data from above yields a flow rate of 1450 SLPM for the exhaust
air at half load.

4.2. Fuel cell exhaust air temperature during the off-cycle

With the exhaust air temperature of the on-cycle determined,
the temperature drop during the off-cycle must now be deter-
mined. Once the fuel cell has been turned off and the purge
cycle is completed, the exhaust fan no longer blows air through
the cooling channels; therefore the air within the channels will
experience minimal movement and is assumed to be quiescent.
Because there is assumed to be no interaction between the fuel
cell exhaust air and the metal hydride tanks during the off-cycle
there is no need to determine the flow rate through the chan-
nels. However, in order to determine the initial temperature, Ty,
that is to be used when the fuel cell is turned on again, the drop
in air temperature while the fuel cell is turned off for 15 min
must be determined. This temperature drop is due to the drop
in stack temperature as it exchanges heat with its surroundings.
The equation that describes the transient behaviour of the air
temperature for the off-cycles is assumed to be similar to Eq. (1)
(i.e. a first-order response function); however, the steady-state
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temperature is now the ambient air temperature (~25 °C):

Ty(t) = Too + (To — Too)exp (—t> )
Toff

where T is the ambient air temperature, and 7 ¢ the experimen-
tally determined time constant during the off-cycle (~110s).
As illustrated by Fig. 5, the simulated temperature profile cor-
responds well to the experimental data. It is not necessary to
implement this expression into the model because the air temper-
ature reaches a steady-state value at ambient temperature within
a 15 min (900 s) time period. Therefore, at the start of each on-
cycle the initial temperature used in Eq. (1), T is the ambient
air temperature (~25 °C). If a shorter period for the off-cycle
was to be simulated, then Eq. (2) would be needed.

4.3. External air temperature for the base and finned cases

The temperature of the exhaust air for the on-cycle has been
determined as the air exits the fuel cell cooling channels. How-
ever, this information alone is insufficient for the convection heat
transfer relations associated with flow past the metal hydride
tanks. As the air flows over the exterior of the tanks, the thermal
interaction with the tanks causes a decrease in the temperature
of the air since energy is transferred from the air stream into the
hydride tanks. An average temperature value is required for the
convection heat transfer relations, which is calculated as follows:

o= 3)

where Tj, is calculated from Eq. (1) and Eq. (2) for the on and
off-cycles respectively, and Ty represents the temperature after
the air stream has interacted with the hydride tanks. Ty is calcu-
lated by simultaneously solving Eq. (3) and the following energy
balance, which accounts for the energy transferred to the metal
hydride tanks.

hside Aside(Tair — Tside) = macpa(Tin — Tout) 4

where hgige is the convection coefficient along the side wall of
the tank, Agiqe the area of the side wall, T;qe the average external
temperature of the side wall, m, the mass flow rate of the air,
and cp, is the specific heat capacity of the air stream.

4.4. Air temperature for the annular case

Because the exhaust air flows through a narrow circular duct
for the annular case, it experiences a large temperature gradient
in the z-direction. A separate subdomain is used to account for
the energy transferred to the metal hydride tanks as a function
of axial position through the cylinder. Assuming incompressible
flow and viscous dissipation is negligible, the equation describ-
ing air temperature is as follows:
pacpaAo& + macpa& = hgi P(T5i(2) — Thair) (5)

ot 0z
where p, is the density of the air, A, the cross-sectional area
of the channel, &g the convection coefficient along the interior
wall, P the perimeter of the interior channel opening, and T; is

the local temperature of the wall at each node along the interior
channel of the tank. The inlet value of Ty, at z=0cm, is calcu-
lated from Eq. (1) for each on-cycle. During the off-cycle heat
transfer through the interior wall is assumed to be negligible;
therefore, an expression for the air temperature is not required.

4.5. Convection correlations

The base and finned cases involve a cylinder in cross flow.
The average convection coefficient is determined using the cor-
relation due to Hilpert [15]:

Nup = (0.683) Rely4%6 py1/3 (6)

where Pr is the Prandtl number of the air stream, and the
Reynolds number, Rep, is calculated as follows [15]:
_ PavmD

Rep = (7
Ma

where vy, is the mean free stream velocity of the air, D the
diameter of the tank, and w, the dynamic viscosity of the air.
This yields a convection coefficient of ~12.5Wm~2K~! for
the base case during the on-cycle.

For the off-cycle, there is no forced air stream; therefore the
heat transfer is due to natural convection. The average convec-
tion coefficient over the entire circumference of the cylinder is
determined using the correlation due to Churchill and Chu [15]:

1/6 2
0.387R
Nup = { 0.60 + AT @®)
[1 + (0.559/ Pr)°/16]
The Rayleigh number, Rap, is determined as follows:
Ty — Too) D?
Rap = 8(Ts 00) ©)
Trva

where g is the acceleration due to gravity, T the temperature on
the surface of the tank, 7 the film temperature (T = [T + Too1/2),
v the kinematic viscosity, and « is the thermal diffusivity. Egs.
(8) and (9) are entered directly into the metal hydride model
since the convection coefficient due to natural convection varies
as the temperature difference between the tank surface and the
ambient air varies. The properties of air for the off-cycle are
assumed to be constant at the average film temperature (295 K)
and are summarized in Table 1.

The addition of 50 fins should increase the heat transfer sig-
nificantly. This increase in heat transfer can be accounted for
by using an equivalent convection coefficient. This convection
coefficient can then be applied to the original geometry of the
model, negating the need to model all of the fins separately. An

Table 1

Properties of the air during the off-cycle [15]

Parameter Value
Thermal conductivity, k (W m! K’l) 2.59 x 1073
Kinematic viscosity, v (m2s~h 15.44 x 1076
Thermal diffusivity,  (m?s~") 21.84 x 1076
Prandtl number, Pr 0.7083
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Table 2

Properties of the tank wall material, aluminum 2024-T6 [15]
Parameter Value
Density, p (kgm™3) 2770
Specific heat, ¢, Jkg=! K1) 875
Thermal conductivity, k (W m~ K1) 177

equivalent convection coefficient can be defined using the fol-
lowing equation for overall efficiency of a finned surface [15].

NA¢
hfinAside = Nbase At |1 — T(l — nf) (10)
t

Ay is the total surface area including fins and base, N the number
of fins, Ar the surface area of each fin, and #y the efficiency of
a single fin. The thermal mass of the fins is neglected. The fin
efficiency is determined to be 98.5%, which yields an effective
convection coefficient of ~170 W m~>K~! during the on-cycle.

For the annular case, the air is flowing through a small circular
duct. For fully developed turbulent flow in circular tubes the
following correlation can be used [15].

(f/8)Rep Pr
1.07 4+ 12.7(f/8)' 2 (Pr2/3 — 1)

Nuoo = (1)
where the friction factor, f; is calculated by the following equa-
tion for a smooth surface [15].

f =0.184Rep'"” (12)

Since the tube is short, L/D ~ 32, it cannot be assumed that the
turbulent air flow is fully developed. The convection coefficient
for the entry region will exceed the convection coefficient for
fully developed flow. To account for the entry effects Eq. (11)
can be corrected assuming a square-edged entrance as follows
[16]:

Num
Nu oo

2.4254
=1+ (L D)0 576 (13)

where Nuy, is a mean Nusselt number for the entire length of the
tube, D, the diameter of the interior opening, and L the length
of the tube. Although Eq. (13) yields a mean Nusselt number, it
is assumed that this expression can also be used to approximate
the local convection coefficient.

5. Metal hydride model

The mathematical model used to describe the behaviour of
the metal hydride is the same as the model utilized by the authors
in a previous paper [12]. Here, two additional subdomains are
included in addition to the subdomain representing the metal
hydride alloy. The first subdomain simulates the tank walls,
which are assumed to be 2024 T6 aluminum (properties are sum-
marized in Table 2). This two-dimensional subdomain is shown
in Fig. 6a and b as the unshaded region around the exterior of
the metal hydride alloy (shaded region). The second subdomain
accounts for the transient and spatial variation of the tempera-
ture of the exhaust air stream as it passes through the interior
tube of the annular case. This one-dimensional subdomain is
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Tank Wall

Y
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Fig. 6. (a) Schematic of metal hydride tank used in mathematical model for the

base and finned cases. (b) Schematic of metal hydride tank used in mathematical
model for the annular case.

implemented along the left-hand side of the wall in Fig. 6b, at
r=0.74 cm. The subdomain for the metal hydride is the shaded
region in Fig. 6a for the base and finned cases, and Fig. 6b for
the annular case. For the base and finned cases the outer tank
radius is 3.175 cm, the height is 24 cm, and the thickness of the
aluminum is 4 mm. For the annular case the outer tank radius is
3.4 cm, the radius of the internal opening is 0.74 cm, the height
18 24 cm, and the thickness of the aluminum is 4 mm.

The metal hydride is assumed to be TigogZrp.02Vo.43
Fe.09Crp.0sMnj 5 and the important properties of this alloy are
summarized in Table 3. This alloy is assumed to have flat absorp-
tion and desorption plateaus on the P-C diagram, and the middle

Table 3

Properties of the metal hydride alloy, Tig.98Zr¢.02 Vo.43Fe0.09Cro.05sMnj 5
Parameter Value
Saturated density, ps (kgm™) 5577

Empty density, pemp (kg m3) 5500
Specific heat, ¢, Jkg~! K1) 490

Effective thermal conductivity, k. (W m~' K1) (assumed) 1.4
Permeability, K (m?) (assumed) 1078
Reaction heat of formation, AH® (Jkg™") —1.359 x 107
Porosity, ¢ (assumed) 0.50
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Fig. 7. Hydrogen gas pressure inside the metal hydride tank during the 2.5 h of
pulsed operation, showing the comparison between the base, finned, and annular
cases. The minimum acceptable inlet pressure to the fuel cell is also shown.

value is used in the equations. Hysteresis is included in the
model by utilizing two distinct equations for the absorption and
desorption pressures. The model also assumes thermal equilib-
rium between the hydrogen and metal hydride alloy within the
tank.

6. Results and discussion

As described earlier, the dynamic load profile serviced by the
fuel cell system is assumed to be a series of on—off step functions
lasting for 2.5 h, which is five full cycles. After the five complete
cycles approximately 89% of the hydrogen contained in the tank
is consumed, as seen in Fig. 1. All three of the cases are sub-
ject to the same hydrogen demand load. The performance of the
three storage systems is compared by studying the pressure of
the hydrogen gas within the tank throughout the 2.5 h of pulsed
operation. In order to understand the details of the behaviour
within a metal hydride tank three additional plots are generated
in addition to the pressure plot; the metal hydride density profile
throughout the 2.5 h of operation, the temperature profile during
one on-cycle, and a profile of the rate of hydrogen desorption
during one on-cycle. Because the base case is only able to pro-
vide hydrogen for two complete cycles there is little temporal
variation in these parameters, and plots would provide little use-
ful information. Therefore, the three profile plots are generated
to compare finned and annular cases only.

6.1. Hydrogen pressure comparison

Fig. 7 shows the average pressure of the hydrogen within
the tank for all three cases. Since there is a minimal pressure
gradient throughout the tank, the pressure at the centre of the
metal hydride domain is used as the average pressure.

The base case is the original tank with no heat transfer
enhancements. Fig. 7 shows that for the first two cycles the
base case is able to provide hydrogen at the required flow rate.
However, the pressure within the tank, and therefore the delivery

pressure of the hydrogen is significantly lower than the other two
cases. The fuel cell requires a minimum hydrogen inlet pressure
of 170kPa (absolute) as shown in Fig. 7, which the base case
cannot maintain during the second on-cycle. During the third
on-cycle the base case reaches a pressure of zero, indicating that
the dehydriding reaction rate is insufficient to satisfy the demand
flow rate although the tank is still ~60% full. The reason for the
decrease in the minimum pressure for each cycle as the tank
empties is due to the progression of the reaction zone towards
the centre of the tank, and the increasing thermal resistance due
to the increasing distance the thermal energy must travel through
the hydride bed. This phenomenon is described in more detail
in a previous study [12]. Essentially, the desorption is limited
by heat transfer, a well-known issue with metal hydride storage
systems.

Because the base case is unable to provide the required hydro-
gen flow, the tank design is modified to enhance the thermal
coupling of the fuel cell and the hydrogen storage system. The
first modification is the addition of 50 fins along the exterior of
the side wall of the tank. Fig. 7 shows that the finned geometry
is able to maintain a pressure that is well above that required by
the fuel cell. However, the minimum pressure maintained dur-
ing the on-cycles drops significantly as the tank empties. During
the second cycle the pressure is maintained at a minimum value
of 950kPa, while during the fifth cycle the pressure drops to
275kPa. As noted in the previous paragraph, this decrease is
caused by the increasing resistance of the hydride bed. As the
dehydriding reaction proceeds away from the external wall the
benefits of using fins are reduced. Pressure values that are too
high make for a system that must rely more heavily on relief
valves for safety or require a thicker tank wall. Other drawbacks
to the finned case are the larger volume occupied by the tank
due to the external fins and the additional mass associated with
the fins. Fig. 4 shows the outer diameter that is required for the
finned configuration. Metal hydrides are often used for hydro-
gen storage in scenarios where size is a key design element,
because of the advantageous volumetric capacity. However, if
a tank with external fins is used, this advantage is diminished
since more space is required. This may not be critical when com-
pared to the base case given the fact that an air flow region is
required for the base case as well. A design that limits the vol-
ume required for exterior air flow while increasing heat transfer
would be preferable. A practical concern with the external fin
geometry is the frailty of the finned surface which can be eas-
ily damaged, unlike a bare cylinder. Also, the mass of the fins
increases the total mass of the hydride tank from approximately
2.2t02.9kg. This is a significant amount especially considering
that metal hydride systems already suffer from high mass com-
pared to other hydrogen storage options. Coupling with the fuel
cell may require a complicated design of the exterior ducting
as well as making it more difficult to interchange tanks. It has
also been assumed that the air flow duct is insulated and that all
energy interactions are between the tank and the air, which is a
scenario that may not be easy to produce. One advantage to this
design is the potential ease in manufacturing such a tank. The
cylindrical tank can be formed as usual, and a finned sleeve can
be inserted on the tank afterwards.
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A second method for heat transfer enhancement is to use an
annular tank design, and pipe the exhaust air stream from the
fuel cell through the central tube. Fig. 7 shows that the annu-
lar geometry is able to provide the hydrogen flow rate while
maintaining a pressure above the minimum requirement of the
fuel cell. The peak pressures in this case are less than the finned
configuration, and the variability is also reduced. The minimum
pressure maintained during the first cycle is 590 kPa, while the
minimum pressure during the fifth on-cycle is 200 kPa. This is an
improvement over the 71% reduction experienced for the finned
case and is due to the reduced distance the thermal energy must
pass through for the annular tank. This shorter radial distance
through the hydride bed is illustrated well by Fig. 4. Other advan-
tages of the annular design are the reduced volume and mass,
as compared to the finned geometry, and a more robust struc-
ture. This configuration also requires a simpler ducting system
through the interior tube that would facilitate replacement of the
tanks for refuelling. The ducting system for this configuration
also ensures that the air stream is isolated from the surroundings
and maximum energy exchange is facilitated. One drawback to
this design is the possible complexity of manufacturing an annu-
lar tank. However, depending on the manufacturing techniques
that are employed this may or may not be a more complicated
process than the finned tank. Another drawback is the potential
for a pressure drop as the air flows through the narrow inte-
rior tube that may be too high for the fuel cell exhaust fan. An
additional fan may be required to assist with the air flow.

6.2. Metal hydride density profile

Fig. 8 shows the density profile of the metal hydride solid at
cross section z=12.2 cm throughout the 2.5h of operation for
the finned and annular cases. The reason for the decrease in metal
hydride density as time proceeds is due to the decreasing amount
of hydrogen that is part of the solid structure as it is desorbed and
released in gaseous form. So Fig. 8 is an indication of the varying
hydrogen concentration in the metal hydride bed and therefore
the state of fill of the tank throughout the 2.5h of operation.
These profile plots illustrate the different desorption patterns in
the finned and annular configurations and specifically display
the locations in the tank where desorption takes place as time
proceeds.

Fig. 8a shows that the hydrogen is desorbed in a wave-like
manner beginning at the exterior wall, where the heat is pro-
vided, and proceeds towards the centre of the tank. This accounts
for the majority of the gas desorbed. A secondary desorption is
also occurring uniformly throughout the tank during certain time
intervals. Along the left edge of Fig. 8a, at r=0cm, it can be
seen that as time progresses the density at this point decreases.
This indicates that a small amount of hydrogen is being desorbed
from the centre of the tank, and not just near the edge. Because
of the pulsed square-wave nature of the hydrogen demand, there
are short periods where desorption is occurring nearly uniformly
throughout the bed where the alloy is not locally depleted. When
the hydrogen demand is switched on, the hydrogen gas that has
built-up within the tank exits and the pressure drops, creating
a low enough pressure within the tank to initiate the desorp-
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Fig. 8. (a) Density profiles of the metal hydride solid for the finned case at
cross section z=12.2 cm for all times (f=0-2.5h). (b) Density profiles of the
metal hydride solid for the annular case at cross section z=12.2 cm for all times
(t=0-2.5h).

tion reaction throughout the regions in the tank that still contain
hydrogen. This more uniform reaction exists momentarily until
it is restricted by heat transfer limitations (i.e. the temperature
decreases locally, causing the equilibrium pressure, which is
temperature dependent, to drop). For the remainder of a period,
the reaction dominates in locations where the thermal wave
reaches the reaction zone.

Fig. 8b shows a different desorption pattern to that of Fig. 8a
due to the annular tank design. In this case the heat is supplied
at the centre of the tank, so one would expect the desorption to
proceed in a wave-like manner from the centre of the tank to the
exterior wall. However, this is not exactly what is observed in
Fig. 8b, since there is a significant amount of desorption occur-
ring adjacent to the exterior wall, which is insulated. Due to the
high conductivity of the aluminum tank wall, the heat provided
at the centre of the tank is able to travel through the bottom of
the tank and make its way up the side wall. Therefore, there
is an effective heat source along the side wall due to the alu-
minum, and some desorption occurs. This indicates that the
annular configuration benefits from some additional effective
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Fig. 9. (a) Temperature profiles for the finned case at cross section z=12.2cm
for one discharge period at times r=1.5-1.75h. (b) Temperature profiles for
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heat sources along the exterior of the metal hydride bed due to
the aluminum tank walls. This phenomenon also illustrates the
importance of including the aluminum tank wall when modelling
different metal hydride tank configurations.

6.3. Temperature profile

Fig. 9 shows the temperature profile of the metal hydride
solid at cross section z=12.2cm for one on-cycle at times
t=1.5-1.75 h for the finned and annular cases. The temperature
within the tank during cycling is not as uniform as the pressure.
It can be seen from Fig. 9 that a bulk average temperature value
would have little meaning. Since the energy equation is active
in the tank walls these profile plots include the temperatures in
the aluminum walls.

Fig. 9a further illustrates the wave-like desorption pattern
discussed above for the metal hydride density profile. Heat is
provided at the right had side of Fig. 9a, and due to the high
conductivity of the aluminum tank wall, the temperature pro-
file is relatively flat in this region. Due to the poor conductivity

of the metal hydride bed the temperature profile drops, until
the heat reaches the reaction zone. This is located at approxi-
mately = 1.6 cm during this cycle, and it can be seen that the
energy is not able to pass the reaction zone since the endother-
mic desorption reaction consumes it; therefore the temperature
profile is flat from the reaction zone to the centre of the tank. The
temperature along the external wall, at r=3.175 cm, is actually
increasing throughout the on-cycle. This is due to the increased
heat transfer rate because of the fins. Without any enhancements
this temperature would drop and thermal energy would not reach
the reaction zone as fast, thus causing a greater pressure drop as
observed in Fig. 7. This phenomenon is illustrated in an earlier
paper by the authors [12].

Fig. 9b confirms the behaviour described for the metal
hydride density profile. In this configuration the heat is provided
along the centre wall of the tank at =0.74 cm. The temperature
profile is very similar to that observed for the finned case except
that the direction has changed since heat is introduced from the
centre and not the exterior wall. The main difference between
these two cases is the heat provided by the aluminum wall, seen
at r=3.0-3.4cm in Fig. 9b. Heat energy provided by the side
wall can be seen by a small increase in temperature of the metal
hydride bed in the alloy adjacent to the wall at this location
(z=12.2cm). At z locations closer to the base, the impact of
heat conduction through the wall is greater. Another difference
is that the temperature at the beginning of an on-cycle is level
at 298.15 K for the finned case and only ~273.5 K for the annu-
lar case. This is because the tank in the finned case is exposed
to ambient air during the 15 min off-cycle whereas the annular
tank is assumed insulated; therefore the finned tank levels off at
ambient temperature and the annular tank levels off at a temper-
ature based on a redistribution of the temperature of the system
when the off-cycle begins. Because the annular tank begins the
on-cycle at a lower temperature, the temperature throughout the
demand cycle remains lower than that of the finned tank. This
is one reason why the pressures observed for the finned tank are
higher than the annular tank. Higher temperatures enable higher
pressures, since the equilibrium desorption pressure increases
with temperature. These results suggest that allowing thermal
interactions with environmental air on the exterior wall of the
annular tank should increase performance. Thus, the assumption
of an insulated outer boundary is a conservative constraint.

6.4. Hydrogen desorption profile

Fig. 10 illustrates the location along the r-axis where desorp-
tion is occurring at cross section z=12.2 cm, for the hydrogen
discharge period at times 7=1.5-1.75h. The Y-axis is labelled
as hydrogen absorption because the overall desorption term is
configured to be positive for absorption and negative for des-
orption. Therefore, although the Y-axis is labelled as absorption,
the values in the plot are negative, indicating that desorption is
occurring.

Fig. 10a shows a lower minimum point for desorption than
Fig. 10b. The dip in the curves represents the location of the main
reaction zone. The finned case therefore has a more concentrated
reaction zone due to the higher temperatures and single heat
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Fig. 10. (a) Profiles of the rate of hydrogen mass being desorbed from the metal
hydride bed for the finned case at cross section z=12.2 cm for one discharge
period at times = 1.5-1.75 h. (b) Profiles of the rate of hydrogen mass being des-
orbed from the metal hydride bed for the annular case at cross section z=12.2cm
for one discharge period at times r=1.5-1.75h.

source (only external wall) as described above. Fig. 10b shows
that the annular case does not reach the same magnitude of des-
orption in any single location as the finned case; however it has a
desorption pattern that is more spread out across the radius of the
tank. This is due to the additional effective heat source provided
by the conductance of heat through the aluminum tank walls
that allows desorption to occur within the hydride bed adjacent
to the exterior wall at »=3.0 cm.

The metal hydride density, temperature, and hydrogen des-
orption profiles shed some light into the behaviour of metal
hydride tank configurations that are subjected to a pulsed hydro-
gen demand load. These results reveal complex temperature and
pressure behaviour that may enable creative solutions to the heat
transfer problem.

7. Conclusions

Thermal coupling of a metal hydride storage system and a
fuel cell module was investigated for a specified time-dependent

electrical demand. The ability of three different metal hydride
tanks to satisfy the minimum hydrogen delivery pressures were
simulated and compared. For the dynamic cycle used in this
study, the base case (bare cylinder) is unable to service the
required flow of hydrogen gas. A tank with 50 external fins meets
the required demand however the peak pressure is considerably
higher than what is necessary. Furthermore, this configuration
satisfies fuel flow requirements but occupies more volume and
has a higher mass, which may partially diminish the advantage of
using a metal hydride system. The fins are also frail and may be
subject to damage. An annular tank design was found to provide
hydrogen gas at the required flow rate and pressure stipulated
by the fuel cell. The peak pressures in this case are lower than
with the finned tank, making the system somewhat safer. The
annular tank design requires less volume than a finned design
and may be easier to integrate to the fuel cell. The annular con-
figuration also provides a robust design, and a simple ducting
system that reduces energy lost to the surroundings. It was found
that although the exterior wall in the annular case is assumed
insulated, heat conduction through the aluminum from the inner
wall to the outer wall helps maintain pressure throughout the
operating period.
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