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This paper discusses the challenges of using hydrogen fuel cells to power light-duty vehicles. Storing suf-
ficient amounts of hydrogen to cover adequate travel distances before refueling is one of the more press-
ing challenges, and different materials have been recommended to enhance storage capacity. This study
concerns one class of storage materials called high-pressure metal hydrides (HPMHs). The most impor-
tant component of a hydrogen storage system utilizing HPMHs is the heat exchanger, which, aside from
storing the HPMH, must providing sufficient cooling during the hydrogen refueling to achieve the
required short fill time of less than 5 min. Discussed in this paper are practical heat exchanger design
guidelines for storage systems employing materials with high rates of heat generation during refueling.
Most important among those is the maximum distance between the HPMH powder and the cooling sur-
face, which, for Ti1.1CrMn, must be kept below 10 mm to achieve a fill time of 5 min. A new parameter
called non-dimensional conductance (NDC) is developed, which serves as a characteristic parameter to
estimate the effects of various parameters on the reaction rate. Overall, it is shown that the hydrogen fill
time is sensitive mostly to the effective thermal conductivity of the HPMH and the coolant’s temperature,
followed by the contact resistance between the powder and cooling surface.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

1.1. Hydrogen potential and challenges

Energy demand across the globe has risen sharply over the last
decade. Today, fossil-fuel-based sources of energy are being de-
pleted at a fast rate because of the ever-increasing energy con-
sumption. Additionally, fossil-fuels are contributing to both
greenhouse gas emissions and global warming. The growing en-
ergy demands, along with the increasing environmental aware-
ness, have created an urgent need for abundant and cleaner
alternatives to fossil-fuels. Great advances have been made in con-
verting freely available solar energy, wind energy, etc., into differ-
ent useable energy forms. With current state of the art, these
technologies are expensive and efforts are being made to make
them both energy-efficient and cost-effective.

Among various sustainable energy solutions being explored,
researchers believe hydrogen is a promising and suitable one.
Aside from being the most abundant element on Earth, hydrogen
is lightweight, can be produced via numerous technologies, and
ll rights reserved.

: +1 765 494 0539.
awar).
produces water as a result of oxidation. This means that careful
and intelligent use of hydrogen can ensure a virtually unlimited
and environmentally safe source of energy. It also has high energy
content per unit mass and hence is an obvious contender for an
efficient energy source/carrier. These attributes explain the recent
attention being placed on all aspects of hydrogen, from production
to storage to use.

There are several important challenges to overcome before
hydrogen can become a viable fuel. Only 1% of the hydrogen is
available as molecular hydrogen gas while the majority is present
in the form of water or hydrocarbons. Large-scale production of
hydrogen from water or other chemical compounds in an efficient
and clean method remains a challenge. Another challenge is stor-
age volume. Though hydrogen has high energy content by weight
(three times that of gasoline), its energy content by volume is only
one-tenth that of gasoline. This poses major storage volume prob-
lems in automotive and other mobile systems with stringent vol-
ume constraints. A third challenge is hydrogen transport to filling
stations. Because of the low density of hydrogen, finding an eco-
nomical way of transporting large amounts of hydrogen to various
locations is quite illusive. The fourth challenge is the use of hydro-
gen as a fuel in producing clean energy that would justify its wide
acceptance in the market. Hydrogen can be used to produce energy

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2009.12.010
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Nomenclature

Ca hydriding constant or activation rate (s�1)
cp specific heat (J/kg K)
Ea activation energy (J/mol-H2)
F fraction of reaction progress or progress variable
DHr enthalpy of formation (J/mol-H2)
h convective heat transfer coefficient (W/m2 K)
k thermal conductivity (W/m K)
L metal hydride thickness (mm)
MW molecular weight
NDC non-dimensional conductance
P pressure (N/m2)
Peq equilibrium pressure (N/m2)
Po ambient pressure (N/m2)
_q000 volumetric heat generation rate (W/m3)
R universal gas constant (J/mol K)
Rtc contact resistance (mm2 K/W)
DS entropy of reaction (J/mol-H2 K)

t time (s)
T temperature (K)
wt% hydrogen storage capacity or hydrogen to metal hydride

mass ratio when completely hydrided
x distance coordinate (mm)

Greek symbols
/ porosity
q density

Subscripts
Al aluminum
des desired
f coolant
H2 hydrogen
MH high-pressure metal hydride
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either by burning with oxygen in air (e.g., internal combustion en-
gine), or by electrochemical reaction with oxygen using fuel cells.
Fuel cells are both energy efficient and virtually pollution free
compared to internal combustion engines. The choice of energy
production method is dictated mainly by cost and application. In
summary, the advantages of using hydrogen as fuel can be realized
only if all the relevant processes, from production to storage to en-
ergy generation, are clean and efficient.

1.2. Storage concerns for automobiles

The present work concerns the design of on-board hydrogen
storage systems for automobiles. In mobile applications like auto-
mobiles, size and weight are crucial design factors. Apart from stor-
ing the required amount of hydrogen in a vehicle, it is essential to
fill it in an acceptable period of time. Using a fuel cell stack, a vehi-
cle can travel at least 300 miles using about 5 kg of hydrogen be-
fore it needs to be refueled [1]. The revised U.S. Department of
Energy (DOE) targets for the year 2010 are 4.2 min to refill 5 kg
of hydrogen, and a gravimetric capacity of 0.045 kg H2/kg system
(or 4.5 wt%) and a volumetric capacity of 28 g H2/L system [2]. A
commercial large-scale production-ready on-board hydrogen stor-
age system must satisfy these size, weight and fill-time criteria,
although slight variation are being adopted due to technological
limitations. The storage system must also be safe, cost-effective
and meet the fuel cell hydrogen demands under any environmen-
tal conditions. It is also desirable that the hydrogen storage tech-
nology be introduced with minimum alterations to the already
present infrastructure.

1.3. Hydrogen storage options

Hydrogen can be stored either in gaseous form, liquid form or in
the form of reversible compounds with certain metals or alloys.
Due to the very low density of hydrogen gas, it has to be com-
pressed to very high pressures (350–700 bar) to store sufficient
quantities for vehicular use [3–4]. The primary advantages of com-
pressed gas storage are simplicity and fast filling. However, com-
pressed gas storage has low volumetric and gravimetric density
(25 g/L and 4.6 wt%, respectively, at 700 bar [3–5]) compared to
other storage options. Also, large amounts of energy are consumed
in compressing hydrogen to such high pressures.

Liquid hydrogen can be stored at atmospheric pressure in cryo-
genic tanks at very low temperatures (�20 K). Liquid hydrogen has
relatively high volumetric capacity, is easy to transport, and can be
filled in a short time, but large amounts of energy are required for
the liquefaction process [3–4]. Also, at such low temperatures, it is
virtually impossible to prevent boil-off. Hence, liquid hydrogen
requires a cryostat with a highly efficient thermal management
system for both the storage and the delivery vessels. This greatly
compromises the high volumetric capacity of liquid hydrogen.
Due to the size and weight of the insulated storage tanks and
accessories, it is advantageous to store liquid hydrogen in rela-
tively large quantities, which is why this form of storage is pre-
ferred for long haul, heavy-duty vehicles. A recent noteworthy
development in liquid hydrogen storage is the Lawrence Livermore
National Laboratory cryogenic insulated pressure vessel, which is
capable of storing 10.7 kg H2. This system uses an aluminum-lined
composite-wrapped (Type 3) vessel with storage capacities of
7.4 wt% and 45.2 g/L [6–7].

Apart from storing hydrogen in gaseous and liquid form, it can
also be stored in solid state in the form of chemical compounds.
One of the forms of solid-state hydrogen storage is chemical hy-
drides. They are compounds that release hydrogen upon reacting
with water or thermal decomposition (e.g., NH3BH3, C10H18,
NaBH4). Chemical hydrides have the highest material volumetric
capacities compared to all other forms of hydrogen storage. They
also have the highest gravimetric capacities amongst all solid-state
hydrogen storage methods [3–4,8] and eliminate the need to trans-
port hydrogen from refinery to filling station. However, regenera-
tion of these hydrides is problematic because the dehydriding
reaction is not easily reversible. Once dehydrided, chemical hy-
drides have to undergo off-board processing before they can be re-
used. Some of the chemical hydrides may require large quantities
of water to release the hydrogen, which presents storage system
volume issues. Those challenges are major barriers to the wide-
spread acceptance of this form of hydrogen storage.

Metal hydrides are metal compounds or alloys that react revers-
ibly with hydrogen to form hydrides. Metal hydrides useful for on-
board hydrogen storage can broadly be classified into complex me-
tal hydrides and high-pressure metal hydrides (HPMH). Complex
metal hydrides (e.g., NaAlH4, LiBH4) have low hydriding pressures,
in the range of 20–150 bar, but relatively high hydriding tempera-
tures (200–300 �C) as well as high enthalpy of reaction [4]. They
cover a wide range of hydriding pressures, temperatures and mate-
rial capacities and typically possess high volumetric capacity. Their
high desorption temperatures are undesirable because of the need
to heat up the hydride to release hydrogen, thus lowering overall
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system efficiency. In general, the hydriding and dehydriding pro-
cesses in complex metal hydrides are very sensitive to tempera-
ture. If the temperature is close to equilibrium during the
exothermic hydriding reaction, the filling rate can be very slow.
Thus, complex metal hydride systems require external cooling,
which substantially increases system weight and volume.

High-pressure metal hydrides (HPMHs) have high hydriding
pressures and can be stored at up to 700 bar but moderate temper-
atures of less than 100 �C [9]. Widely studied HPMHs are Ti–Cr–
Mn-based transition metal alloys. The gravimetric capacities of
these materials (2–3 wt%) are smaller than any other storage mate-
rials and, like complex metal hydrides, these also require active
cooling during hydriding to achieve faster fill rates; the hydrogen
release can be controlled by varying the pressure and/or tempera-
ture. Due to the high pressures employed in these systems and
high alloy densities, HPMH systems have amongst the highest vol-
umetric capacities (�40 g/L) of all storage systems. However, they
suffer low gravimetric capacity, mainly due to poor hydrogen
absorption capacities and additional system weight of both the
high-pressure cylinders and cooling hardware.

Recently, carbon-based physisorbing materials like CNTs and
MOFs have shown great potential as hydrogen storage materials.
Unlike metal hydrides, which store hydrogen by chemisorption,
carbon-based physisorbing materials hold hydrogen on the surface
via weak Van der Waal’s forces. Material storage capacities of 6–
7 wt% H2 have been measured at 77 K and 50–100 bar [4,10]. These
Fig. 1. Capacity comparison of different storage techniques (adapted from [8,11]).

Table 1
Comparison of hydrogen storage technologies.

Compressed H2

gas [3–5]
Liquid
H2

[3,4,6,7]

Chemical hydride
[3–4,8]

Storage/charging pressure Up to 700 bar 1–2 bar 1–2 bar
Storage temperature Room temp. 20 K Room temp.
Material and system volumetric

capacity (g/L)
40 Sys (25) 70.8 Sys

(30–35)
100 Sys (30)

Material and system
gravimetric
capacity (wt%)

Sys (4.7 at 700 bar) Sys (5–
6)

10 Sys (3–4)

Fill time (min) 5–10 7–9 N/A
Onboard reversible Yes Yes No
Desorption temperature,

pressure
Room temp.,
3.5 bar

N/A >500 K, 3.5 bar

Durability and repeatability N/A N/A Need to be
regenerated
for reuse

Reactivity to air and moisture N/A N/A Stable, no

Heat of reaction N/A N/A �55 kJ/mole H2
materials have low volumetric capacities and their hydrogen
adsorption capacity greatly decreases with increasing temperature.

Thus, at present, no hydrogen storage technology satisfies all
requirements of on-board storage for mobile applications. Fig. 1
shows volumetric and gravimetric capacities of various storage
materials and compares them to the best-known system capacities
using these materials. Without taking into account system cost or
energy spent on storage, liquid hydrogen is the only storage option
that meets the revised DOE targets for the year 2015. All other stor-
age options fall short of the 2010 and 2015 targets, let alone the
ultimate targets. To achieve these targets, it is important to devel-
op new materials with better kinetic and thermal properties as
well as storage systems with greater volumetric and gravimetric
efficiencies. The different hydrogen storage options are compared
in Table 1 based on their properties and performance parameters.
1.4. Challenges with high-pressure metal hydride storage and
objectives of study

At the Purdue University Hydrogen Systems Laboratory (HSL),
efforts are focused on both material characterizations and large-
scale system development using HPMHs and carbon-based cryo-
sorbents as storage materials. The present study concerns the
design of hydrogen storage vessels using the HPMH Ti1.1CrMn.

Despite its high volumetric capacity (�50 g/L), Ti1.1CrMn poses
several challenges when implemented in hydrogen storage. First,
its gravimetric capacity is relatively low, less than 2 wt% H2 [14],
which, along with high density of the base alloy, increase the
weight of the storage system. A second challenge is low thermal
conductivity. When activated (repeated cycles of cooling at high
pressure and heating under vacuum), metal hydride powder has
a particle size range of 5–20 lm, but the powder has a tendency
to break into finer particles after repeated hydriding and dehydrid-
ing cycles. During the hydriding reaction, hydrogen atoms occupy
the interstitial sites within the metal hydride matrix cells causing
metal hydride expansion. As a result, the effective thermal conduc-
tivity of metal hydrides is quite low, about 1 W/m K [15]. A third
challenge is tackling both the large amount of heat released during
the hydriding reaction and the heat input during the dehydriding
reaction. The hydriding reaction is kinetically driven and its rate
depends on the temperature of the metal hydride. In order for
the hydriding reaction to proceed at the desired rate, it is very
important that the released heat be removed efficiently and, for a
given pressure, the system temperature maintained below the
Complex MH
[4,11–13]

HPMH [19] Physisorbing
materials [4,10]

�150 bar Up to 500 bar 20–40 bar
�500 K �350 K �77 K
100 (30–160) Sys
(20–30)

50–150 Sys (40) 30–40

4–7 Sys (1–2) 2–3 Sys (1–2) 4–8 Sys (2–4)

8–12 min 5 min 10 min
Yes Yes Yes
400 K, 3.5 bar Room temp., 3.5 bar 77–100 K, 3.5 bar

Sensitive to impurities Sensitive to
impurities

Sensitive to
impurities

Pyrophoric materials,
Yes.

Pyrophoric materials. Yes

�40 kJ/mole H2 �15–25 kJ/mole �4–6 kJ/mole
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equilibrium temperature of the hydride. This is why the most
important component of a hydrogen storage system using HPMHs
is the heat exchanger, evidenced by several recent efforts to devel-
op heat exchangers for hydrogen storage using both complex metal
hydrides [12–13,16,17–19] and HPMHs [9]. Poor thermal proper-
ties of metal hydride powder render the design of an efficient
HPMH heat exchanger quite challenging. This task is complicated
by the stringent space constraints of automotive systems. With
this limited space, it is desired to maximize the volume of the
HPMH, which means the heat exchanger must occupy the least
volume possible.

The primary objective of this study is to understand the influ-
ences of various kinetic and thermal parameters on heat exchanger
design, and to develop a scalable approach to designing a heat ex-
changer that is both compact and can achieve the goal of filling
hydrogen gas within 5 min.
2. Model description

2.1. Model setup

The heat released by the hydriding reaction is absorbed by a li-
quid coolant. The HPMH heat exchanger is therefore a thermal de-
vice that dissipates heat from a metal hydride powder to the liquid
coolant across the metallic wall of the coolant passage as illus-
trated in Fig. 2(a). Obviously, coolant passages must be configured
to maintain close proximity to the powder in order to effectively
dissipate the released heat of reaction. On the other hand, the vol-
ume occupied by the coolant passages must be minimized to max-
imize the volume available for the hydride powder. This goal is
achieved by maximizing the thickness of hydride powder away
from the coolant passage while both completing the hydriding
reaction within 5 min and dissipating the released heat. The max-
imum hydride powder thickness is a key design parameter for any
HPMH heat exchanger.

Fig. 2(b) shows the schematic for the model that is used to esti-
mate the maximum hydride powder thickness. Using thermal sym-
metry between adjacent coolant passages, the metal hydride
powder has a variable thickness L, half the thickness of powder be-
tween coolant passages, and is insulated along the plane of sym-
metry. The coolant is at temperature Tf and supplied at a flow
Fig. 2. Definition of metal hydride thickness in heat exchanger, and
rate that yields a convective coefficient of hf. The coolant passage
is made of aluminum and has a thickness LAl. Since the metal
hydride powder and aluminum surface will not be in perfect con-
tact, a contact resistance is assumed between the two.

2.2. Governing equations

One-dimensional transient conduction with internal heat gen-
eration in the metal hydride powder is given by

kMH
@2T
@x2 þ _q000 ¼ qMHcp;MH

@T
@t
; ð1Þ

where kMH, qMH and cp,MH are the effective thermal conductivity,
density and specific heat of the powder, respectively, and _q000 the
rate of volumetric heat generation. It is assumed that the powder
initially has uniform temperature and is completely dehydrided.
Metal hydride properties are assumed to be uniform and constant
throughout the simulation. Heat generation rate is the sum of heat
of reaction and heat of pressurization (accounts for less than 10% of
the total heat generated).

_q000 ¼ dF
dt
ðwt%ÞqMH

MWH2

DHr þ /
dP
dt
; ð2Þ

where F, MWH2 , DHr, / and P are the fraction of reaction progress
(or progress variable), molecular weight of hydrogen, enthalpy of
formation, porosity and pressure, respectively. Heat of reaction de-
pends on the rate at which hydrogen is absorbed and increases with
increasing hydriding (fill) rate. The reaction rate used in this study
is based on an expression for hydrogen absorption in LaNi5 derived
by Mayer et al. [20–21] that assumes 1st order kinetics (which is
typically observed in metal hydrides).

dF
dt
¼ Ca exp

�Ea

RT

� �
ln

P
Peq

� �
ð1� FÞ; ð3Þ

where Ca, Ea, R and Peq are the hydriding constant (or activation
rate), activation energy, universal gas constant and equilibrium
pressure, respectively. The equilibrium pressure in Eq. (3) is given
by van’t Hoff equation

Peq ¼ Po exp
DHr

RT
� DS

R

� �
; ð4Þ
model used to determine maximum metal hydride thickness.
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where Po and DS are the ambient pressure and entropy of reaction,
respectively. The above coupled heat diffusion and temperature-
dependent kinetic equations are solved numerically over the metal
hydride domain using the finite volume technique for different val-
ues of various parameters to understand the influence of these
parameters on hydriding rate.

2.3. HPMH properties

High-pressure metal hydrides need to be activated before they
can absorb hydrogen. Non-activated or oxidized metal hydrides
have a particle size that is typically too large (�100 lm) to enable
hydrogen absorption. They need to undergo an activation process,
which consists of repeated cycles of cooling under high-pressure
and heating under vacuum. This causes the hydride to break into
particles that are small enough (less than 10 lm) to react with
hydrogen. Once activated, the metal hydride spontaneously ignites
upon exposure to air or any oxidizer. Since the hydride is com-
posed of transition metal, the ignition temperature is as high as
1000 �C. This pyrophoric nature of activated metal hydride and
the high-pressures involved make property measurements of
HPMHs extremely challenging.

Thermal properties of metal hydrides have dependencies on
hydrogen pressure, metal hydride temperature, absorbed hydro-
gen concentration, metal hydride particle size, and porosity. Exper-
iments were recently performed at the Purdue University
Hydrogen Systems Laboratory (HSL) to measure the thermal prop-
erties of Ti1.1CrMn [22]. The hydride had particle ranging from 2 to
10 lm. Measurements were performed using the transient plane
source (TPS) method, which is a variation of the hot wire tech-
nique. It directly measures thermal conductivity and diffusivity
of hydride, and knowing the packing density, heat capacity is cal-
culated. From the temperature profile within the metal hydride
powder, contact resistance is also calculated. Hydrogen pressure
in these property measurement experiments was increased from
2.9 to 253 bar. Thus, the properties were measured as a function
of hydrogen pressure and absorbed hydrogen concentration.

These and other thermal properties are also available from the
literature. Suda et al. [15] measured the thermal conductivity of
TiMn1.5 under steady state conditions. For a particle size of
400 lm, they measured kMH between 0.5 and 1.2 W/m K as hydro-
gen pressure was increased from 0.5 to 40 bar. With increasing
pressure, the added hydrogen atoms provided additional conduc-
tion pathways thereby increasing the thermal conductivity. Using
the TPS method at HSL, kMH of Ti1.1CrMn was measured to be
around 1 W/m K [22] depending on packing density (thus porosity)
and particle size. Thus, in most calculations in the present study, a
constant kMH of 1 W/m K is assumed and in a later section it is var-
ied between 0.2 and 10 W/m K for sensitivity analysis. It was ob-
served that specific heat increases as a function of hydrogen
pressure and the hydriding reaction progress. Below 150 bar, cp,MH

was calculated to be about 500 J/kg K. Increasing the pressure fur-
ther, increased cp,MH to a maximum value of around 1000 J/kg K at
the highest pressure of 253 bar [22]. In this study, cp,MH is assumed
to be 500 J/kg K. Continuous expansion and contraction due to
hydrogen absorption and desorption causes the hydride bed to
move, resulting in poor contact with the adjoining surface. The
contact resistance, Rtc was calculated in [22] to vary between 400
and 1800 mm2 K/W as a function of hydrogen pressure and num-
ber of hydriding cycles. Dedrick et al. calculated the contact resis-
tance for 20–44 mm sodium alanate samples [23]. Between the
hydride particles and the measurement probe they calculated a va-
lue of about 3000 mm2 K/W, while between the hydride particles
and the container wall they calculated a high Rtc of
20,000 mm2 K/W, possibly due to very poor contact and lack of
particle packing. Due to the dependence of Rtc on a number of fac-
tors such as particle size, shape, porosity, nature of contact surface,
and pressure, it is a very difficult parameter to control or character-
ize. Because the present study concerns moderately packed (rather
than loose powder) hydride heat exchangers, Rtc is varied in the
present analysis between 0 and 2000 mm2 K/W; higher values
are examined in a later section for sensitivity analysis. The packing
density is assumed to be 2500 kg/m3, which is the density intended
for future experimental work at HSL. Based on a Ti1.1CrMn theoret-
ical solid bulk density of 6200 kg/m3, this packing density corre-
sponds to 60% porosity. The reason for such high porosity is that,
once activated, Ti1.1CrMn particles attain very sharp edges and cor-
ners with small particle size [22]. Therefore, the goal here is to
achieve moderate compaction that reduces contact resistance but
not very high compaction that might crush or deform the particles.
Also, metal hydrides are known to expand by up to 30% during
hydriding, therefore the 60% porosity allows for the hydride
expansion.

Some of the kinetic parameters of the metal hydride were mea-
sured while others were obtained from the literature. The maxi-
mum hydrogen storage capacity of Ti1.1CrMn was measured to be
1.5 wt%. Suda et al. calculated activation energy, Ea, and activation
rate, Ca, values during the hydriding of LaNi5 of 20.7 kJ/mol-H2 and
54.7 s�1, respectively [24]. But for Ti0.8Zr0.2Cr0.8Mn1.2, they mea-
sured three to eight times faster reaction rates compared to LaNi5

depending on temperature. Based on experiments conducted at
HSL, Ca for Ti1.1CrMn was calculated at 150 s�1. Suda et al . [15]
studied Ti–Cr–Mn alloys and measured alloy kinetics properties
by varying the relative composition of each of the three metals.
They noted that even a small change (10%) in the content of any
metal caused a significant change in alloy properties. For Ti1.1CrMn,
they measured standard enthalpy difference (heat of formation)
and entropy difference for dissociation (dehydriding) values of
�22 kJ/mol-H2 and �113.4 kJ/mol-H2 K, respectively. They did
not specify these values for hydriding. But for metal hydrides,
the heat of desorption is different from the heat of absorption. Heat
of formation during hydriding is lower compared to dehydriding.
Recent experiments performed with Ti1.1CrMn at HSL have yielded
enthalpy and entropy change values of DHr = 14.4 kJ/mol-H2 and
DS = �91.3 kJ/mol-H2 K, respectively, during hydriding. Table 2
lists the thermal and kinetic properties of Ti1.1CrMn used in the
present analysis.

Using these properties, geometrical parameters like metal hy-
dride thickness, and heat transfer parameters, like coolant temper-
ature and heat transfer coefficient, were varied in the model to
study their effects on the hydriding process is pursuit of practical
means for maximizing the reaction rate.
3. Effects of metal hydride powder thickness

3.1. Calculation of maximum metal hydride thickness

Hydriding is a temperature-dependent process, the rate of
which is greatly influenced by how quickly heat can be removed
from the metal hydride powder. Hydriding proceeds faster at loca-
tions closer to the cooling surface, where heat transfer rate is high-
er than at locations farther away. Additionally, it is a self-limiting
reaction, i.e., the rate of reaction decreases as the reaction proceeds
further. Thus, the maximum distance between the metal hydride
powder and the cooling surface is the most important design
parameter when hydriding needs to be completed in a short time,
5 min for the present study. Beyond a certain distance from the
cooling surface, it is practically impossible to complete the hydrid-
ing process in under 5 min. In order to estimate this maximum
thickness, the model equations described in the previous section
were solved for different distances ranging from 5 to 50 mm under



Table 2
Metal hydride properties used in model.

Kinetic
Enthalpy of formation DHr = �14390 J/mole-H2

Entropy of formation DS = �91.3 J/mole-H2

Activation energy Ea = 20.7 kJ/mole-H2

Activation rate Ca = 150 s�1

H2 storage capacity 1.5 wt%

Thermal
Packing density pMH = 2500 kg/m3

Effective thermal conductivity kMH = 1 W/m K
Specific heat cp,MH = 500 J/kg K
Contact resistance Rtc = 2000 mm2 K/w

Fig. 3. (a) Variation of fill time with metal hydride thickness for 90% completion of
hydriding reaction. (b) Variation of reaction progress after 5 min with metal hydride
thickness.
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practical operating conditions. The kinetic and thermal properties
of the HPMH used in the model are listed in Table 2.

Shown in Fig. 3(a) is the variation of the time required for 90% of
the hydriding reaction to be completed with metal hydride thick-
ness. The 90% value used here is a practical measure of reaction
completion because it takes a very long time between 90% and
100% completion due to the self-limiting nature of the hydriding
reaction. Hence, subsequent discussions in this paper on fill time
refer to the time needed to complete 90% of the complete hydrid-
ing. Fig. 3(a) shows that, under the assumed set of parameters, a fill
time of 5 min requires that the metal hydride thickness be kept be-
low 10 mm. For metal hydride thicknesses above 10 mm, the fill
time increases well above the desired 5 min and reaches as high
as 34 min for a 30 mm thickness. Fig. 3(b) shows the effect of metal
hydride thickness on reaction progress at the end of 5 min. For a
hydride thickness of less than 10 mm, at least 80% of the metal
hydride finishes hydriding. Increasing the hydride thickness de-
creases the fraction of reaction completion at 5 min substantially.

Fig. 3(a and b) prove that, under the assumed conditions,
achieving the required fill time of 5 min requires the metal hydride
thickness to be limited to 10 mm. These results are different for
other metal hydrides (or other hydrogen storage materials) be-
cause of differences in both the kinetic and thermal properties.
The hydride thickness can be increased to increase hydride storage
capacity by improving the heat transfer parameters, such as
decreasing the coolant temperature, increasing the coolant flow
rate, or reducing the contact resistance. To study the effects of
various parameters and means to improve the fill time, a 15 mm
metal hydride thickness, which encompasses the optimum
10 mm thickness, is used.

3.2. Effects of distance from cooling surface

The behavior of the metal hydride at different distances from
the cooling surface helps further the understanding of the impor-
tance of metal hydride thickness. Fig. 4(a–c) shows the variations
over time of the volumetric heat generation, temperature and reac-
tion progress at different locations within the metal hydride. Five
locations separated by one fourth of the 15 mm width are consid-
ered. The location at the interface between the metal hydride and
metal surface of the cooling passage is numbered 1, and the loca-
tion farthest from the metal surface along the adiabatic boundary
(see Fig. 2(b)) is numbered 5. The parameters used are the same
as those listed in Table 2 and it is assumed that the metal hydride
is initially at 20 �C before the hydrogen is charged. During the
charging process, the hydrogen gas is supplied at a pressure that
increases from 1 to 300 bar in 60 s; the pressure is then maintained
at 300 bar until the hydriding process is complete.

Fig. 4(a) shows the volumetric rate of heat generation due to
pressurization and hydriding over time at the five locations. No
heat is generated due to hydriding in the first few seconds; the
only source of heating during this early period is pressurization.
Since the metal hydride is initially at 20 �C, the corresponding
equilibrium pressure is around 100 bar. Hence, hydriding will not
start until either the pressure is at least above 100 bar or the metal
hydride has cooled to a lower temperature where the correspond-
ing equilibrium pressure is lower than the metal hydride tank
pressure.

The driving potential for the hydriding reaction is the difference
between the metal hydride tank pressure and equilibrium pres-
sure; the larger this difference is the faster is the reaction rate.
The rate can be increased by either increasing the pressure or
reducing the metal hydride temperature. During the first 60 s,
pressure is assumed to increase linearly from atmospheric to
300 bar. During this pressurization ramp, the metal hydride tem-
perature increases. If sufficient cooling is provided during a small
pressure increment during the pressure ramp, the metal hydride
temperature will be maintained below the equilibrium tempera-
ture and the reaction continues as the pressure increases by a sec-
ond increment. However, if the cooling is insufficient, the metal
hydride temperature reaches the equilibrium temperature and
the reaction stalls. The reaction can then resume if either the pres-
sure is sufficiently increased or the temperature sufficiently re-
duced. The present model assumes the pressure is maintained
constant at the end of the 60 s period. As a result, the only way
to increase the driving potential (i.e., lower equilibrium pressure)
is to decrease the metal hydride temperature. Thus, at each of
the five locations, peak heat generation rate is observed at the
end of the pressurization ramp, after which the heat generation
drops significantly due to the decreased rate of hydriding.



Fig. 4. Variations of (a) heat generation rate, (b) temperature, and (c) reaction
progress with time at five locations within metal hydride.
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Fig. 4(a) shows that location 1, which is closest to the coolant pas-
sage, is associated with very high heat transfer rates. As a result,
metal hydride temperatures at this location are always lower than
the equilibrium temperature and location 1 has high reaction rates.
Similarly, location 2, which has a slower cooling rate than location
1, is always below the equilibrium temperature. At location 3, the
heat generation rate drops significantly at the end of the pressuri-
zation ramp. The reaction rates then increase once the temperature
starts decreasing as a result of cooling. At around 5 min the reac-
tion rate is highest, causing a peak in the heat generation rate. This
peak in the heat generation rate can be observed shifting to the
right along the time axis as we move away from the cooling sur-
face. Being farthest away from the cooling surface, locations 4
and 5 do not receive sufficient cooling to reduce their temperatures
quickly enough. At these two remote locations, the reaction stops
at the end of the pressurization ramp because they reach equilib-
rium temperature. Location 4 starts reacting again at 2 min and
reaches peak reaction rate at 8.2 min, while location 5 does not
reach its peak reaction rate until after 11.5 min. At the end of
12 min, the entire metal hydride finishes more that 90% of the hyd-
riding reaction. It should be noted that the area under the volumet-
ric rate of heat generation curve equals the total heat released
while its ratio to the enthalpy of formation at any point on the
curve equals the reaction progress.

Fig. 4(b) shows the variation of metal hydride temperature with
time for each of the five locations. During the first few seconds be-
fore the start of hydriding, only pressurization contributes to heat
generation. At locations closer to the cooling passage, the rate of
cooling is higher than the rate of heat generation due to pressuri-
zation. As a result, we see that at locations 1 and 2, the tempera-
ture decreases during the period when no hydriding is occurring.
At locations 4 and 5, the cooling rate is slower and the temperature
rises higher than at location 3. Thus, the farther the metal hydride
is from the coolant passage, the higher is the temperature reached
during the pressurization, and the longer is the time it would take
to start hydriding. The equilibrium temperature corresponding to
the maximum pressure of 300 bar is 55 �C. Locations 1 and 2 never
reach this equilibrium temperature. While location 1 reaches a
maximum temperature of only 25 �C, location 2 reaches 49 �C indi-
cating high heat transfer rates at both of these locations. Also, the
temperatures at these locations drop rapidly after the pressuriza-
tion ramp. Locations 3, 4 and 5 reach the equilibrium temperature
of 55 �C at the end of the pressurization ramp. But, while the tem-
perature at location 3 starts dropping immediately after the pres-
surization ramp, albeit slowly, temperatures at locations 4 and 5
remain at 55 �C for 2 and 3.5 min, respectively, before any drop
in temperature is observed. It is to be noted here that the temper-
ature never increases above the equilibrium temperature. This is
because, at the equilibrium temperature, the metal hydride tank
pressure is same as the equilibrium pressure and there is no driv-
ing potential for hydriding, which causes the reaction and, hence,
heat generation to stop. At location 3, the temperature starts drop-
ping at a faster rate after 5 min suggesting that most of the reaction
is over. However, at location 5, which is 15 mm from the coolant
passage, it takes more than 6.5 min to drop by 1 �C to reach
54 �C and takes more than 10 min to drop below 50 �C. Thus, main-
taining low metal hydride temperatures is the most important fac-
tor in achieving fast filling rates. As the temperature decreases, the
driving potential for hydriding increases, which leads to faster fill-
ing rates.

Fig. 4(c) shows the variation of the reaction progress over time
at the five metal hydride locations. As discussed earlier, no hydrid-
ing reaction is observed in the first few seconds of pressurization.
Also, the reaction first starts at locations closest to the coolant pas-
sage and then proceeds to the more remote locations. Fig. 4(c)
shows no decrease in the reaction rate at locations 1 and 2 after
the pressurization ramp ends. These two locations are associated
with very high heat transfer rates and, from the reaction profiles,
it can be seen that the reaction is not heat transfer limited but
kinetics limited. This means that were the heat transfer rates to
be increased by increasing the coolant flow rate or decreasing
the coolant temperature, the reaction progress at locations 1 and
2 would still remain the same. The time it takes to complete
100% reaction from 90% is about 2 to 3 min at each location. This
is a long time considering the target fill time of 5 min. With the fill



Fig. 5. Variations of (a) fill time and (b) reaction progress at 5 min for 15-mm metal
hydride layer with non-dimensional conductance (NDC).
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time being the time to finish 90% of the hydriding, the effective
material storage capacity is 90% of the maximum hydrogen storage
capacity. At the other locations, the reaction slows down and may
even stop (especially at location 5) until the metal hydride is
cooled enough to bring its temperature below the equilibrium
temperature, after which the reaction continues until the hydrid-
ing is complete. Thus, the time it takes to completely the hydriding
depends directly on the heat transfer rate, which, in turn, depends
on the thickness of the hydride layer.

4. Parameters influencing fill rate

4.1. Non-dimensional conductance

For a given metal hydride composition, the reaction rate depends
only on heat transfer parameters. Just like in any heat exchanger,
heat transfer rate can be improved by increasing the conductance
of the path of heat flow. In a heat exchanger, there are a number of
parameters that affect heat transfer rate. And in the present applica-
tion, where a reacting medium is cooled by a coolant flowing
through coolant passages, heat transfer rate is affected by coolant
temperature, coolant flow rate, contact resistance, thickness of me-
tal hydride layer, and the effective conductivity of the metal hydride
powder. To consolidate the influences of these parameters on the
heat transfer performance and to study their relative importance
to the fill rate, a new non-dimensional conductance (NDC) parame-
ter is developed. The NDC is defined as the ratio of the maximum heat
rate that can be removed from the metal hydride under a prescribed
set of experimental conditions to the heat rate that would be gener-
ated for a specified thickness of metal hydride to hydride completely
in the desired time.

NDC ¼

TMH;max�Tf
1

hf
þRtcþ L

kMH

� �

DHr ðwt%ÞqMH
MWH2

� L
tdes

� � : ð5Þ

The NDC is a measure of the fraction of heat generation rate due
to hydriding that can be removed by the heat exchanger. A higher
NDC amounts to higher heat transfer rates. TMH,max in Eq. (5) is the
equilibrium temperature of the metal hydride corresponding to the
maximum hydrogen pressure at the end of the pressure ramp.
Increasing hydriding pressure increases reaction rate as well as
the metal hydride equilibrium temperature. Thus, TMH,max is an
indirect measure of pressure and a higher TMH,max value indicates
faster hydriding rates. Eq. (5) shows a higher NDC can also be
achieved by lowering the coolant temperature, Tf, or by increasing
the conductance of the heat transfer path. The effect of the cool-
ant’s flow rate is implicit in the magnitude of the convective heat
transfer coefficient. Another important parameter impeding heat
flow is the contact resistance between the metal hydride powder
and walls of the coolant passages. Contact resistance depends on
powder properties, mainly size and packing density, and wall prop-
erties such as material type, surface roughness, and geometry. For
a given wall material and geometry, the higher the packing density,
the higher is the pressure against the wall and the lower is the con-
tact resistance. However, there is limit to which metal hydride
powder can be packed. As discussed earlier, metal hydrides are
known to expand by as much as 30% during hydriding. Hence,
the packing density must be such that it is just sufficient to accom-
modate the expansion during hydriding so that the contact resis-
tance can be minimized. Finally, as discussed in the previous
section, heat transfer rate is smaller in thicker hydride layers.
Thicker layers increase the conduction resistance to the heat flow
from the metal hydride particles to the coolant. Hence, the NDC de-
creases with increasing hydride layer thickness. On the other hand,
higher metal hydride conductivity improves heat transfer rates and
increases the NDC. The denominator in Eq. (5) is the average heat
generation rate if all the metal hydride in a layer of thickness L
were to be hydrided within a desired fill time tdes. The desired fill
time tdes is set equal to 5 min in the present analysis.

Shown in Fig. 5(a and b) are the variations of fill time and the
reaction progress at the end of 5 min with NDC. These plots cover
broad ranges of coolant temperatures, convective coefficients
(which depend on coolant flow rate) and contact resistances. The
metal hydride thickness is fixed at 15 mm and metal hydride ki-
netic properties are those listed in Table 2. Fig. 5(a) shows fill time
decreases with increasing NDC. For a given coolant temperature,
the fill time decreases monotonically with an increase in the con-
vective coefficient or a decrease in the contact resistance. Increas-
ing the convective coefficient from 100 to 500 W/m2 K significantly
reduces the fill time by as much as 50% in some cases. While
increasing the convective coefficient above 500 W/m2 K also re-
duces the fill time, the effect is far less pronounced. Increasing
the convective coefficient from 2500 to 5000 W/m2 K does not lead
to any significant improvements (less than 5%) in fill time. Hence,
while increasing the flow rates does reduce the fill time, there is a
limit beyond which increasing the flow rate has very little effect on
fill time. Lower contact resistances also lead to shorter fill times.
However, less than 7% difference in fill time is observed when
the contact resistance is increased from zero to 500 mm2 K/W.
Increasing the contact resistance above 500 mm2 K/W causes a
noticeable increase in the fill time. Comparing the slopes of the
plots at different coolant temperatures, it can be seen that the con-
tact resistance and convection coefficients have stronger effects at
higher coolant temperatures than at lower temperatures. Also,
reducing the coolant temperature is the most practical and effec-
tive way to reduce the fill time. Under a given set of conditions,



Fig. 6. Variation of fill time with non-dimensional conductance for 8 mm and
15 mm metal hydride layers.

Fig. 7. Effect of metal hydride thermal conductivity on H2 fill time.

Fig. 8. Effect of coolant temperature on H2 fill time.
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reducing the coolant temperature from 20 �C to 0 �C can, in some
cases, reduce the fill time by as much as 10 min.

Fig. 5(b) shows the reaction progress at the end of 5 min plotted
against the NDC for a 15-mm metal hydride layer. These results
show that, within the range of experimental conditions varied in
this analysis, a fill time of 5 min is not achievable since all reaction
progress values fall below 90%. This means that for this particular
metal hydride powder, it is practically impossible to achieve a fill
time of 5 min if the layer thickness is 15 mm or greater without
improving the effective thermal conductivity or reducing the pack-
ing density.

It should be noted that, for a given NDC value, different fill times
are possible depending on the relative importance of different
parameters. In other words, there is more than one way to achieve
a particular NDC value that would not necessarily yield the same
fill time.

Fig. 6 compares the variation of fill time with NDC for an 8-mm
metal hydride layer to that of the 15-mm layer shown in Fig. 5(a).
Under a given set of conditions, reducing the thickness from 15 to
8 mm significantly reduces the fill time while increasing the NDC.
Fig. 6 shows that there is a consistent relationship between the
reaction rate and the NDC. The NDC can therefore be used as a
characteristic parameter to estimate and study the effects of vari-
ous parameters on reaction rate. Increasing the NDC beyond 0.8
does not cause much increase in the filling rate because the kinetic
limit is reached.
4.2. Effects of thermal conductivity of HPMH

Shown in Fig. 7 is a plot of the fill time as a function of the effec-
tive thermal conductivity of the metal hydride powder. At low
thermal conductivity, the fill times are very long, approaching
40 min for an effective thermal conductivity of 0.2 W/m K com-
pared to 10 min for 1 W/m K. Thermal conductivity has a weak ef-
fect above 2 W/m K. For example, increasing the conductivity from
5 to 10 W/m K decreases the fill time from 5.1 to only 4.5 min. As
discussed earlier, high-pressure metal hydrides generally have low
intrinsic thermal conductivity. The process of hydriding does not
have any noticeable effect on thermal conductivity, however it
does increase with an increase in the hydrogen pressure. The effec-
tive conductivity of metal hydride powders can be improved with
additives such as aluminum powder or carbon nanotubes. While
additives increase the effective conductivity, they also reduce the
amount of metal hydride in the heat exchanger. Thus, the use of
additives to improve the thermal conductivity is a tradeoff
between reducing the fill time and compromising the hydrogen
storage capacity.

4.3. Effects of coolant temperature

Fig. 8 shows the fill time decreases monotonically with decreas-
ing coolant temperature. Also, the influence of coolant temperature
is more pronounced at higher temperatures. Decreasing the cool-
ant temperature reduces the fill time until the kinetic limit is
reached, after which it has no effect on fill time. Decreasing the
coolant temperature has a direct and significant influence in
increasing both the heat transfer rate and the reaction rate. This
is especially important in a hydrogen storage system in which
thermal parameters like contact resistance change as a function
of the hydrided state of the metal hydride. Being externally con-
trolled, coolant temperature can be the most effective design
parameter to achieve a desired fill time.
5. Sensitivity Analysis

Fig. 9 shows the relative influence of key parameters and metal
hydride properties on fill time. The fill time is calculated for each
parameter by independently varying its magnitude within a prac-
tical range, while all other parameters are held constant at nominal
values. Under the listed set of nominal values, it takes 10.6 min to
complete 90% of the hydriding reaction for a 15-mm layer of metal
hydride.

Fig. 9 shows that the fill time is most sensitive to the effective
thermal conductivity of the metal hydride and the coolant



Fig. 9. Sensitivity analysis of various parameters and properties influencing fill
time.
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temperature. The sensitivity to the thermal conductivity assumes
greater significance because it changes during the process of hyd-
riding and also depends on such parameters as hydride particle size,
shape, and packing density. The value of kMH is varied between 0.5
and 5 W/m K. The lower range from 0.5 to 1 W/m K corresponds to
values measured for pure metal hydride powder [16,22]. Increasing
kMH from 0.5 to 1 W/m K decreases the fill time considerably, from
17.7 to 10.7 min. Increasing kMH from 1 to 5 W/m K further reduces
the fill time to 5 min, albeit at a lesser rate than between 0.1 and
1 W/m K. Thus, fill time is more sensitive to kMH at lower kMH values
and a minimum value of about 1 W/m K is necessary for practical
fill times. Thermal conductivity can be improved by mixing metal
hydride powder with additives such as aluminum powder and car-
bon nanotubes. While it is advantageous to improve the thermal
conductivity, doing so with additives should be weighed against a
corresponding reduction in storage capacity.

Fig. 9 shows that lowering the coolant temperature by 20 �C re-
duces the fill time by 2.6 min, however, an increase in coolant tem-
perature by 20 �C increases fill time by 5.3 min. Thus, fill time is
more sensitive to coolant temperature at higher values. Lowering
the coolant temperature is an effective means to reducing fill time,
especially since it is an externally controlled parameter. The selec-
tion of an appropriate coolant temperature is the result of a trade-
off between desired fill time and cost of the cooling system.

Contact resistance is the third parameter that appears to have
an appreciable influence on fill time. This parameter depends on
a variety of factors and is difficult to either control or characterize.
For metal hydride particles, the contact resistance is calculated to
vary between 400 and 3000 mm2 K/W [23]. As the hydride powder
expands and contracts due to hydriding cycles, Rtc may further in-
crease due to movement of the hydride powder bed. Fig. 9 shows
fill time is sensitive to Rtc and it is important to maintain low Rtc

values to achieve short fill times.
Coolant flow rate has a limited effect on fill time. Increasing the

convective coefficient from 2500 to 5000 W/m2 K reduces the fill
time by less than a minute. Reducing hf to 500 W/m2 K also has a
small effect and increases the fill time to 12.2 min. However,
reducing hf to 100 W/m2 K increases fill time to 20 min. Thus, it
is important to maintain a coolant flow rate above a minimum lim-
it, but above this limit the effect of flow rate is insignificant.

The kinetic properties of the metal hydride greatly depend on
their exact composition. Changing the relative composition of Ti–
Cr–Mn by just 10% can change the enthalpy of reaction by as much
as 18% [15]. To study the effect of change in the enthalpy of reac-
tion on fill time, DHr was varied between 70% and 130% of the
nominal value. Along with the enthalpy of reaction, the entropy
change is also modified such that equilibrium pressure corre-
sponding to the peak temperature is the same in each case. Fig. 9
shows higher values of enthalpy of reaction, which amount to
higher rates of heat generation, prolong fill time. Hence, it is
important to suitably modify the heat exchanger design for each
metal hydride so that the desired fill time is reached.

Activation rate, Ca, is a measure of the reaction rate of the metal
hydride. For LaNi5, Ca = 54.7 s�1 while for Ti0.8Zr0.2Cr0.8Mn1.2,
Ca = 500 s�1 [16]. Fig. 9 shows fill time is quite insensitive to Ca,
with Ca = 50 s�1 yielding a fill time of 12 min compared to 10 min
for Ca = 10,000 s�1.

Overall, Fig. 9 shows that the most practical and effective means
to reducing fill time are to (1) enhance the thermal conductivity of
the metal hydride, (2) reduce the coolant’s temperature, and (3) re-
duce the thermal contact resistance.
6. Conclusions

In order to achieve industry targets for on-board hydrogen storage,
it is important to improve current material properties as well as devel-
op new materials with high storage capacities. It is also important to
simultaneously design and optimize the storage systems. Work pre-
sented here forms a basis for practical heat exchanger design used
in storage systems employing materials with high rates of heat gener-
ation during refueling. Key conclusions from this study are as follow.

1. The heat exchanger is the most important component of a hydro-
gen storage system utilizing high-pressure metal hydrides. It has
to perform the task of storing the metal hydride while providing
sufficient cooling to achieve the required short fill time.

2. Metal hydride layer thickness (maximum distance between the
metal hydride powder and the cooling surface) is the most
important design parameter for the heat exchanger. For
Ti1.1CrMn, this thickness must be kept below 10 mm to achieve
a fill time of 5 min.

3. Metal hydride particles closest to the cooling surface react at a
faster rate compared to those located farther away. With a suf-
ficient cooling rate, the hydride quickly cools to below the equi-
librium temperature. However, if the cooling rate is insufficient,
the hydride remains at equilibrium temperature for an
extended period and the reaction stops.

4. A new parameter called non-dimensional conductance (NDC) is
developed. It is a measure of the fraction of heat generation rate
due to hydriding that can be removed by the heat exchanger.
NDC can be used as a characteristic parameter to estimate the
effects of various parameters on the reaction rate.

5. Fill time is sensitive mostly to the effective thermal conductiv-
ity of the metal hydride and the coolant’s temperature, followed
by the contact resistance. While it is important to maintain the
coolant’s flow rate above a minimum limit, there are no addi-
tional benefits to increasing the flow rate above this limit.

6. Contact resistance is unavoidable when using powders for hydro-
gen storage, and is also the most difficult parameter to control or
characterize. Contact resistance may be minimized by moderate
packing of the powder within the heat exchanger to completely
accommodate the powder in its fully hydrided (expanded) state,
but without crushing the sharp-edged fine particles.
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