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Reversible high-pressure metal hydrides offer excellent cold start capability and potentially increased
hydrogen storage capacity. However, efficient thermal management is a critical issue in this kind of sys-
tems. In the present work, hydriding and dehydriding tests have been conducted with 100 g of Ti; ;MnCr
metal hydride at pressures up to 330 bar. Thermal characteristics of the Ti; ;MnCr system have been
quantified from the experimental data and simulated using a basic numerical model. By varying the cool-
ant flow rates, a hydrogen filling time of 12 min has been achieved.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Alternative energy sources are being sought aggressively to pro-
vide solutions to issues related to the environmental impact and
cost of fossil fuels. Among the various possible solutions is hydro-
gen as an energy carrier. Hydrogen when used in fuel cells pro-
duces water as the by-product, making it environmentally benign
at the point of use. Another advantage of hydrogen is the diversity
of primary energy sources that can be used to produce it; including
sustainable resources such as wind, hydropower, biomass and so-
lar, as well as existing fossil fuels and nuclear power.

In the automotive industry, many technical challenges must be
addressed before a hydrogen-powered vehicle can be realized as an
economical and sustainable replacement for existing vehicles.
On-board hydrogen storage options include compressed hydrogen,
liquid hydrogen, metal hydrides (MHs), chemical hydrides, and
cryo-sorbents. Among these methods, metal hydrides offer high
volumetric density, comparable to that of liquid hydrogen [1],
but most have low gravimetric density [2]. The other disadvantage
of metal hydrides is that they release large amounts of heat while
hydriding, and the speed of the hydriding process is limited by the
hydride’s thermal properties and related cooling technologies.
Additionally, thermal management of the hydriding process is
challenging because of the low thermal conductivity of metal hy-
drides [3].
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The rates of hydrogen absorption and desorption depends on
the mass transfer, heat transfer and the reaction kinetics of the me-
tal hydride bed [3,4]. Zhang et al. [5] reviewed the general heat
transfer issues involved in the different hydrogen storage methods,
and Koh et al. [6] reviewed the kinetics of LaNis hydriding kinetics.
Most existing literature on metal hydrides has focused on bench-
scale studies of reaction kinetics and thermodynamics. However,
larger-scale studies are necessary to fully understand the effects
of heat and mass transfer on the performance of an on-board
hydrogen storage system. At the system scale, issues such as metal
hydride kinetics, effective thermal conductivity, and pressurization
profiles become paramount to performance.

This work is aimed at testing the hydriding and dehydriding
characteristics of a representative high-pressure metal hydride,
Ti; {MnCr. Kojima et al. [7] tested the absorption/desorption iso-
therms of small (10 g) samples of Ti-Cr-Mn-H materials. The me-
tal alloy of Ti; ;MnCr typically exhibits a maximum absorption of
1.8 wt.% of hydrogen in the pressure range of 1 and 330 bar at
296 K, and its heat of formation is —22 kJ/mol H, as obtained from
the Van't Hoff plots [7,8]. A thermal management system is re-
quired to handle the high heat fluxes generated upon absorption
in the high-pressure environment.

The present work involves a modular system-scale study of the
thermal characteristics of hydrogen absorption/desorption by the
material, Ti; ;MnCr. Thermal loads are managed by the use of an
active coolant flow, and the mass transfer of hydrogen is varied
using different pressurization/venting profiles. The effects of these
variations on the hydriding and dehydriding temperature profiles
of the metal hydride are measured and analyzed.
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Nomenclature

A heat transfer area, m?
C specific heat, kJ/kg K
G, hydriding constant, 1/s

E, activation energy, kJ/mol H,

F fraction of transformation or progress variable
[H] hydrogen atom concentration, kmol/m?

h convection heat transfer coefficient, W/m? K

k hydriding rate or inverse of hydriding time scale, 1/s
L characteristic conduction length, m

l characteristic convection length, m

LHV lower heating value, kJ/kg

[M] metal atom concentration, kmol/m?>

m” mass flow rate, kg/m>s

MH metal hydride

Nu Nusselt number

P filling pressure, bar

Pr Prandtl number

q" volumetric heat release rate, MW/m>

Rep Reynolds number

Ry universal gas constant, 8.314 J/mol K

T temperature, K or °C

t time, s

U overall heat transfer coefficient, W/m? K

WMy molecular weight of hydrogen atom, 1 kg/kmol
X distance, m

Greek symbols

o thermal diffusivity, m?/s

) wall thickness, m

€ porosity

AH, heat of compression, kJ/kg

AH; heat of reaction (negative for exothermal), k]/mol H,
y) thermal conductivity, W/m K

o density, kg/m>

Subscripts

eff effective

eq equilibrium

Hy hydriding

m maximum

p constant pressure

0 reference state

v constant volume

00 ambient

2. Experimental methods
2.1. Metal hydride

The raw material, Ti; ;CrMn, is a mixture of three metal pow-
ders, titanium, chromium and manganese, mixed in the required
atomic ratio of 1.1:1:1. This alloy has to be preprocessed through
a two-step activation process to make it reactive and to attain its
full capacity of hydrogen absorption of approximately 1.8 wt.%.
For this work, a batch of 100 g of metal hydride was activated.

2.2. Lab facility and test module

The Hydrogen Systems Lab at the Purdue University Zucrow
Laboratories is comprised of two test cells and a control room for
high-pressure testing using hydrogen. It is designed in accordance
with NFPA and NASA standards for hydrogen safety. High-pressure
reversible metal hydrides are tested in the lab at pressures up to
345 bar. The data acquisition and control systems have been de-
signed to accommodate arbitrary hydrogen pressurization profiles.
The facility also has a glove box that has an ultra-high purity argon
environment with less than 0.1 ppm of oxygen and less than
0.1 ppm of moisture to store pyrophoric materials such as acti-
vated metal hydride powder. The laboratory is also equipped with
a closed-loop heat exchanger system with a cooling capacity of
10 kw.

The experimental system consists of a high-pressure hydrogen
feed system, pressure vessel assembly, a tube-in-tube heat exchan-
ger for removal of heat from the metal hydride by the coolant flow
during absorption, a cooling system to supply coolant flow, data
acquisition and instrumentation, and a glove box for material han-
dling. Since high pressures are required for testing the metal hy-
dride, the various components used in the high-pressure systems,
namely the pressure vessel, hydrogen feed, supply and vent sys-
tems are designed to handle pressures up to approximately
400 bar.

Shown in Fig. 1, the test article is a finned tube-in-tube heat ex-
changer designed to supply coolant flow in the inner tube and to
hold metal hydride powder between the fins. This semi-sectional

view outlines the plate fin heat exchanger with an outer tube
assembly and a thermocouple probe. The outer tube is a porous
tube with a high-temperature filter paper and stainless steel mesh
around it. When the pressure vessel is pressurized, the hydrogen
fills in all the empty slots and also comes in contact with the metal
hydride from all around the tube. As per a scaling analysis of the
energy equation [9], a diameter of 51 mm (2”) is used for the outer
tube of the heat exchanger. A schematic of the test article and the
thermocouple placement is shown in Fig. 2. Only two of the slots,
labeled as Slot 1 and Slot 2 in the schematic, are filled with 46.6 g
of metal hydride powder each. Probe 1 measures the temperature
of the metal hydride and the empty spacing, and probe 2 measures
the gas temperature.

2.3. Experimental observation

Various tests were conducted using the 93.2 g of activated me-
tal hydride powder available for the study. Shown in Fig. 3 are the
experimental temperatures in the pressure vessel during a repre-
sentative test. Initially, the coolant flow is set at 0.9 1 per minute
(Ipm) at 4 °C. This cools the metal hydride to 5°C at t=20 min

Thermocouple probe

Outertube assembly

Fin structure

Coolanttube

5cm
—

Fig. 1. High-pressure metal hydride test article schematic.
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Fig. 2. High-pressure metal hydride test article schematic with temperature probe
showing the locations of sensors on the probe.
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Fig. 3. Temperature and pressure profiles recorded during a typical high-pressure
metal hydride test.

while the hydrogen gas is at 14 °C due to a higher ambient temper-
ature. The pressurization profiles are divided into three zones cor-
responding to three distinct phases. A description of each of the
characteristic zone of a typical test is given below.

2.3.1. Zone 1

The pressure vessel is first pressurized from 1 to 68 bar in 60 s
with a coolant flow of 0.9 Ipm at 4 °C. The gas temperature in-
creases to 31 °C, and the metal hydride temperature increases from
5 to 13 °C. This increase is mainly attributed to compression heat-
ing although a small amount of this can be due to the exothermic
hydriding reaction.

2.3.2. Zone 2

After allowing the system to cool back down to the starting
temperatures, the pressure vessel is pressurized from 68 to
330 bar in 30 s with a coolant flow of 0.9 Ipm at 4 °C. The temper-
atures in the system increases with increasing pressure and then
decreases after the pressurization stopped. A maximum tempera-
ture of 55 °C is observed in the metal hydride at the locations mon-
itored by sensors 1 and 2. The temperature readings characteristic
of Zone 2 are shown in Fig. 4. It is observed that sensors 1 and 2
record nearly the same temperatures, sensors 3 and 4 exhibit sim-
ilar temperatures, and sensor 5 shows the lowest temperature.
Although sensors 2 and 5 are at similar locations in the metal hy-
dride with respect to the fins, their temperature readings differ.
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Fig. 4. Peak shift observed in maximum temperatures of different sensors during
the pressurization process (Zone 2).

This is attributed to the fin effect of the metal-sheathed thermo-
couple probe, and this effect is most pronounced at sensor 5. Fur-
ther, a temporal peak shift of the maximum temperatures is
observed in all the tests. The peak shifts for the above typical test
are shown on Fig. 4. A shift of up to 21 s in the peak temperatures
from the gas temperature to the temperature recorded by sensor 5
was observed in this test. This peak shift is likely due to fin effects
caused by the thermocouple probe.

2.3.3. Zone 3

The pressure vessel is vented from 140 to 1 bar by setting the
vent regulator upstream of a sonic venturi at 14 bar leading to a
constant mass flow rate of 0.5 g/s. A coolant flow of 0.9 Ipm at a
temperature of 12 °C is used during the venting process. A mini-
mum temperature of —10 °C is observed in sensors 1 and 2. As
shown in Fig. 5, the trends observed at various locations in the test
article during the venting process are similar to those recorded in
the pressurization temperature profiles. Furthermore, as expected,
the temperature variations in the empty spacing (gas temperature)
is much less than that of the metal hydride.
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Fig. 5. Temperature and pressure profiles recorded during venting from 140 to
1 bar (Zone 3).
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3. Numerical model

The aforementioned experimental results are influenced by a
variety of physical phenomena including compression heating,
convection between the hydride and filling hydrogen gas, and
interfacial heat conduction among particles, hydrogen gas, and so-
lid fins. Numerical modeling has served to aid in the interpretation
of the experimental data, and as a result of the physical complexity
of the transport processes, we have chosen an effective medium
approach for system-level modeling using the best available data
and estimates of the thermochemical properties. The following
sections describe the major components of the model.

3.1. Kinetics

A complete characterization of the kinetics of Ti; ;CrMn has not
been reported in the literature, and hence, the reaction parameters
(e.g., activation energy, E, and Arrhenius constant, C,) are unknown
for this material. The kinetics of LaNis on the other hand, have been
well documented in previous work [6,10,11]. LaNis is an ABs type
of metal hydride, whereas Ti;;MnCr is an AB, type of metal hy-
dride. Further LaNis is a low-pressure metal hydride as compared
to Ti; ;MnCr. Consequently, compression heating can be ignored
in modeling the hydriding process of LaNis [12]. However, for
Ti, 1MnCr, compression heating plays a significant role in the tem-
perature rise. In spite of these differences, the reaction parameters
of LaNis are reasonable engineering estimates and are used in the
present study. Ongoing work at the Hydrogen Systems Lab is
aimed at determining key thermal and kinetic properties of
Tiy 1MnCr as a function of operating conditions: pressure, temper-
ature, and hydrogen concentration.

The rate-limiting step of LaNis kinetics has been suggested to be
an interface process, for which the driving force of hydriding is pro-
portional to a function of the pressure (P) of gas and the equilib-
rium pressure (Pq) of the hydride at that temperature. Naturally,
the filling pressure should be kept above the equilibrium pressure
(Peq) for the hydriding process to occur. This function, f{P, P,;) can
take various forms including In(P/P.q) [9,10] and (P — Pgq) [13]. In
addition, the metal hydride temperature must be kept as low as
possible because P, increases with temperature according to a
relationship of the form of Eq. (1) [14].

AH, (1 1
Pa=Prep |3 (17 )] M)
u

where Py, the equilibrium pressure at temperature Ty, and AH,, the
heat of reaction, are intrinsic material properties. The heat of reac-
tion, AH,, is a fundamental measure of the metal-hydrogen bond
strength and is especially important to thermal management. For
a first-order kinetic model, the rate of the overall hydriding process
can be described as,

%:k(l —F) (2)

where F, the progress variable, is given by

-G/

and k, the rate constant, is defined as,

k = C,exp (7 R}::,LIT)f(P’ Pey) (4)

where f(P, P,q) is a function of gas and equilibrium pressures such as
IN(P/Peq).

3.2. Numerical analysis

For the metal hydride, the energy conservation equation is gi-

ven by,
aT [H] OF 2 -

(pC)MHE = _TmAHrE'*‘AEffV T+ Qp-n, (5)

For the hydrogen phase, the compression heating can be ac-
counted for by making the assumption of negligible hydrogen
momentum and negligible spatial variation of pressure in the con-
trol volume [15], and hence the energy equation becomes,

oT op

(PO, 5 =5 + 70V T + i (6)

Making the assumption that the metal hydride and hydrogen
temperatures are locally equal, gives qfj yy = qyy_u, = 0. The
effective medium approximation then leads to the conservation
of energy equation as,

aT

H OF
(PO)ep ¢ = —(1 - s)%AH,E

, 17)
4 g VAT + 62 @
ot
where, (pC)e is an effective volumetric heat capacity that is esti-
mated from an average over a control volume containing the porous
metal hydride with hydrogen in the pores.

(PC)er = (1 = &)(PC)y + &(PCo )y, )

The heat capacity term (left side of Eq. (7)) is defined for the
effective medium of the porous metal hydride powder and hydro-
gen occupying the empty spaces between the particles. The first
term on the right side of Eq. (7) is the heat generation term due
to hydriding, and the second term is the heat dissipation due to
conduction. The specific heat of the TiCrMn metal hydride powder
was measured by General Motors Tech Center (Warren, MI) to be
approximately 484 J/kg K. The density of the powder was mea-
sured to be approximately 2400 kg/m> with a porosity of 50%.

There are a number of deviations from the assumed model. An
important factor during hydriding/dehydriding cycles is that the
volume occupied by the metal hydride powder increases and
decreases by up to 30%, causing the particles to break down and
become finer [16]. This changes the material properties over the
number of cycles. Further, the specific heat and density of hydro-
gen are functions of temperature. The specific heat of the metal
hydride increases with amount of absorption and temperature
[17]. These factors are not considered in this work, and an overall
(pC)efrs for the effective media of hydrogen and metal hydride of
1265 kJ/m> K is assumed.

The maximum atomic hydrogen content per metal atom,
[H],,/[M], of Ti;;MnCrHs is 1. The reaction enthalpy, AH;, for the
metal hydride is obtained from the slope of the Van't Hoff curve
from the pressure-composition-isotherms (PCIs) of the metal hy-
dride, reported in Ref. [7]. The effective thermal conductivity of
the metal hydride bed, e was measured to be 1.45W/mK at
the General Motors Tech Center. Although 2. varies with temper-
ature, pressure and amount of absorption, it is assumed constant
here. The effective thermal conductivity is a function of the reacted
fraction, pressure and temperature. It has been observed to de-
crease with increasing reacted fraction for constant pressure and
temperature. For example, the Z.s for a magnesium hydride bed
varies from 9 to 4 W/m K from the metallic to the hydrided phase
[18]. The effective thermal conductivity increases with a rise in
pressure and temperature [18].

The progress variable F is a good indicator of the process, start-
ing from zero at the beginning and tending to unity at the end of
hydriding. The hydrogen mass flow rate into a single-port pressure
vessel can be related to F as
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. dF
" = WMyu[H] , == 9
m H[ ]m dt ( )
The values of E; and G, are taken from Suda et al. [19] on LaNis

as 20.7 kJ/mol H, and 54.7 1/s, respectively.
3.3. Computational geometry and boundary conditions

The test module is a finned assembly that contains the coolant
tube with the metal hydride powder contained in the fin slots. Be-
cause of geometric symmetry, half the fin slot and half the fin have
been included in the numerical simulation shown in Fig. 6. The me-
tal hydride bed is a 2” (50.8 mm) outer diameter, %" (12.7 mm)
long cylinder, and the coolant tube has an outer diameter of 3/8”
(9.525 mm). The coolant flow is treated as a convective boundary
condition with a heat transfer coefficient and temperature of cool-
ant corresponding to actual test conditions. Shown in Table 1 are
the coolant flow values used in the tests with their corresponding
Reynolds numbers, maximum observed temperature variations,
Nusselts numbers, and heat transfer coefficients. The correlations
used to compile the Nusselts numbers are listed in Egs. (10)—(12).

e Constant wall surface temperature for laminar thermal entry
length (Rep < 2300): from Hausen and Kays in Ref. [20]

(10)

NiL— 3.6 + ( 0.0668RepPr(D/L) )

14 0.04(RepPrD/L)*>

e Fully developed turbulent flow (0.5 < Pr <2000, 3 x 10> < Rep <
5 x 10°): from Petukhov in Ref. [20]

Nu — (¢/8)(Rep — 11(2)00)2P3r (11)

1.07 +12.7(¢/8)*(Pr* — 1)
where
¢=(0.790InRep — 1.64)° (12)

f
Control Volume
Fin
Temperature - Metal
Sensor- Hydride

Fig. 6. Control volume used in the Fluent™ numerical model.

The thermal resistance due to the thickness of the coolant tube
is represented as a wall conduction resistance in the simulations.
The fin is made of copper, and the coolant tube is made of stainless
steel. All other boundaries are assumed to be adiabatic, and end ef-
fects have been ignored. The temperature sensing point shown on
Fig. 6 is located at the experimental probe position. Further, the
initial temperature of the control volume is set at 5 °C to match
the experimental conditions.

4. Results and discussion

The computational model was run initially to achieve grid and
time step independence. The model converged with a time step
of 0.5s, a mesh of 184570 tetrahedral mesh volumes for the fin
and 621143 tetrahedral mesh volumes for the metal hydride and
with an approximate grid length of 0.02 in. (0.508 mm). After refin-
ing the mesh and the time step, the computational model was run
by varying the different input parameters including the pressure
function and the coolant flow rate. The temperature map of the
control volume after 325 s of simulation for a 68 to 330 bar in
30 s pressurization profile is shown in Fig. 7.

4.1. Pressure function

In prior literature, different pressure-dependent functions,
f(P, Peg), have been suggested, including In(P/P.y), (P/Pe) and
(P/Peq)z. Prior literature suggests that the driving force is propor-
tional to In(P/P.y) when bulk diffusion limits the reaction rate
[10,11] and is proportional to (P/P.;) when surface transport is
rate-limiting [3].

The Fluent™ model was run with three aforementioned pres-
sure functions, keeping the other input parameters the same (pres-
surization from 68 to 330 bar in 30s and coolant flow rate of
0.9 Ipm, giving a heat transfer coefficient, h of 1100 W/m?K). The
metal hydride temperatures obtained are plotted in Fig. 8, along
with the experimental metal hydride temperature profile at the
same location and the experimental hydrogen gas temperature.
Among the functions, In(P/Peq) and (P/P.q) produce results that
are closer to the experimental metal hydride temperature profile
than those obtained with (P/P,).

As shown in Fig. 8, some disparity exists between the experi-
mental and numerical temperatures with a maximum difference
of approximately 10 °C. This difference can be attributed to the ab-
sence of heat transfer between the gas and the composite metal
hydride/hydrogen porous medium assumed in the model. Clearly,
during pressurization (t <30 s), the experimental hydrogen tem-
perature in the pressure vessel is higher than the metal hydride
temperature, indicating that the metal hydride is heated by the
gas around it.

The kinetic parameters used in the model seem to be appropri-
ate and cannot be more accurately estimated using the available
model and experimental data. The slopes of the temperatures ob-
tained with the model during the pressurization from 5 to 30s
are similar to those observed in the experimental data, indicating
that the thermal capacitance used in the model simulates the
experimental situation well.

The Fluent™ model was then run for three different pressure
functions with conditions similar to test with pressurization pro-
files from 68 to 278 bar in 30 s and coolant flow rate of 3.8 Ipm cor-
responding to a heat transfer coefficient, h of 7200 W/m?-K. The
metal hydride temperatures obtained are plotted in Fig. 9, along
with the experimental metal hydride temperature profile at the
same location and the experimental hydrogen gas temperature.
Here again, the functions In(P/P.,) and (P/P.q) predict temperatures
closer to the experimental data than the function (P/P.,)*. The tem-
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Table 1
Coolant flow rates with heat transfer coefficients.

Flow # Flow rate (Ipm) Mass flow rate (g/s) Re Nu h (W/m?/K) Correlation
1 0.38 0.006 800 8 900 Hausen
2 0.8 0.013 1700 12 1100 Hausen
3 3.8 0.06 8000 80 7200 Petukhov
4 9.5 0.16 20,000 180 17,000 Petukhov
5 19 0.32 40,000 340 30,000 Petukhov
Contour Temperature (K) 50 — —
10 325
? 40 |
8 315
- 5’3 ',’ ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘
< g0l
6 305 g -
o 2 g A
5 g b Pressure x10° bar
4 295 E 205 Experimental MH temp
2 = Experimental gas temp
10 Model MH temp; f(P,P.g)=In(P/P,,)
2 285 \ Model MH temp; f(P,P.g)=In(P/P-1)
1 278 Model MH temp; f(F’,F’em)=ln(P.’Pec|-‘|)2
0 L L 1 L L L
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Fig. 7. Temperature map (degrees K) from a numerical simulation after 50s.
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Fig. 8. Comparison of numerical results for different pressure functions with
experimental data for the pressurization from 68 to 330 bar in 30 s and coolant flow
of 0.9 Ipm.

peratures obtained with the functions In(P/Pq) and (P/P.,) have a
maximum temperature difference of 5°C with the experimental
metal hydride temperature during pressurization (t<30s). This
deviation is attributed to the exchange of heat from the surround-
ing hotter hydrogen to the metal hydride powder.

In the experiments, the metal hydride cools after the pressuri-
zation (t>30s) due to heat loss to the surrounding hydrogen
and conduction to the coolant tube and the pressure vessel. The
model assumes adiabatic boundary conditions and therefore does
not include heat losses to the hydrogen gas and the pressure vessel.
Hence, the temperatures are higher in the model for t > 30s.

Time (s)

Fig. 9. Comparison of numerical results for different pressure functions with
experimental data for the pressurization from 68 to 278 bar in 30 s and coolant flow
of 3.8 Ipm.

4.2. Reaction progress

The model was used to simulate a test condition for pressuriza-
tion from 68 to 330 bar in 30s with a coolant flow of 19 Ipm
(h=30,000 W/m?K), and the results are compared with experi-
mental data in Fig. 10.

The model predicts the temperatures of the metal hydride well
during the pressurization time of 30s. The cooling of the metal
hydride (t > 30 s), however, is very different, as the model assumes
adiabatic conditions on the boundary, while, in reality, heat is lost
to the hydrogen and pressure vessel. Further, the model also does

60

50 D Model MH temp; f(P,P.)=In(P/P,,)

:c:f 40 |
= | O . SR
2 30 H
5 .
j=1
E ; .
£ 20 \ .
: ,\r Experimental MH temp
10 ; "\._ Progress variable, Fx10~,

S N

Time (min)

Fig. 10. Results for pressurization from 68 to 330 bar with coolant flow of 20 Ipm.



1332 T.L. Pourpoint et al./International Journal of Heat and Mass Transfer 53 (2010) 1326-1332

60
Test A: 0.9 Ipm coolant flow
Ve Model MH temp, Test A
50 F (KN Teme—
Test B: 19 Ipm coolant flow "~
O 40 >\
I AN Mo e TERLE it
% 30 N Pressure x10™" bar
@
o
5
= 20 .
Experimental MH temp, Test B
7 Experimental MH temp, Test A
10
O . il -t
0 5 10
Time (min)

Fig. 11. Results with different coolant flow rates for a pressurization profile of 68—
330 bar in 30s.

not include the thermocouple probe which is a heat sink as well.
The model can be improved by the addition of these effects.

4.3. Effect of coolant flow rate

Shown in Fig. 11 is a plot of experimental and computed metal
hydride temperature profiles for two different coolant flow rates of
0.9 Ipm (h = 1100 W/m?2-K) and 19 lpm (h = 30,000 W/m?-K). Little
difference exists in the temperatures in the initial period (t <30 s)
for both experimental and numerical cases. The maximum temper-
atures reached are lower for the higher coolant flow rate, as seen in
experimental results.

5. Conclusions

Reversible, low-temperature metal hydrides represent a prom-
ising class of on-board hydrogen storage materials, in which heat
and mass transfer play very important roles in both hydrogen
absorption and desorption processes. Over the last two years, the
Hydrogen Systems Lab, part of the Maurice Zucrow Laboratory at
Purdue University, has been involved in testing hydrogen storage
systems based on reversible, low-temperature metal hydrides. Safe
operations at the Hydrogen Systems Lab have been proven at pres-
sures up to 350 bar. Through careful planning and a close collabo-
ration between researchers at the Purdue University Hydrogen
Systems Lab and at General Motors, research culminated in the de-
sign and repeated safe testing of a practical high-pressure metal
hydride storage system. The test article allowed for the character-
ization of the thermal behavior of Ti; ;MnCr during hydriding and
dehydriding. Tests were conducted using this material by varying
the pressurization profile and using different coolant flow rates.
The hydriding process was modeled using a three-dimensional
model in Fluent. While the model allows for accurate predictions
of metal hydride temperature under different pressurization pro-
files and coolant flow rates, it fails to capture the temperature de-
cay rates observed experimentally. This lack of agreement between
experimental and computed temperature profiles clearly suggest

that the model needs to take into account the mass of hydrogen
gas in the pressure vessel as well as the combined thermal mass
of the thermocouple probe and the containment vessel. Further-
more, the material properties used in the model, including the ki-
netic parameters and thermal properties, can be further refined to
better simulate the experimental behavior, especially after pres-
surization. This additional study was not pursued with the existing
experimental data due to the limited amount of metal hydride
powder available for the tests and the relatively high amount of
compression heating and convection heat losses to the hydrogen
gas. Further, the modeling can be extended to predict the temper-
atures during desorption processes as well.
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