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This two-part study explores the development and thermal performance of a coiled-tube heat exchanger
for hydrogen fuel cell storage systems utilizing High-Pressure Metal Hydride (HPMH). The primary pur-
pose of this heat exchanger is to tackle the large amounts of heat released from the exothermic hydriding
reaction that occurs when the hydrogen is charged into the storage vessel and is absorbed by the HPMH.
The performance of heat exchanger was tested using 4 kg of Ti; ;CrMn at pressures up to 280 bar. Tests
were performed to assess the influence of different operating conditions on the effectiveness of the heat
exchanger at removing the heat in a practical fill time (time required to complete 90% of the hydriding
reaction). It is shown that distance of metal hydride particles from the coolant tube has the most dom-
inant influence on hydriding rate, with particles closer to the tube completing their hydriding reaction
sooner. Faster fill times were achieved by reducing coolant temperature and to a lesser extent by increas-
ing pressurization rate. By comparing tests with and without coolant flow, it is shown that the heat
exchanger reduces fill time by 75% while occupying only 7% of the storage pressure vessel volume. The
second part of this study will present a 3D computational heat transfer model of the storage vessel
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and heat exchanger, and compare the model predictions to the experimental data.
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1. Introduction

Despite its high energy content by mass, hydrogen has very low
density. This makes the task of storing and transporting an ade-
quate amount of hydrogen in an automobile fuel cell (to ensure
an acceptable travel distance between filling stations) quite elu-
sive. Different methods have been proposed to tackle this problem,
including storing the hydrogen as a very high-pressure gas, very
low temperature liquid, or in solid form by undergoing a chemical
reaction in chemical hydrides, metal hydrides, or cryo-adsorbents
[1-12]. Each of these storage options provides unique advantages
but poses design challenges as well. This study concerns the use
of High-Pressure Metal Hydrides (HPMHs) to store the hydrogen.

HPMHs that have been proposed for hydrogen storage possess
higher volumetric storage capacity compared to most other storage
techniques [4-5,10]. Hydrogen storage and subsequent release to
the fuel cell are achieved by two processes, hydriding and dehyd-
riding. The hydriding process is achieved when hydrogen gas at a
filling station is supplied into the automobile’s storage system by
reacting with the metal alloy to produce metal hydride. The
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dehydriding process is achieved when the hydrogen gas is released
from the metal hydride to the fuel cell. These processes are revers-
ible and can be achieved at an acceptably high pressure and rela-
tively low temperature. The present study concerns the
hydriding reaction of HPMHs.

Hydriding is a kinetically-driven, temperature-dependent exo-
thermic reaction that generates large amounts of heat. For HPMHs
like Ti; ;CrMn that possess fast reaction kinetics, the process is
thermally limited. In other words, the factor that limits the rate
of reaction is the metal hydride temperature. At a given pressure,
faster hydriding rates (needed to ensure an acceptably short fill
time) can be achieved only by lowering the metal hydride temper-
ature. Thus, during the filling of hydrogen into the automobile, it is
necessary to quickly remove the heat released during the exother-
mic hydriding reaction and maintain lower hydride temperatures.
On the other hand, heat must be added during the endothermic
dehydriding reaction to increase hydrogen release rate and meet
a wide range of vehicle loads. Thus, the heat exchanger constitutes
the most crucial component of a HPMH storage system.

The hydrogen storage system in mobile applications like auto-
mobiles must satisfy two important criteria. First, it must allow
for quick fueling (loading) and release (unloading) of sufficient
quantities of hydrogen gas. This requires high heat transfer rates
during both hydriding and dehydriding. Second, the heat
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fraction of completion of reaction
enthalpy of reaction (J/mol-H,)
molecular weight
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volumetric heat generation rate (W/m?)
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Greek symbols

p density

¢ porosity

Subscripts

eq equilibrium

H, hydrogen

MH metal hydride

sys system

exchanger and its components must occupy minimal volume to al-
low for larger quantities of metal hydride and, hence, hydrogen to
be stored. In other words, the storage vessel must possess high vol-
umetric and gravimetric efficiencies. In general, modifying the heat
exchanger design to increase one of these efficiencies tends to
compromise the other. Hence, the heat exchanger design must be
optimized to be compact while still achieving short fill times.

The two main bottlenecks in the design of an on-board hydro-
gen storage system using metal hydrides are the development of
(a) materials with high hydrogen storage capacity, and (b) compact
storage vessels that achieve short hydrogen fill times. While
researchers continue to pursue new storage materials, the design
of an effective heat exchanger for the storage vessel has gained
increasing attention in recent years. The majority of heat exchan-
ger studies have been focused on low-pressure metal hydride sys-
tems using LaNis, with operating pressures and temperatures
around 10 bar and 70 °C, respectively [7,14-18]. A variety of heat
exchanger designs have been proposed, including external cooling
of the storage pressure vessel with a coolant jacket [6,7] tube-fin
heat exchangers with circular fins [17], plate-fin heat exchangers
with different fin geometries [6,8-14], spiral-tube heat exchangers
with and without fins [7,15-16], and heat exchangers with alumi-
num foam [17-18]. Several of these studies also involved improv-
ing heat transfer performance by mixing high thermal conductivity
additives like aluminum powder in the metal hydride.

Only a few studies have focused on developing hydrogen stor-
age systems that employ HPMHs. Pourpoint et al. [9] developed a
tube-fin prototype heat exchanger that was tested with 93 g of
Tiy1CrMn. Mori and Hirose [11] tested a full-size Ti; ;CrMn hydro-
gen storage system at 350 bar. They cooled the HPMH using an alu-
minum heat exchanger that achieved 80% completion of the
hydriding reaction in 5 min. However, they did not provide details
of the construction or operating conditions of their heat exchanger.
Visaria et al. [19-20] designed and tested a prototype heat exchan-
ger with 2.65 kg of Ti;;CrMn. Their design consisted of a liquid
cooling U-tube from which a network of fins extending into a
bed of HPMH powder inside the storage pressure vessel. The heat
exchanger occupied 29% of the pressure vessel volume and
achieved 90% completion of the hydriding reaction in only 4 min
40s.

The primary objective of the present study is to explore the per-
formance of different type of heat exchanger that maximizes
hydrogen storage capacity while achieving practical fill times. In
this first part of a two-part study, the performance of the heat ex-
changer is assessed experimentally and the effects of various oper-
ating parameters on the hydriding reaction are investigated. The

second part [21] will compare the experimental results to predic-
tions of a three-dimensional computational heat transfer model
of the heat exchanger.

2. Storage vessel construction and assembly
2.1. Overall construction of storage vessel

The containment test vessel constructed for storing the HPMH
powder also houses the heat exchanger and instrumentation re-
quired to measure the hydride temperatures. The 355.6 mm (14-
in) long containment vessel is inserted along a 101.6 mm (4-in)
pressure vessel. The containment vessel consists of a thin-walled
cylinder with two cover plates that houses the Ti; ;CrMn powder.
Liquid flows through a coiled tube that is embedded in the powder
inside the storage vessel to provide cooling during the hydriding
reaction and heating during the dehydriding reaction to the sur-
rounding hydride powder. Following are details of the construction
of the major components and the storage vessel and its assembly.

2.2. Coiled coolant tube

The approach in designing a heat exchanger for a HPMH storage
system is strongly influenced by whether the primary function of
the heat exchanger is to achieve a short fill time (i.e., faster heat
transfer rate) or greater storage efficiency. The heat exchanger de-
scribed in [19-20] was specifically tailored to achieving short fill
times. This was accomplished with the aid of a network of fins that
extended from a cooling tube and were distributed within the
powder. Heat transfer effectiveness was maximized by providing
localized finning everywhere within the powder. The use of fins re-
duced the volume available inside the storage vessel for the hy-
dride powder and therefore the hydrogen in favor of a shorter fill
time.

The primary goal with the present heat exchanger design is to
maximize volumetric storage efficiency by significantly reducing
heat exchanger volume. Here, fins are eliminated, and the coolant
tube itself is strategically coiled within the metal hydride powder
to achieve close proximity to the powder everywhere within the
storage vessel.

Fig. 1 shows an isometric and detailed views of the present
coiled-tube heat exchanger. The seamless 316 stainless steel cool-
ing tube has an outer diameter of 9.5 mm and wall thickness of
1.65 mm. The tube was formed on a CNC roll-bending machine into
a coil 79.2 mm in diameter and a pitch of 24.4 mm. The coil dimen-
sions are based on findings from a previous study concerning the
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Fig. 1. Isometric view and detailed drawings of coiled coolant tube.

design of HPMH heat exchangers [10]. Predictions of a 1-D model
showed that, to achieve practical fill times (~5min) with
Ti;1CrMn, the farthest distance of the hydride powder from the
cooling tube should be no greater than 10 mm. However, because
of bending stress limits for the coil under 280 bar of external pres-
sure during the actual tests, the coil could provide a maximum dis-
tance of only 15 mm. Actually, the 3-D geometry of the coil
provides better cooling than estimated by the 1-D model. The cool-
ing tube consists of straight sections on both ends, followed each
by bends leading to the middle spiral coils. The straight ends facil-
itate the use of standard tube fittings to guard against potential
leaks, which can be especially problematic in high-pressure
applications.

To reduce bending stresses, the radius at each bend is main-
tained to no less than 25 mm. Also, after manufacturing, the coil
was heat treated to relieve bending stresses. This was achieved
by heating the tube in a furnace at 400 °C for 2 h, followed by
air-cooling to ambient temperature. This heat treatment gave a
copper-colored external appearance to the stainless steel coil.
The tube used for coiling is rated for 442 bar of internal pressure.
Since the coil was subjected to an external pressure of 280 bar dur-
ing the actual tests, the coil was hydro tested following the heat
treatment to at an external pressure of 410 bar.

2.3. Thermocouple support tubes

Metal hydride temperatures are measured using type-T ther-
mocouples placed at 16 different locations. The thermocouple
wires are routed to the desired locations using 6.35 mm o.d. stain-
less steel support tubes. Figs. 2(a) and (b) show details of the sup-
port tubes attached to the cover plates on the U-bend (left) side
and coolant inlet/outlet (right) side of the containment vessel,
respectively. Extending radially from each support tube are eight
1.6 mm o.d. stainless steel tubes of different lengths that are

brazed 19 mm apart onto the main support tube but at different
orientations. These smaller tubes are strategically positioned to
capture the transient thermal response of the metal hydride at
varying distances from the cooling tube. A bundle of eight pairs
of thermocouple wires is fed into the main tube through an oval
cavity at the lower end of each tube as shown in Fig. 2. Each of
the smaller tubes then carries a pair of thermocouple wires ending
in an exposed thermocouple junction protruding 2 mm from the
tip of the tube. The thermocouple wires are secured to each tube
with the aid of low conductivity epoxy as shown in the inset in
Fig. 2(a). Care is taken to ensure that the thermocouple junction
is exposed and directly in contact with the metal hydride. The oval
cavity and other openings in each of the main support tubes is
sealed with epoxy around the thermocouple wires to prevent the
metal hydride powder from entering the tube. Both the main and
smaller support tubes provide sufficient rigidity to prevent any dis-
placement of thermocouple junctions during the assembly or due
to expansion of the powder while testing.

2.4. Cover plates

The containment vessel is sealed by two cover plates, one on the
U-bend (left) side and the other on the coolant inlet/outlet (right)
side. The cover plates are made from 304 stainless steel and have
diameters slightly smaller than the i.d. of the containment vessel,
so that they could fit inside the containment vessel. A pair of O-
rings on each cover plate is used to prevent leaks between the cov-
er plate and the containment vessel. Additionally, each cover plate
is attached to the containment vessel with the aid of three set
screws. The cover plate on the U-bend side has four fittings, two
for check valves, one for a thermocouple feed-through, and one
for the main thermocouple support tube. The cover plate on the
coolant inlet/outlet side has five fittings, two for check valves,
two for the coolant tube, and one for a thermocouple feed-through.
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Fig. 2. Isometric views and detailed drawings of thermocouple support tubes attached to cover plates of storage vessel on (a) U-bend (left) side and (b) coolant inlet/outlet

(right) side of coolant tube.

In addition, because of limited space, a hex nut is welded on the in-
ner surface of each cover plate to hold the main thermocouple sup-
port tube in place. The pair of check valves attached to each cover
plate permit flow in opposite directions. They perform the dual
function of preventing air from entering the storage vessel (while
the vessel is being transported from a glove box to the test cell,
as discussed later), and allowing hydrogen gas to flow in and out
during the tests. A circular cavity in each cover plate houses a sin-
tered 316 stainless steel diffuser plate with 30% porosity and
10 micron pore size. The purpose of these plates is to help evenly
distribute hydrogen gas flow into the vessel while preventing the
hydride powder from leaking out. Additional filtering is provided
by sheets of filter paper placed on the inner side of each cover
plate, held in place by set screws.

End view

2.5. Thermocouple Placement

As discussed earlier, two main thermocouple support tubes,
each carrying eight pairs of thermocouple wires, are attached to
the cover plates. Shown in Fig. 3 is the placement of the support
tubes and locations of thermocouple junctions relative to the coil.
The smaller thermocouple support tubes have different lengths
and are attached radially to the main tube but at different orienta-
tions. With lengths ranging from 1 to 15 mm, and the different ori-
entations, the smaller support tubes provide the desired 3-D
placement of thermocouple junctions relative to the coil. There
are also practical considerations that influence the lengths and
positions of these tubes. Although not examined in this study,
the placement of thermocouples at different elevations inside the

Top view

T Side view

Fig. 3. Location of thermocouples relative to coiled coolant tube.



1786 M. Visaria, I. Mudawar / International Journal of Heat and Mass Transfer 55 (2012) 1782-1795

hydride powder allows the study of any effects of gravity-induced
powder density variations on the hydriding process. Temperatures
are measured only along the coiled portion of the cooling tube.
Temperatures measured by thermocouples attached to the cover
plate on the coolant inlet/outlet side are designated as a-h, and
those on the U-bend side a'-h'.

2.6. Heat exchanger assembly

For the purpose of both experimental and computational study,
it is crucial that the distance of each thermocouple from the cool-
ant tube be precisely ascertained. Towards this end, a CAD model
of the heat exchanger assembly, Fig. 4, was generated using dimen-
sions of all components and relative locations of thermocouples.
Key dimensions of the actual assembly, which is shown in the
photo is Fig. 4 housed in a temporary transparent cylindrical plas-
tic housing, and the CAD model are carefully compared to ensure
that precise details of the assembly are achieved. The CAD model
proved very useful in measuring the distance between thermocou-
ples and the coolant tube at locations that are hard to access.

2.7. Metal hydride activation and containment vessel filling

At 500 bar, the hydride temperature for Ti; ;CrMn is limited to
85 °C, making this material a very suitable candidate for hydrogen
storage in automobiles as well as for the present experiments. In
this study, pressure was limited to 280 bar, which corresponds to
a peak metal hydride temperature of only 50 °C.

Tiy1CrMn is supplied in non-reactive state, with a particle size
of a few hundred microns and having a thin oxidized outer surface.
For the hydride to become reactive and absorb hydrogen, it needs
to be broken into very fine particles in order to increase both sur-
face area and number of absorption sites. Hydride ‘activation’ is

Hydrogen %\)QQO

outlet port
Hydrogen
inlet port

Port for hex nut to
hold thermocouple
supporttube pgyt for

thermocouple wires

achieved by subjecting the Ti;;CrMn powder to repeated cycles
of cooling in high pressure hydrogen gas and heating at low pres-
sure (vacuum) as discussed in [20]. Once activated, its kinetic and
thermal properties (discussed in [21]) are measured before the hy-
dride is filled into the containment vessel. Activated metal hydride
is highly reactive and readily ignites in the presence of oxidizers
such as air or water. Hence, utmost care is exercised during its han-
dling. It is stored in multiple plastic bags secured in sealed alumi-
num cans in an argon-filled glove box where less than 0.1 ppm of
0, and H,0 are maintained.

All components of the containment vessel and heat exchanger
must be transported into the same glove box, where the vessel is
filled with the metal hydride powder. The filling process yields a
hydride packing density of 2.2 g/cc. The containment vessel is fully
assembled inside the glove box before being transported into a
separate cell for testing.

3. Experimental procedure
3.1. Hydrogen and coolant flow loops

Shown in Fig. 5 is a simplified schematic of the test facility.
Transported from the glove box, the assembled containment vessel
is carefully transported inside a sealed plastic casing into the
adjoining secure test cell. The storage vessel is slid inside a pres-
sure vessel made from 304 stainless steel and rated for 410 bar.
The coolant lines are then connected to the coil heat exchanger
and the hydrogen lines to the pressure vessel. Temperature and
pressure sensors (not shown in Fig. 5) are routed out of the pres-
sure vessel and connected to an external instrumentation panel.
End flanges are used to seal the pressure vessel. Once the contain-
ment vessel is secured and the pressure vessel sealed, a positive

Fig. 4. Detailed 3-D rendering of containment vessel/heat exchanger assembly.
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while a venturi flow meter in the vent line measures the flow rate
of exiting hydrogen gas. A regulator in the vent line controls the
hydrogen outflow.

During the experiments, the following parameters are continu-
ously monitored and recorded: (a) temperature and flow rate of
the coolant, (b) inflow and outflow rates of the hydrogen gas, (c)
temperature of hydrogen gas as it enters the pressure vessel, (d)
pressures at different locations in the flow loop and in the pressure
vessel, (e) metal hydride temperatures, and (f) hydrogen level at
three locations in the test cell (to detect any leaks).

3.2. Pressurization profile

In metal hydrides, the rate of hydriding is governed by the
amount by which the system pressure exceeds the hydride’s equi-
librium pressure. The temperature-dependent equilibrium pres-
sure is given by the van't Hoff equation [10],

AH, AS
Peq:POQXP(W—T>A (1)
This relationship between the hydride’s equilibrium pressure
and temperature for Ti;;CrMn during hydriding is plotted in

Fig. 6 (this curve is different for the dehydriding reaction due to

Metal Hydride Temperature (°C)

Fig. 6. Variation of equilibrium pressure during hydriding of Ti;;CrMn with
temperature.

hysteresis). Notice how the equilibrium pressure increases expo-
nentially with increasing hydride temperature. At any tempera-
ture, the hydride can react with hydrogen only when Pg,y/P.,
exceeds unity, and, the greater this pressure ratio, the faster is
the reaction rate. Thus, to increase hydriding rate, either the sys-
tem pressure must be increased or the equilibrium pressure low-
ered by reducing the hydride temperature. When the system
pressure is at 280 bar (maximum pressure in the present experi-
ments), the hydride will react until it reaches the temperature cor-
responding to the same value of equilibrium pressure, i.e., 50 °C.
The reaction then stops and cannot be re-initiated until the hydride
is cooled below 50 °C. Thus, the peak system pressure sets an upper
limit on hydride temperature.

Fig. 7 shows the pressurization profile during a typical test. Be-
fore starting the test, the coolant is set to desired flow rate and
temperature. While the coolant is reaching the desired tempera-
ture, manual leak checks are performed throughout the flow loop
at 35 and again at 70 bar. If any leak is detected, the system is
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Fig. 7. Pressurization profile during a typical test.

depressurized and the leak fixed. Once the coolant reaches the de-
sired temperature and leak checks are performed, a pressurization
ramp is initiated, which, for the case shown in Fig. 7, corresponds
to an increase in pressure from 70 to 280 bar. During this ramp, the
supply valve is kept open and the vent valve closed. As the pressure
increases, the hydride begins to react with the hydrogen and re-
leases heat. The supply valve is kept open at the end of the pressur-
ization to maintain hydrogen pressure. Closing this valve will cause
pressure to drop due to both the cooling and the hydrogen absorp-
tion caused by the hydriding reaction.

When the hydriding reaction is completed and hydride temper-
atures are uniform, the supply valve is closed and the pressure ves-
sel isolated. Completion of the hydriding reaction is indicated by a
fast drop in the hydride temperatures and appreciable reduction in
hydrogen flow into the pressure vessel. Dehydriding is initiated by
lowering the pressure, which is achieved by opening the vent valve
to release hydrogen at a controlled rate. The dehydriding process
can be accelerated by increasing the hydride temperature, which
is achieved by heating the coolant to 25°C. Due to hysteresis,
dehydriding does not commence once the pressure is reduced. In
fact, the endothermic dehydriding reaction starts below 100 bar,
evidenced by a sharp drop in the hydride temperatures. If the pres-
sure vessel is isolated at this stage by closing the vent valve, an in-
crease in pressure, caused by the hydrogen release, will be
detected, as seen in Fig. 7 just after 60 min. The test is terminated
when the dehydriding process is completed and metal hydride
temperatures are uniform. The metal hydride is secured by isolat-
ing the pressure vessel and storing it in a positive pressure of 7 bar
until the next test.

4. Experimental results
4.1. Summary of experiments

Table 1 shows a summary of four tests that were performed
with the coiled-tube heat exchanger. In tests 1-3, pressure was in-
creased from 70 to 280 bar in 60 s, while in test 4 the pressure was
increased slowly over 300s. Coolant temperature was 2.5 °C for
test 1,21.0 °C for test 2, and 4.5 °C for test 4. Since coolant flow rate
has minimal effect on the hydriding process [10], its effects were
not examined in this study. Similar coolant flow rates were there-
fore used in tests 1, 2 and 4. Before initiating these three tests, the
coolant was supplied to the coiled tube until it reached the desired
temperature. In the absence of hydrogen supply, the hydride
reached an initial temperature close to that of the coolant. Test 3

Table 1
Operating parameters for tests performed.

Operating parameters for tests performed.

Test Pressurization Coolant flow  Coolant temp. Avg. initial
No. profile rate (°C) temp. (°C)
1 70-280 bar in 11.51pm 2.5 4.5

60s
2 70-280 bar in 14.2 Ipm 21.0 20

60s
3 70-280 bar in no coolant flow 17

60 s
4 70-280 bar in 12.0 lpm 4.5 55

300s

was performed in absence of any coolant flow to ascertain the
overall merits of employing a heat exchanger.

4.2. Metal Hydride temperature profiles

Fig. 8 shows the pressure vessel pressure, metal hydride tem-
peratures and mean coolant temperature (average of coolant’s inlet
and outlet temperatures, which were typically within 1.5 °C) for
the entire duration (hydriding and dehydriding) of test 1. Temper-
atures measured by only thirteen thermocouples (a-h, a’-c’, e’ and
h’) are shown because the three remaining thermocouples (d’, f
and g') stopped functioning during the tests apparently due to
breakage of thermocouple wires during assembly.

Once the coolant reached the desired temperature, the vessel
was pressurized with hydrogen gas. As the pressure was increased,
heat was generated due to both the hydriding reaction and pres-
surization heating. Those two heating effects are evident from
the following expression for rate of volumetric heat generation
(10],

S dF (Wt%)pMH dp
=G MWy, AH; + ¢ (2)

The first right hand side term in Eq. (2) represents the heating
caused by the hydriding reaction, which contributes over 90% of
the total heat generation rate. The heat generation caused the metal
hydride temperature to rise, reaching peak levels at the end of the
pressurization ramp at 280 bar. From that point, the pressure was
maintained at 280 bar by keeping the hydrogen supply valve open
until the hydriding reaction reached completion. As the metal hy-
dride continued to react with the hydrogen, it was also being cooled
by the heat exchanger, causing its temperature to decrease. The
hydriding rate is related to the cooling rate by the following relation
[22],

%:Cu exp (%ﬁ)ln(%)(] —F), (3)
where F is the fraction of completion of the hydriding reaction.
Higher heat transfer rates increase the hydriding rate by lowering
both the hydride temperature and equilibrium pressure.

As shown in Fig. 8 for test 1, hydride particles at locations g, ¢’
and h reached the highest temperatures and had the slowest tem-
perature decay rate. On the other hand, particles at a, ' and b’
reached much lower temperatures and cooled faster. There ap-
pears to be obvious similarities among certain temperature pro-
files, which allows profiles of different thermocouples to be
grouped together based on their distance from the coolant tube.

A simple method is devised to assess the proximity of a thermo-
couple from the coolant tube. As shown in Fig. 9, a single thermo-
couple assumes different distances from different parts of the
coolant tube. These distances are compared to identify the short-
est. This shortest distance provides an approximate measure of
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coolant tube proximity, and, therefore, cooling effectiveness for a
given thermocouple location.

4.3. Hydriding Reaction

Fig. 10 shows, for each thermocouple, both the thermocouple’s
shortest distance and the time it took the metal hydride at the
same location to cool down from its peak temperature (designated
by a diamond symbol) to 30 °C. Notice how all thermocouples with
a shortest distance of 5 mm or greater reached about the same
peak temperature around 50 °C, while those closer than 5 mm
reached much lower peak temperatures. This is particularly the
case for thermocouple a’, which almost touches the coolant tube,
reaching a peak temperature of only 16 °C. Fig. 10 suggests a strong
correlation between cooling time and the shortest distance, with
locations farthest away requiring the longest cooling time. Overall,
the thermocouples can be loosely divided into four different zones
of decreasing cooling rate based on their shortest distance to the
cooling surface, 0-4 mm, 4-8 mm, 8-12 mm, and over 12 mm as
shown in Fig. 10. The temperature profiles measured by thermo-
couples in each of these zones are similar and can be grouped to-
gether. One thermocouple from each zone is therefore selected to
represent its zone and the temperatures recorded by only four
thermocouples are shown in the bottom plot of Fig. 8.

The four thermocouples b, d, c and g are located at increasing
distances from the coolant tube, ranging from 2 to 13 mm, and
each represents one of the four zones. Hence, the remainder of this
study will use the temperature profiles measured by only these
four thermocouples to assess the overall performance of the heat
exchanger, including comparisons with computational results in
the second part of this study [21].

4.4. Dehydriding reaction

The hydriding reaction was deemed complete once the flow
meter indicated that no more hydrogen was flowing into the pres-
sure vessel. At this point, the pressure vessel was depressurized by
closing the hydrogen supply valve and opening the vent valve. The
vent regulator was programed to allow controlled venting of the
hydrogen gas, generally between 0.1 and 0.3 g/s. As the pressure
decreased, the hydride temperature began to drop. Dehydriding

commenced around 80 bar, 38 min into the test, before which
the temperature drop was purely the result of depressurization.
During the endothermic dehydriding process, the metal hydride
temperature dropped to as low as —48 °C as shown in Fig. 8. Loca-
tions that reached the highest temperatures during hydriding, also
reached the lowest temperatures during dehydriding. In test 1, the
coolant temperature was not increased during dehydriding, which
caused the dehydriding reaction to be slow. Just before 50 min into
the test, the vent valve was closed when the pressure reached 7
bar, at which point the metal hydride temperature started increas-
ing because the coolant was at a relatively warmer temperature of
2.5 °C. However, dehydriding continued, causing the hydrogen gas
released from the metal hydride to be trapped in the pressure ves-
sel, which in turn, caused the pressure to increase slightly. At
62 min, the vent valve was again opened and closed quickly, which
allowed the residual hydrogen gas to be released. The pressure ves-
sel was then sealed and maintained at 7 bar. Once the metal hy-
dride reached uniform temperature, the pressure vessel was
isolated from the hydrogen and coolant lines, at which point the
test was complete.

4.5. Hydriding data comparison

As indicated earlier, the present study is focused on the hydrid-
ing process. Hence, experimental data for only the hydriding por-
tion of the tests are discussed and later compared with the
computational results in the second part of this study [21] to assess
the heat exchanger’s performance. Temperatures measured by
thermocouples b/, d, ¢ and g are designated as T1, T2, T3 and T4,
respectively.

The hydriding data from the four tests performed are shown in
Figs. 11-14, and operating conditions for these tests are listed in
Table 1. Shown in each figure are profiles for pressure inside the
pressure vessel, flow rate of hydrogen gas entering the pressure
vessel, and temperatures recorded by thermocouples T1-T4.
Fig. 11 shows the hydriding results for test 1, in which the coolant
was maintained at 2.5 °C, the lowest of all tests. During a minute-
long linear pressurization ramp, hydrogen gas flowed into the
pressure vessel at around 2.5 g/s. Once the peak pressure of 280
bar was reached, the hydrogen flow became intermittent. This
behavior can be explained as follows. As the hydride absorbed
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Fig. 11. Hydriding data for test 1.

the hydrogen, the pressure in the vessel dropped momentarily.
When the pressure dropped by 3 bar, the programable supply reg-
ulator allowed more hydrogen flow to the pressure vessel to re-
store the desired maximum pressure of 280 bar. This cycle of
pressure drop followed by introduction of additional hydrogen by
the regulator was repeated several times, taking the form of pres-
sure fluctuations and spikes in the hydrogen flow rate as shown in
the top and middle plots, respectively, in Fig. 11. As the hydriding
reaction proceeded further, the frequency of pressure fluctuations
and hydrogen spikes decreased, especially as the reaction neared
completion. At the end of the pressurization ramp (at 1 min),
hydrogen was introduced every few seconds, but 10 min into the
pressurization, the frequency of hydrogen introduction dropped
to 1.3 min. After about 11 min, the frequency as well as the amount
of hydrogen gas introduced in every spike decreased even further,
indicating the completion of most part of the hydriding reaction. It
must be noted that, at this stage, pressure drop in the pressure ves-
sel is partly due to the hydriding reaction but also due to the cool-
ing provided by the heat exchanger. The hydrogen supply valve
was kept open until 20 min to ensure that the hydriding reaction
is complete and to allow metal hydride particles to reach uniform
temperature, after which the vent valve was opened to start the
dehydriding experiments. Shown in the bottom plot are the pro-
files of metal hydride temperatures measured at four locations

during hydriding. Thermocouples T1-T4 are situated in order of
increasing distance from the coolant tube surface, T1 being the
closest and T4 the farthest. The distances of T1, T2, T3 and T4 from
the tube are 4.3, 8.4, 11.4, and 13.0 mm, respectively. Only T4 re-
corded a peak temperature of 50 °C, which is the temperature cor-
responding to an equilibrium pressure of 280 bar. T2 and T3
measured peak temperatures of 48 °C, while T1 measured a much
lower peak temperature of 32 °C. Also, T1 and T2 saw a drop in
temperature as soon as the pressurization ramp was completed.
However, T3 and T4 maintained their peak temperatures for a
while before they started dropping in temperature. These temper-
ature profiles show the importance of both proximity to the cool-
ing surface and the maximum hydride thickness criterion used in
the heat exchanger design.

Fig. 12 shows the hydriding data for test 2 in which the
coolant was maintained at 21 °C, the highest of all tests. The
increased coolant temperature reduced the rate of heat removal
from the metal hydride, which greatly reduced hydriding reaction
rate. Compared to test 1, the temperatures recorded in test 2
were higher due mostly to the higher initial metal hydride tem-
perature. Both the frequency of hydrogen introduction and the
amount of introduced hydrogen were smaller in test 2 as a result
of slower hydriding rate. As the reaction proceeded further, a
continuous increase in the time between successive spikes of



1792 M. Visaria, I. Mudawar / International Journal of Heat and Mass Transfer 55 (2012) 1782-1795

300 — T T T

250

200

150

Pressure, P (bar)

100

25

1.5

H, Inflow (g/s)

Hydride Temp., T}, (°C)

15r 1 1
0

1
5 10 15

1
20 25 30 35 40

Time (min)

Fig. 12. Hydriding data for test 2.

hydrogen introduction was observed. 20 min into the reaction,
the time between consecutive spikes increased to 2.2 min,
indicating that most of the hydride particles had completed the
hydriding reaction.

Fig. 13 shows the hydriding data for test 3, which was per-
formed in absence of any coolant flow. Here, heat could only be
dissipated very slowly through the walls of the pressure vessel to
the ambient air. Unlike tests 1 and 2, in test 3, all thermocouples
in test 3 reached the same peak temperature of 50 °C. The temper-
atures remained around 50°C for 10 min before beginning to
slowly decrease. Without the coolant flow in test 3, heat transfer
and hydriding rate were highly compromised. This is evident from
the over 50% reduction in the frequency of hydrogen introduction
compared to test 2. Past 30 min, the time between successive
hydrogen spikes was more than 3 min. Furthermore, the hydriding
reaction for test 3 took more than 40 min to complete compared to
20 min for test 2.

While the pressurization rate was identical for tests 1, 2 and 3
(70-280 bar in 60 s), a slower pressurization rate of 70-280 bar
in 300 s was adopted in test 4. During the pressurization ramp in
test 4, hydrogen flowed into the pressure vessel at 1.2 g/s as shown
in Fig. 14. A change in the slope of the temperature profiles is ob-
served about 120s into the pressure ramp, indicating the com-
mencement of the hydriding reaction. Until then, due to the slow

pressurization rate, the pressure was not high enough to exceed
the equilibrium pressure and initiate the reaction. Also, due to
the slow pressurization, the rate of reaction was slower and peak
metal hydride temperatures lower than those for test 1, which
had similar operating conditions but faster pressurization rate.
With the slow pressurization rate, the hydriding reaction for test
4 was completed in about 15 min, a bit longer than test 1.

In all four experiments, the rate of hydriding decreased as the
reaction progressed. This is due to two reasons, (a) self-limiting nat-
ure of the hydriding reaction (hydriding inherently slows as it ap-
proaches completion) and (b) higher metal hydride temperatures
due to the exothermic reaction. Metal hydride particles close to
the coolant tube cooled faster and completed hydriding earlier
due to higher heat transfer rates. The importance of low coolant
temperatures to increasing hydriding rate can be gauged by com-
paring data from tests 1 and 2. In test 2, with the coolant at 21 °C,
the reaction time (>20 min) is almost twice that of test 1, where
the coolant was at 2.5 °C. In absence of any coolant flow during test
3, the time to complete hydriding was even longer, more than
40 min. Under similar operating conditions for tests 1 and 4, pres-
surizing the hydride at a slower rate (70-280 bar in 300 s in test
4 compared to 70-280 in 60 s in test 1), increased reaction rate
by only 2-3 min. These test prove that reaction rate is far more sen-
sitive to coolant temperature than to pressurization rate.
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Fig. 13. Hydriding data for test 3.

The second part of this study [21] will present a 3D computa-
tional heat transfer model of the storage vessel and heat exchan-
ger, and compare the model predictions to the present
experimental data.

5. Conclusions

This paper explored the cooling performance of a simple
coiled-tube heat exchanger for hydrogen storage systems utilizing
High-Pressure Metal Hydride (HPMH). The primary function of
this heat exchanger is to remove the large amounts of heat re-
leased when the hydrogen is charged into the storage system.
The key premise in the heat exchanger design proposed in this
study is to ensure proximity of the coolant tube to hydride parti-
cles everywhere inside the storage system. The heat exchanger
tested in this study ensured that all hydride particles were within
15 mm from the coolant tube. Key conclusions from the study are
as follow.

1. In hydrogen fuel cell applications such as those being consid-
ered for automobiles, the heat exchanger in a HPMH storage
system must be compact, lightweight, and allow hydrogen to
be filled within reasonable time. The present coiled heat

exchanger occupies only 7% of the storage pressure vessel vol-
ume, providing ample space for the metal hydride and, there-
fore, hydrogen storage. This is a significant improvement in
storage capacity compared to previous modular tube-fin heat
exchanger design by the authors, where the heat exchanger
occupied 29% of the pressure vessel volume [19-20]. However,
increased storage capacity causes the fill time (defined as time
required to complete 90% of the hydriding reaction) to increase
due to the reduced heat transfer performance. Under similar
operating conditions, the fill time using the present coiled heat
exchanger is about twice as long as that of the modular tube-fin
heat exchanger.

2. The distance of metal hydride particles from the coolant tube
has the most dominant influence on the rate of hydriding, with
particles closer to the tube completing their hydriding reaction
sooner. This influence is aided by the 3D geometry of the coiled
coolant tube.

3. Coolant temperature has the most significant impact on the rate
of hydriding of all operating conditions. Decreasing the coolant
temperature from 21 to 2.5 °C reduced hydriding time from 21
to 12 min.

4, Slow pressurization results in lower hydride temperatures due
to smaller heat generation rates. Slowing the pressurization
ramp from 60 to 300 s increased hydriding time by 3 min.
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5. The hydriding reaction is extremely slow in the absence of cool-
ant flow. By relying solely on slow conduction through the pres-
sure vessel walls and external natural convection, some hydride
locations took an hour to drop by 10 °C from peak temperature,
and the hydriding time increased to 40 min, over four times
longer than with low temperature coolant. This demonstrates
the overall effectiveness of the present heat exchanger at reduc-
ing fill time by 75% while occupying only 7% of the storage pres-
sure vessel volume.
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