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ABSTRACT

The overall objective of this research was to accelerate the rate at which
hydrogen gas can be charged into a hydride-based hydrogen storage tank. During the
charging process, the absorption reaction of hydrogen gas into a metal hydride bed is
exothermic. The temperature of the system will increase if the heat released is not
removed quickly from the system and reduce the absorption rate. Hence, the rate of
hydrogen storage into a tank containing metal hydride materials strongly depends on
the heat removal rate from the hydrogen storage system. To increase the heat removal
rate the following four approaches were explored:

(1) Enhancement of the thermal conductivity of the metal hydride bed by

incorporating conductivity-enhancing materials such as aluminum (Al) foam.

(i1) The use of genetic algorithms to optimize the parameters and placement of

spiral coil heat exchangers with fins.

(iii)Introduction of an active cooling environment by embedding a helical coil heat

exchanger into the hydrogen storage tank.
(iv)Use of a physical mixing method to improve the heat removal rate.

In order to investigate the effectiveness and the role of various factors in the
above proposed approaches, we developed a numerical model that incorporates flow,
reaction kinetics and heat transfer within the software package ANSYS. Simulations
were used to explore various storage tank designs containing hydride materials and

various cooling enhancement methods to find the optimal materials and design for

Xiii



accelerating the charging rate of the hydrogen into the tank. An experimental setup
was also designed and fabricated to charge the hydrogen into a hydride-based storage
tank. The temperature and pressure of the tank was monitored during charging to

validate the simulations.
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Chapter 1

INTRODUCTION

1.1 The Hydrogen Economy

In the 21% century, diminishing fossil fuel reserves and increasing greenhouse
gas emissions have necessitated the search for carbon-free energy sources. With
increasing global population, energy demand is projected to rise 53% by 2035 and oil
is expected to be depleted by 2055 [1]. Moreover, the continued consumption of
diminishing fossil fuels will put an upward pressure on fossil fuel energy prices, which
would accelerate the search for alternative energy source. Fossil fuels also generate
greenhouse gases which also makes the pursuit of clean energy sources more acute.
Hydrogen is an attractive alternative fuel that can be produced from water using
renewable energy sources; for example, water splitting can be achieved by methods
such as solar-based electrolysis, solar thermochemical, photoelectrochemical, or
photobiological processes. Hydrogen can be converted with very high efficiency to
electrical energy if it is directly fed as a reactant to a fuel cell. The only emission in
this process is water, and hence the hydrogen fuel cycle does not produce greenhouse

gases which can help to mitigate air pollution.

Hydrogen has the highest gravimetric energy density of common fuels [2]. Its
higher heating value is 141.86 MJ/kg, which is three times higher than that of gasoline.
However, hydrogen gas (at 1 atm and 289 K) has a very low volumetric energy density

at 0.0101 MJ/L, which is over 3000 times less than that of gasoline [3]. The



comparison of energy density by weight (MJ/kg) versus volume (MJ/L) for hydrogen

and many other common fuels is illustrated in Figure 1.1.

Automobiles consume a large portion of the fossil fuels in the form of gasoline
or diesel in internal combustion engines. On the other hand, fuel cells offer the
potential to power automobiles by converting hydrogen fuel directly to electric power.
In this way, the dependence on traditional petroleum can be reduced while also

eliminating environmentally-harmful emissions.

A fuel cell is a device that converts hydrogen fuel directly to electrical energy.
The concept of the fuel cell was discovered in the early nineteenth century by Sir
William Grove, and the first proton exchange membrane (PEM) fuel cell was
developed for space missions in the middle of the twentieth century. Substantial
technical and commercial developments on fuel cells were initiated in the 1960s by
NASA [4]. The operating principle of the fuel cell is schematically shown in Figure

1.2. Fuel cells can power automobiles, homes, and portable devices.
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Figure 1.1 Volumetric vs. gravimetric energy densities for stored hydrogen and other
common fuels. (From Wikipedia.)
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Figure 1.2 The operating principle of a fuel cell.

1.2 Hydrogen Storage Methods

For the hydrogen economy to become a reality, various sectors as shown in
Figure 1.3 need to be addressed and integrated. Efficient and safe hydrogen storage is
essential and one of the crucial challenges. Hydrogen is the lightest element, and
therefore, although it possesses the highest energy content of any fuel on a mass basis,
its volumetric energy density is quite low. Furthermore, it has a tendency to leak out
of any container, so it is extremely difficult to store. Thus, hydrogen storage represents
a significant barrier to the creation of a hydrogen economy and poses a significant

challenge for commercial applications using hydrogen as the fuel.



For automobiles, the hydrogen storage tank must contain sufficient hydrogen
to travel 300 miles before refueling. Second, the on-board space to store hydrogen is
limited. Third, hydrogen is highly flammable, so safety is paramount. Therefore, the
hydrogen storage tank has to be safe, compact, reliable, and inexpensive if hydrogen is
to be successfully substituted as a fuel to power vehicles. Fast refueling of the
hydrogen storage tank is also a critical attribute, and therefore the US Department of

Energy (DOE) has set a target of the refueling rate of 5 kg of hydrogen in 2.5 min [5].

Systems

\ Integration 2

Figure 1.3 Elements of the hydrogen economy [6].



Current hydrogen storage methods such as compression and liquefaction are
not optimal because not only are these methods very energy-intensive and expensive,
but they also present safety issues. Moreover, neither storage method can meet DOE’s

ultimate hydrogen storage targets.

Today, hydrogen gas is compressed and stored in carbon fiber-reinforced
storage tanks under very high pressures of 350 or 700 bar in fuel cell vehicles.
However, a compressed hydrogen tank has a gravimetric efficiency of only 5.5 wt%,
and a volumetric capacity of 17.6 kg-Ha/m? at 350 bar. At 700 bar, these numbers
improve to 5.2 wt% and 26.3 kg-Ha/m?, respectively. However, as stated earlier,
neither storage pressure is able to meet DOE’s ultimate targets of 7.5 wt% and 70 kg-

Ho/m? [7].

Liquid hydrogen has the potential to reach DOE’s ultimate targets, but it has a
very low boiling point of 20.4 K at 1 atm, due to which it evaporates very easily
during delivery and refueling, and pressurizes quickly when heat from the
environment is absorbed. Furthermore, it takes at least 1/3 of hydrogen’s energy
content to liquefy it. Therefore, the compression and cryogenic storage of hydrogen
are combined to produce cryocompressed hydrogen. This method can result in a tank
with a gravimetric capacity of up to 9.2 wt%, which can meet DOE’s target of 7.5
wt%. However, the volumetric capacity of the tank cannot exceed 50 kg-Ho/m?, thus it

falls short of DOE’s ultimate target of 70 kg-Ho/m? [8].



Metal hydride-based storage has attracted extensive interest because it can
absorb and desorb hydrogen at relatively low operating pressures resulting in safe
operation with potentially unparalleled hydrogen storage density. Moreover, such
systems can provide high volumetric storage efficiencies, for example, MgH> has a
hydrogen storage density of 6.5 H atoms/cm? (x10%?) compared to 0.99 H atoms/cm?
(x10??) for hydrogen gas (200 bar), and 4.2 H atoms/cm? (x10??) for liquid hydrogen
(20 K) [9]. Thus metal hydride materials have potential advantages over other storage
methods and can meet DOE’s ultimate targets. However, there are other challenges
that must be addressed before these hydride materials can replace the current

compressed or liquefied gas storage methods.

1.3 Challenges with Metal Hydride Materials for a Solid-state Hydrogen
Storage System

Hydrogen storage in metal hydride beds is a complex multi-physics problem
involving compressible gas flow in a porous medium, coupled with heat transfer and
reaction kinetics. During charging, hydrogen gas is pressurized into the porous metal

bed where it is absorbed releasing heat as it undergoes an exothermic reaction.

The heat released during this storage process is substantial. Take, for example,
LaNis as the hydrogen storage medium; its heat of adsorption is about 30 kJ/mol, so in
storing 5 kg of hydrogen it will release 75 MJ of heat. Hydrogen contains 141.86 MJ
of energy per kg, hence 5 kg of hydrogen carry about 700 MJ of energy, so the heat

released during hydriding is about 10% of the total hydrogen energy content stored in



the tank. In addition, if the refueling is to be completed in 2.5 min as per DOE’s

ultimate target, the heat removal rate will be 0.5 MW!

However, the thermal conductivity of most hydride materials is quite poor, for
example, LaNis powder with porosity € =0.5 has an effective thermal conductivity of
1.2 W/m-K [10]. The low thermal conductivity makes it difficult to extract the heat
from the hydride material quickly which results in a temperature increase of the
hydride material. The hydriding reaction during charging proceeds more rapidly at
lower temperatures and slows down as the temperature increases, and even stops when
the temperature reaches a certain value. Hence to maintain a high refueling rate,
efficient heat removal is a key requirement for the development of metal hydride
hydrogen storage systems. Many studies on hydride kinetics coupled with heat transfer
have been conducted [10-22]. All of these investigations indicated that the heat
transfer rate is the key issue that determines the rate at which hydrogen gas can be
stored or extracted from a metal hydride tank. Hence, the overall objective of this
research is to improve the rate at which hydrogen gas can be charged into a hydride-

based hydrogen storage tank while maximizing storage density.

The research objective of this thesis is to design a hydrogen storage system
based on hydride materials which can remove the heat generated during the reaction
quickly without increasing the system temperature. The goal is to design a hydrogen
storage tank with high heat removal efficiency irrespective of the hydride material
being stored. For this thesis, LaNis is chosen as the hydrogen storage medium,

because this material is commercially available and it can react with hydrogen at room



temperature and under low pressures. Accordingly, the hydrogen storage tank does not
need to be heated to initiate the charging reaction, nor does the inlet pressure need to

be very high, which reduces the storage system’s complexity and cost. This research is
focused on various approaches to accelerate heat removal from the storage tank so that

a high rate of hydriding can be maintained.

Several solid-state storage materials have the potential to fulfill DOE’s
ultimate targets shown in Table 1-1, but they have limited practical application due to

unsolved drawbacks.

Magnesium-based hydride materials:

Theoretically, MgH> contains 7.60 wt % of hydrogen, but the absorption and
desorption reaction rate is slow, and requires a high reaction temperature [23].
Moreover, a highly stable magnesium oxide layer can form during the reaction and

reduce the absorption rate [24].

Boron-based materials:

LiBH4 has a very high storage capacity of up to 18 wt %, but desorption at low
temperatures releases only a small portion of hydrogen (0.3 wt %) [25]. Temperatures
greater than 673 K are required for dehydrogenation. Substantial efforts have gone
into enhancing their kinetics, and decreasing their dehydrogenation and hydrogenation

temperature [26]. Furthermore, LiBH4 is an expensive compound [27].



Table 1-1 DOE targets for on-board automotive hydrogen storage [28]

Storage parameter Units 2017 goals | Ultimate goals
System gravimetric capacity % 5.5 7.5
System volumetric capacity | Kg Hy/L system 0.04 0.07
Operating temperature °C 40/60 40/60
Operation cycle life Cycles 1500 1500
System fill time (5 kg) Min 3.3 2.5

1.4 Previous Work on Metal Hydride Hydrogen Storage Systems

A number of studies have developed approaches to increase the heat transfer
rates either by (i) improving the effective thermal conductivity of the metal hydride
material by methods such as adding conductivity-enhancing materials such as
aluminum or nickel foam [29, 30], integrating a copper wire net structure [31], mixing
metal hydride powder with expanded graphite [32], or introducing internal plate-fin
type heat exchangers [33, 34], and/or (ii) incorporating active cooling systems such as
circulating coolant inside or outside the tank [35-43], or external fins [44]. The
combination of enhancing conductivity and efficient cooling methods usually gives
better performance [45, 46]. Finned spiral-tube heat exchangers have also been
introduced to enhance heat transfer and improve the charging and discharging rates

[47, 48].

However, all cooling systems involving tubes, spirals, or fins inside the storage
tank occupy space and reduce the amount of available hydride which results in a lower

volumetric storage efficiency of hydrogen. Moreover, circulating coolant fluids
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requires additional blowers or pumps making the storage system heavier and reduces
the gravimetric storage efficiency of hydrogen. Although it is beneficial to increase the
effective thermal conductivity and improve the convection coefficient of the cooling
fluid, the best combination to provide maximum benefit is not obvious, so a proper
optimization of the two methods is needed to maximize the hydrogen filling rate while

ensuring good volumetric and gravimetric storage efficiencies.

1.5 Dissertation Outline
The overall complexity of hydrogen storage in metal hydrides involving
hydrogen flow, reaction kinetics of metal hydrides, heat transfer rates, system
geometry, and passive and active cooling systems utilized makes it difficult to design
the ideal system without a comprehensive analysis. The overall objective of this
research was to accelerate the rate at which hydrogen gas can be charged into a
hydride-based hydrogen storage tank. The absorption of hydrogen gas into a metal
hydride during charging is exothermic. As a result, the temperature of the system will
increase if the heat released is not removed quickly from the system and reduce the
absorption rate. Hence, the rate of hydrogen storage into a tank containing metal
hydride materials strongly depends on the heat removal rate from the hydrogen storage
system. To increase the heat removal rate the following four approaches were explored:
(1) Enhancement of the thermal conductivity of the hydride materials by
incorporating conductivity-enhancing materials such as Al foam.
(i1) Optimization using a genetic algorithm of a double spiral heat exchanger tube
with fins in a cylindrical hydrogen storage tank.
(ii1) Introduction of an active cooling environment by embedding a helical coil

heat exchanger within the hydride bed.
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(iv) Use of physical mixing of the hydride bed to improve the heat transfer rate.

In order to investigate the effectiveness and role of various factors in the above
proposed approaches, we developed a numerical model that incorporates flow,
reaction kinetics, and heat transfer within the software package ANSYS. The
simulation was used to explore various storage tank designs containing hydride
materials and various cooling enhancement methods to find the optimal design to
accelerate the charging rate of the hydrogen into the tank. An experimental setup was
also designed and fabricated to charge the hydrogen into a storage tank while

monitoring its temperature and pressure to validate the numerical model.

In Chapter 2, we describe the mathematical model for the hydride-based
hydrogen storage system developed in Ansys Fluent software. In Chapter 3, we
describe the experiments performed using a tank designed and constructed to validate
the computational model. In Chapter 4, we present parametric studies to investigate
the influence of the effective thermal conductivity of the storage material (enhanced
by the addition of Al foam), tank geometry (varying aspect ratio of the tank), and heat
transfer process (natural convection vs. forced convection cooling) on the charging

rate of hydrogen. Results from Chapter 4 were published in [49].

In Chapter 5, the genetic algorithm method is applied to optimize the design of
a cylindrical metal hydride tank incorporating dual spiral coiled heat exchanger tubes
with fins. In Chapter 6, we describe parametric studies for a helical coil heat

exchanger tube to investigate the influence of helical coil pitch, the convection heat
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transfer coefficient of the coolant flowing through the helical tube, and the addition of
various amounts of Al foam to improve the thermal conductivity of the hydride bed.
Results from Chapter 6 were published in [50].

In Chapter 7, we present a novel method to accelerate the absorption of
hydrogen inside a metal hydride tank by mixing the metal hydride powder during the
charging process. A parametric study is conducted by varying the mixing interval, the
boundary convective coefficient, and the addition of various Al foam percentages to
improve the effective thermal conductivity. Results from Chapter 7 were published in
[20]. Finally, in Chapter 8, we present a summary and major conclusions of the work
conducted, the original contributions made to the field of hydrogen storage, and

suggestions for future work.
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Chapter 2

MATHEMATICAL MODEL FOR THE HYDRIDING PROCESS

2.1 Chemical Reactions for Metal Hydride Powder
Many metals and alloys react reversibly with hydrogen to form metal hydrides

according to the following reaction equation:

Me+§H2 o MeH_+0 (2.1)

Here, Me is a metal or an intermetallic compound, MeH, is the respective
hydride, x is the ratio of the hydrogen to metal, and Q is the heat generated during the
reaction. The reaction of LaNis with hydrogen is as follows:

LaNi, +3H, 2;C LaNi,H,+Q (2.2)

Upon deducing the hydrogen mass absorbed per unit time and unit volume,
m,_, and given the heat released during the reaction O, one can develop a
mathematical model using Ansys Fluent to evaluate the transient heat and mass
transfer in a cylindrical metal hydride tank. The model can then be used to predict the
time-varying temperature field and mass of hydrogen stored as a function of the
effective thermal conductivity of the hydride material, aspect ratio of the cylindrical

tank, and thermal boundary conditions. However, due to the complex nature of this

coupled heat and mass transfer phenomenon, the following assumptions were made:

1. Hydrogen behaves as an ideal gas.
2. Thermal and physical properties are considered independent of bed

temperature and concentration.
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3. Local thermal equilibrium is instantly achieved between the gas and the
hydride.
4. Radiative heat transfer is negligible.

5. The advection transport term is negligible.

With these assumptions, one must solve the heat diffusion equation, along with
the mass balance and the mass absorption equation for the selected hydride material,

which in our case is LaNis.

2.2 Governing Equations for Flow and Heat Transfer
Assuming instantaneous thermal equilibrium between the metal hydride alloy
and hydrogen gas, the energy equation within the metal hydride tank for a two-

dimensional axisymmetric case can be described by:

T 19 ar\ o, or ,
(pCP )Q[fgz;girkeﬁgjﬁ_g(keﬂ gj_mubs(AH +T(Cpg_CpS)) (23)

where ( pC » )eﬁ represents the volume-averaged heat capacity of the gas and solid

respectively, which is calculated in Ansys Fluent software [19] using the rule of
mixtures. kerr 1S the effective thermal conductivity of the hydride bed, maps is the
hydrogen mass absorbed per unit time and volume, AH" is the reaction heat of
formation with the unit of J/kg, and Cp,¢ and Cps are the specific heat of the gas and

solid phases respectively.
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The gas velocity, v, , in the tank can be calculated using Darcy’s law since the

dispersed system of metal hydride is a porous medium:

v, = —£VPg (2.4)
My

where K is the permeability of the porous medium, ¢, is the dynamic viscosity of the

hydrogen gas, and P, is the gas pressure.

The continuity equation for hydrogen gas can be written as:

d
8%+V0(pgvg)=—mahs (2.5)

where ¢ is the porosity of the metal hydride bed, p, is the density of the hydrogen gas,

andm,,_ 1s the hydrogen mass absorbed per unit time and volume. We only focus on

the absorption process in this work as it must be accomplished over a time period on

the order of minutes and is therefore quite challenging; on the other hand, the

discharge process can occur over a period of hours. The expression for m,_ is given as:

E v By
RT)ln(P V(P = P,) (2.6)

g eq

m, =—C exp(—

where C, is the absorption constant, £, is the activation energy for absorption, R, is

the gas constant, 7'is the temperature in K, and p_, is the saturation density of the

metal hydride material. P, is the equilibrium pressure for absorption, which is

calculated using the Van’t Hoff relationship, adopted from [10]:

= A—E (2.7)

In =
1000 T
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where 4 and B are constants with the values of 17.608 and 3704.60, respectively for
LaNis [44].

The model is implemented using a commercially available program, Fluent.
When solving partial differential equations, Fluent uses the finite volume method on a
finite element mesh once the boundary and initial conditions as well as material

properties, such as the effective thermal conductivity are specified.

2.3 Initial and Boundary Conditions
Initially the temperature, pressure, and the metal hydride density in the tank are

assumed to be uniform. Therefore,
T=T, p,=p, P,=P, (2.8)

4
As the tank is cylindrical with axisymmetric boundary conditions, one can

apply the axisymmetric condition about the z-axis giving:

a—T =0 (2.9)
or (2.0.1)

The outside of the tank is cooled either by natural convection or forced
convection (active cooling). The heat flux continuity through the cooling boundary
gives the following condition:

—k

wall

VTeii=h(T-T,) (2.10)

k

eﬁof

where 7 represents the normal vector to the corresponding wall. Here &

wall —
the hydride material (assuming that the thermal conductivity of the tank wall material
is large enough that its thermal resistance can be ignored), T, represents the cooling
fluid bulk temperature over the external surface of the tank wall, and / is the
convective heat transfer coefficient. The domain of calculation with the boundary

conditions are shown in Figure 2.1.

17



Hydrogen inlet.

i Tf’hf
| =
a |
or (2.0.0) | - Tf’hf
\!
|
| b
. ] > |« —k  VTon=h(T-T,)
b
| £ %
T, h,

Figure 2.1 Axisymmetric model used in Ansys Fluent software.

The outputs of the model are the temperature distribution within the hydride

bed, and the mass of hydrogen stored as functions of time.

The User Defined Function (UDF) is compiled and integrated with Ansys

Fluent to calculate the absorption rate and the heat release rate during the reaction and

is listed in Appendix A.
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If the reaction kinetics m,, is known for a different hydride material, the

material can be simulated with the same governing equation and boundary condition.
The parameters in the UDF need to be replaced by the new material parameters. m,,
may have a different expression for a new material, but it always is the function of

pressure, temperature and local hydrogen density.

2.4 Summary

A mathematical model was constructed to solve for the heat and mass transfer
processes in a porous medium comprising the metal hydride bed. With the expression
for the hydrogen mass absorbed per unit time and unit volume m,,_, and the heat
released during the reaction, these equations can simulate the transient heat and mass
transfer phenomena in the metal hydride bed. The mathematical model was developed
with Ansys Fluent software to predict the time-varying temperature field and mass of

hydrogen stored. Expressions for m, and the heat source term were integrated by

employing the UDF in Ansys Fluent.
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Chapter 3

EXPERIMENTAL DESIGN, SETUP, AND MODEL VALIDATION

To validate the computational model, a concurrent experiment was performed
using a tank that was designed and constructed as shown in Figure 3.1. It consisted of
a cylindrical shell with flanges, two round cover plates, cylindrical spacers, O-rings,
and filters. The shell and the two cover plates were fabricated from 6061 aluminum
alloy, and the spacers were machined from Delrin. The spacers at the top and bottom
were designed to hold the metal hydride powder in place. A fine nylon mesh and filter
paper was used to contain the metal hydride between the spacers. The spacers had a
clearance fit with the inside of the tank. One thermocouple was placed at the midpoint
of the tank to compare the temperature of the metal hydride bed with the numerically
predicted value. The spacer at the bottom had a clearance fit with the stem of the
thermocouple, and the spacer at the top had holes for hydrogen to flow into the metal
hydride bed. A second thermocouple was attached to the outer wall of the tank to
monitor the wall temperature. The tank was sealed by bolting the cover plates to the
flanges using O-rings to ensure complete sealing. The hydrogen inlet and
thermocouple tube were sealed with NPT tapered thread on the top and bottom cover
plates, respectively. The total height of the tank was 203.2 mm, and its wall thickness
was 15.5 mm. The tank was filled with 668 g of LaNis powder. The distance between
the Delrin spacers was set to 106.7 mm which allowed for the expansion of the metal

powder during hydriding.
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Figure 3.1 Photograph (top), and schematic cutaway view of the metal hydride tank

(bottom)
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All measurements were performed at a constant hydrogen inlet pressure of 10
bar with 668 g of powder. The inlet pressure was controlled by the apparatus shown in
Figure 3.2. The output of the thermocouple embedded in the center of the tank (» = 0,
z = H/2) was measured using LabVIEW Signal Express and a data acquisition board

from National Instruments.

Figure 3.2 Apparatus used to maintain constant inlet pressure on the cylindrical

hydride tank during charging.

The thermocouple output during the filling process which lasted about 100 min
is compared with the temperature predicted by the computational model in Figure 3.3.
The experimental temperature curve agrees with the predicted values to within £5°C.
This close agreement indicates that our computational model is able to fully capture

the complex physics during the hydrogen filling process. Having validated the
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numerical model, parametric studies were conducted next to investigate the influence
of enhanced conductivity of the metal powder, the geometric aspect ratio of the tank,
and the cooling process (natural vs. forced convection cooling) on the filling rate of

hydrogen in the tank. The results are presented and discussed in Chapter 4.
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Figure 3.3 Comparison of experimental temperature data with simulation results at the

center of the metal hydride tank (» =0, z = H/2).

Subsequently, we modified the experimental apparatus as shown in Figure 3.4.
A commercial metal hydride tank (Parr Instrument Company) was employed with 63.5
mm internal diameter and 101.6 mm height. A series of manual valves enabled
charging of the metal hydride tank with hydrogen from a 2.5 L high pressure reservoir,
and the hydrogen was discharged at the end of the experiment by switching from the

high-pressure reservoir to a vacuum pump. The 2.5 L reservoir was initially filled
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from a commercially-supplied hydrogen cylinder to a known pressure. During the
charging of the metal hydride tank, the reservoir’s pressure was monitored
continuously and the mass of hydrogen absorbed was calculated from its pressure drop.
A pressure regulator controlled the inlet pressure to the metal hydride tank at 10 bar.
The metal hydride tank was filled with 460 g of LaNis powder, leaving a void space of
about 40% at the top of the tank for powder expansion during charging. Three
thermocouples were attached along the circumference of the tank wall at a height of

40 mm from the tank bottom and their temperatures were averaged to provide the wall
temperature at this height. The experimental validation of the physical mixing model

was conducted on this apparatus and the results are presented in Chapter 7.

Vacuum pump

connect \

Pressureffansducerto sct

inlet pressure = 10 bar

4——— Metal hydride tank from Parr Company

Figure 3.4 Photograph of the experimental apparatus
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In summary, a hydride-based hydrogen storage tank was manufactured, and it
was charged with hydrogen gas from an apparatus at constant inlet pressure. The
temperature at the center of the tank filled with LaNis material was recorded to
compare with the predicted time-varying temperature from the simulation results. The
comparison showed a close agreement and it proved that the computational model was
able to fully capture the complex physics during the hydrogen filling process. The tank
was upgraded and the apparatus was rebuilt subsequently to monitor the hydrogen

absorption rate and acquire a more complete set of data.
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Chapter 4

HYDROGEN STORAGE SYSTEMS BASED ON HYDRIDE MATERIALS
WITH ENHANCED THERMAL CONDUCTIVITY

4.1 Introduction

In this chapter, we present a parametric study to investigate the influence of
thermal conductivity of the hydride bed on the charging rate of hydrogen. For this
purpose, we considered a cylindrical metal hydride hydrogen storage tank of fixed
volume and explored the relationships between the various parameters of relevance
and the mass of hydrogen stored. The parameters addressed in this study are the
aspect ratio of the cylindrical tank (defined as the ratio of the tank radius R and height
H), and the effective thermal conductivity of the metal hydride enhanced by
introducing Al foam. The quantity compared is the heat removal rate of the storage
tank as a function of the filling time. Filling time is a key metric which will dictate the

design of the hydrogen storage system.

4.2 Conductivity-enhanced Hydride Material

Removing heat rapidly is the key to fast charging of hydrogen into the metal
hydride tank. The rate-limiting step in this process is the poor effective thermal
conductivity of the LaNis powder (k= 1.2 W/m-k). One approach to increase the heat
transfer rate is to enhance the metal powder’s thermal conductivity by first placing Al
foam inside the storage tank before filling it with the metal power. It is important to

note that adding Al foam to the tank reduces the amount of hydride available for
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hydrogen storage, which will certainly lower the volumetric and gravimetric storage
densities if the filling time is unlimited. However, the filling time for automotive
applications is limited to no more than a few minutes. In such circumstances, the
density of hydrogen storage can actually be improved by the addition of conductivity-
enhancing materials. In order to predict the increase in heat transfer rates and the
temperature field within the tank, it is first necessary to determine the relationship
between the effective thermal conductivity of the dispersion system and the fraction of
Al foam added to the hydride. Hence, we constructed a numerical model to determine
the effective thermal conductivity of the powder-foam mixture as a function of the Al

foam fraction.

The thermal conductivity of Al foam depends on its porosity, cell size, and cell
structure, but here we simplify the analysis and consider only the porosity dependence.
A unit cell consisting of a cube with cubic inclusions of metal hydride within the
frame of aluminum, as shown in Figure 4.1, was numerically discretized using finite
elements. The porosity of the cell is the ratio of the included volume to the total
volume of the cell. Fixed temperature boundary conditions were applied along the two
opposite faces of the cube to create a temperature gradient across the cell. The
remaining four faces were insulated. The finite elements in the frame were assigned
the thermal conductivity of aluminum (202.4 W/m-K), and the finite elements
belonging to the included volume were given the thermal conductivity of LaNis. The
heat conduction equation was solved using Ansys Fluent to find the steady state
temperature field, and the heat transfer rate through the cube. The effective thermal

conductivity of the cell was calculated by dividing the heat flux by the imposed
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temperature gradient. This analysis was repeated for various inclusion volumes inside
the Al frame to find the effective thermal conductivity as a function of the porosity of

the unit cell, and the results are presented in Figure 4.2.

Figure 4.1 Unit cell of Al foam for effective thermal conductivity calculations. The

skeleton in the cell is solid Al and the void space is filled with LaNis powder.
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Figure 4.2 Numerically calculated effective thermal conductivity of metal hydride

powder incorporating Al foam.

The results indicate that the effective thermal conductivity of the dispersion
system increases as expected with the percentage of Al foam. However, it is
important to note that the curve in Figure 4.2 does not follow the simple rule of
mixtures which is usually employed to find the effective thermal conductivity. The
effective thermal conductivity values in Figure 4.2 were used in the subsequent
analysis of the heat transfer and reaction kinetics to predict the mass of hydrogen
stored, and the temperature field inside the cylindrical tank containing metal hydride
for various fractions of Al foam. The mathematical model for our time-dependent

analysis is presented in the following section.

29



4.3 Initial and Boundary Conditions

A mathematical model was developed using Ansys Fluent as described in
Chapter 2 to evaluate the transient heat and mass transfer in a cylindrical metal
hydride tank, and to predict the time-varying temperature field and mass of hydrogen
stored, as a function of the thermal conductivity of the enhanced hydride material,
aspect ratio of the cylindrical tank, and imposed thermal boundary conditions. The

underlying assumptions and governing equations are described in Chapter 2.

Initially the temperature, pressure, and the metal hydride density in the tank are

assumed to be uniform. Therefore,
T=Ty.p,=pnF,=h (4.1)

As the tank is cylindrical with axisymmetric boundary conditions, one can

apply the axisymmetric condition about the z-axis giving:

I (4.2)
al’ (2,0,1)

The outside of the tank is cooled either by natural convection or forced
convection (active cooling). The heat flux continuity through the cooling boundary
gives the following condition:

ke, VTon=h(T~T,) (43)

wall

5
where n represents the normal vector to the corresponding wall. Here &, = k,; of the

hydride material (assuming that the thermal conductivity of the tank material is large
enough that its thermal resistance can be ignored), T, represents the cooling fluid bulk
temperature over the external surface of the tank wall, and 4 is the convective heat
transfer coefficient, which in our analysis is assumed to be 25 W/m?-K for natural
convection and 2500 W/m?-K for active cooling. The boundary conditions for the

mathematical model are shown in Figure 2.1.
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The outputs of the model are the temperature distribution within the hydride
bed, and the mass of hydrogen stored as functions of time. This model was validated
in Chapter 3 for the chosen baseline parameters. In the next few sections, we explore
the role of the aspect ratio of the tank and the applied cooling rates on the hydrogen
charging rates for various percentages of Al foam used to enhance the metal hydride’s

thermal conductivity.

4.4 Influence of Aspect Ratio of the Cylindrical Tank

The tank in the numerical model is cylindrical in shape with the hydrogen inlet
placed at the center of the top face as shown in Figure 2.1. The analysis is conducted
for an axisymmetric model with Ansys Fluent 12.1 [19]. Here, we held the tank
volume constant at 201 cm? while varying the aspect ratio (defined as the ratio of the
tank radius R and height H). The numerical mesh must be customized to the tank
geometry, and hence, a different mesh was prepared for each tank aspect ratio. The
tank can hold a maximum of 7.5 g of hydrogen when it is filled with pure metal
hydride material LaNis. Al foams with different porosities were incorporated within
the tank to increase the effective thermal conductivity of the metal hydride. However,
the addition of Al foam decreases the available volume for the metal hydride, which

can adversely impact the mass of hydrogen that can be stored.
The influence of aspect ratios ranging from 0.125 to 3.375 was explored. A

small aspect ratio implies that the tank is long and slender, while a large aspect ratio

corresponds to a short and wide tank. The surface area to volume ratio is large at each
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end of the aspect ratio range, and is minimized for an aspect ratio around 0.42. For
each aspect ratio, the percentage of Al foam was varied from 0% (pure LaNis) to

100% (pure aluminum).

The results for the amount of hydrogen absorbed after the first 3 min are
plotted in Figure 4.3. A filling time of 3 min was chosen in accordance with the
published DOE targets for on-board hydrogen storage. In Figure 4.3, the x-axis

represents the aspect ratio and the y-axis is the non-dimensionalized hydrogen content,

which is defined as 77/7_ , where7] is the hydrogen absorbed for a given aspect ratio,
and 77, 1s the maximum hydrogen that can be absorbed among the simulated aspect

ratio series for that percentage of Al foam in 3 min. It is seen that 7)/n_ = 1.0 for the

highest aspect ratio studied (R/H = 3.375). For AR < 3.375, the non-dimensionalized
amount of hydrogen stored is always less than 1.0. The hydrogen content decreases as
the aspect ratio decreases from 3.375, reaches a minimum around AR = 0.6, and then

again increases for very small AR.

Furthermore, it is seen that the effect of aspect ratio on the hydrogen content is
stronger as the percentage of Al foam is decreased. In fact, for aluminum percentage >
60%, the non-dimensionalized hydrogen content hardly deviates from 1.0 for any
aspect ratio. For metal hydride beds of low thermal conductivity, the heat release upon
absorption cannot be transferred efficiently to the boundary of the tank, implying that
hydrogen absorption is restricted to a thin layer adjacent to the tank boundary (see
Figure 4.4, bottom). Therefore, the amount of hydrogen absorbed for low thermal

conductivity beds is proportional to the tank surface area, which as was stated earlier,
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is minimized at AR = 0.42, and increases towards both extremes of the AR range. On
the other hand, when the effective thermal conductivity is high, the heat released is
rapidly conducted to the tank boundary, implying that the entire hydride bed is able to
participate in hydrogen absorption (Figure 4.4, top). As a result, high conductivity
hydride beds show a smaller dependence on surface area, and hence, on tank aspect

ratio, as shown in Figure 4.3.
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Figure 4.3 Variation of non-dimensionalized hydrogen content with tank aspect ratio
after 3 min of charging for various percentages of Al foam under active cooling (4 =

2500 W/m?-K).
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Figure 4.4 Contours of hydrogen content for R =30 mm. Top: 10% Al foam (high
thermal conductivity); bottom: 0% Al foam (low thermal conductivity). Both plots are
for active cooling (2 = 2500 W/m?-K) when ¢ = 3 min. The contour levels are

indicated in kg/m?.

Next in Figure 4.5, we compare the effect of aspect ratio on hydrogen content
under two cooling regimes: natural convection and active cooling. These results
pertain to the case of pure hydride (Al foam percentage = 0%) after 3 min of charging.
Figure 4.5 clearly shows that aspect ratio has a stronger effect on the hydrogen content

when active cooling is used.
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Figure 4.5 Variation of non-dimensionalized hydrogen content with tank aspect ratio
after 3 min of charging for two cooling regimes: natural convection and active cooling.

Al foam percentage = 0%.

Higher aspect ratio tanks appear to be more efficient at storing hydrogen when
the hydride system has a higher effective thermal conductivity, and when the tank is
subjected to active cooling. However, from the view of mechanical design, a tank of
large aspect ratio has a large diameter and small height, which can reduce its
mechanical strength and its ability to contain gases even at moderate pressures;
therefore, the aspect ratio should be chosen with consideration of both the heat

removal capacity and mechanical strength.
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4.5 Influence of Cooling Rates

In Figure 4.6, the mass of hydrogen absorbed in the tank is recorded against
filling time for natural convection (4 = 25 W/m?-K) and active cooling (4 = 2500
W/m?-K). The corresponding aluminum percentage here is 0%, and the tank AR =
0.42. It is seen that active cooling has a tremendous impact on the filling rate; natural
cooling cannot deliver 90% saturation even after 1 hour, whereas active cooling can

deliver it in 15 min.

As stated earlier, heat transfer is the key issue that determines the filling rate of
hydrogen in a metal hydride tank. Heat is ultimately removed by the cooling fluid, so
it is governed by the difference between the bulk coolant fluid temperature and the
temperature inside the tank, and the external heat transfer coefficient, 4. Because the
bulk coolant fluid temperature is fixed and the tank temperature’s upper limit is given
by the Van’t Hoff equation, one expects that the heat removal rate is strongly
determined by 4. However, Figure 4.7 indicates that the mass of hydrogen absorbed
reaches a plateau beyond 4 = 2500 W/m?2-K. This is because at high values of / there
is a large temperature gradient from the wall of the tank to its center if the thermal
conductivity of the hydride material is low. Thus, the poor thermal conductivity of the
metal hydride contributes principally to the total heat transfer resistance from the tank
to the outside. The use of thermal conductivity-enhanced material improves the heat
transfer within the tank such that one can employ convection coefficients even higher

than 2500 W/m?-K to improve the filling rate.
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Figure 4.6 Mass of hydrogen absorbed as a function of filling time for natural
convection (4 =25 W/m?-K) and active cooling (2 = 2500 W/m?-K). Tank aspect ratio

1s 0.42, and no Al foam is added for either case.
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Figure 4.7 Variation of mass of hydrogen absorbed in 3 min with the convection

coefficient for three Al foam percentages. Tank aspect ratio is 0.42.

4.6 Influence of Various Parameters on Filling Time

The variation of the mass of hydrogen absorbed with Al foam percentage is
shown in Figure 4.8 (for natural convection) and Figure 4.9 (for active cooling) for
various filling times. A higher percentage of Al foam improves the effective thermal
conductivity but at the cost of reducing the amount of available metal hydride since
the tank volume is fixed. As expected, Figure 4.8 and Figure 4.9 show that the mass of
hydrogen stored is very small for high values of Al foam percentage. As the Al foam
percentage is reduced from 100%, the mass of hydrogen stored begins to increase, but

the curves show differing behavior for different filling times. For the case of infinite
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filling time, the mass of hydrogen stored increases linearly with the amount of LaNis,
and is therefore inversely proportional to the amount of Al foam percentage all the
way from 100% to 0%. Hence the tank containing pure LaNis will store the most

hydrogen when the filling time is unlimited.

On the other hand, when the filling time is finite, it is seen that the hydrogen
stored actually reaches a maximum value for an intermediate value of Al foam
percentage. For the case of natural convection (Figure 4.8), this peak value occurs
around 30% or less of Al foam. For active cooling (Figure 4.9), the peak shifts to a
lower value of Al foam, around 10% or less. As the filling time is increased, all the
curves approach the straight line corresponding to the maximum possible hydrogen
content in the tank at infinite time. Additionally, as the filling time is increased, the
aluminum percentage value corresponding to the maximum hydrogen mass shifts
slightly to the left. These results are significant because they show that the addition of
even small amounts of conductivity-enhancing materials can improve storage

efficiency compared to the case of pure LaNis for limited filling times.
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Figure 4.8 Variation of hydrogen absorbed with percentage of Al foam at different

filling times under natural convection (2 = 25 W/m?-K). t = inf denotes infinite time.
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4.7 Summary

A mathematical model to predict the mass of hydrogen stored in a metal
hydride tank containing conductivity-enhancing material was developed using Ansys
Fluent software. The relationship between the added fraction of thermal conductivity-
enhancing Al foam and the corresponding increase in thermal conductivity was
numerically calculated using a 3D dispersed-system unit cell model. The resulting
effective thermal conductivity values were used in the mathematical model to predict
the temperature distribution, and the mass of hydrogen stored in a hydride bed
contained within a cylindrical tank of fixed volume but varying aspect ratio
(radius/height). Parametric studies were conducted to investigate the influence of the
effective thermal conductivity of the storage material (changed by the addition of Al
foam), tank geometry (change in the aspect ratio of the tank), and heat transfer process

(natural vs. active cooling) on the mass of hydrogen stored.

The results show that the effect of tank aspect ratio on the filling rate becomes
strong when the effective thermal conductivity of the metal hydride powder is small
(less Al foam in the tank). In addition, the effect of tank aspect ratio on the filling time
is also stronger when the heat removal rate is high (larger 4). The results show that the
hydride bed can reach 90% saturation with hydrogen in 15 min under active cooling
(h=2500 W/m?-K), whereas it requires over one hour in the case of natural convection.
For the natural convection case, a large Al foam percentage of around 30% is required
to maximize hydrogen absorption when the filing time is limited to several minutes,
whereas for the active cooling case, less Al foam (around 10%) is sufficient to
maximize hydrogen storage. This study should prove useful in the design of practical

metal hydride-based hydrogen storage systems.
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Chapter 5

OPTIMIZATION USING GENETIC ALGORITHMS OF TWO SPIRAL HEAT
EXCHANGERS WITH FINS

5.1 Problem Description

The overall objective is to improve the rate at which hydrogen gas can be
charged into a hydride-based hydrogen storage tank. In order to accomplish this goal,
we formulated a mathematical model in Chapter 2 that incorporated flow, reaction
kinetics, and heat transfer to find the optimal tank design and materials that will
accelerate the charging rate of hydrogen into the tank. The heat removal rate can be
increased by enhancing the effective thermal conductivity of the metal hydride
material by mixing it with conductivity-enhancing materials such as Al foam or
graphite, and by introducing an active cooling environment. Here, we examine the
benefits of using two spiral heat exchangers with fins to enhance the heat transfer. A

genetic algorithm is used to search for the optimal geometric configuration.

Mellouli et al. [47] reported a design which employed spiral heat exchangers
with fins as shown in Figure 5.1. The tank contains two radially-offset spiral coiled
tubes with the ends of each coil connected to the cover of the tank. In addition,
concentric fins were embedded between the coils. They studied the influence of the
length, pitch, and thickness of the fins along with their arrangement by comparing just
three cases. While their results do show that these parameters affect the absorption rate,

they did not identify the optimal location and dimensions of the spirals and fins in the
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tank. Because the spirals and fins occupy volume in the tank thereby displacing the

metal hydride material, this also needs to be included in the optimization process.

We have identified six variables that play a role in optimizing the filling rate.
They are fin length, fin thickness, fin pitch, fin material, and the locations of the two
spirals. A brute force search for the optimal design would require one million
simulations by employing 10 distinct values for each variable which is
computationally daunting. A more intelligent approach would be to use the genetic

algorithm (GA) method to arrive at a global optimal with far fewer simulations.

Figure 5.1 Schematic of a cylindrical metal hydride tank containing two spiral heat

exchangers with fins. Adopted from [47].
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5.2 Genetic Algorithms

Genetic algorithms (GA) use an evolutionary process to move towards optimal
solutions. Such algorithms are inspired by natural evolution, such as genetically
inherited traits, mutation, selection, and crossover. In the genetic algorithm, the
evolution usually commences with a population of randomly selected individuals for
which the simulations are performed and a fitness factor is calculated. The fitness
value is the value of the objective function in the optimization problem being solved.
The population within each iteration is called a generation. Within each generation,
the fitness value of each individual in the population is evaluated. The next generation
is produced by using genetic operators (reproduction, crossover, and mutation) using
the fitness value and the population from the previous generation. Usually, the
algorithm stops when the number of generations that have been computed reaches a

prescribed limit, or the fitness value has reached some desired value.

5.3 Validation of GA Implementation: Cooling of a Square Plate

Before using our GA method to optimize the six variables describing the two
spiral heat exchangers with fins in the hydrogen storage tank, we first verified the
model by applying the GA method to a simple heat conduction problem with a known
optimal solution. In this example, a 20 cm x 20 cm square plate initially at 400 K
containing a 4 cm x 4 cm square hole is cooled by subjecting its boundaries to 300 K
at # = 0 and maintaining that boundary condition subsequently, as shown in Figure
5.2a. The goal is to find the optimal location of the square hole such that the average
plate temperature is the lowest at the end of 10 sec. The simulation is performed by
first conducting an exhaustive search by systematically moving the hole location from

one end of the plate to the other in both directions, and calculating the average
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temperature for each configuration after 10 sec as plotted in Figure 5.2b. As expected,
the optimal location of the square hole is at (0, 0) due to symmetry in the geometry
and boundary conditions. Next, we solved the same example with our GA approach
and the optimal result obtained after 5 generations was (0.0373 cm, 0.0025 cm), which
agrees with the analytical result within the allowable tolerance. Even in this simple
example, the exhaustive search required 100 simulations, whereas the GA approach
produced the optimal result with just 10 simulations per generation for a total of five
generations. Within each generation, the GA suggests configurations that are better
suited for the next generation to move it closer to the optimal configuration for the
objective selected. One may need to run the GA typically for 5 to 10 generations to
converge on a near-optimal solution. The power of the GA is fully revealed when the
parameter space is large. For example, if we had to identify not just the optimal hole
location but also the length and width of the hole (for a constant given area), we would
have three parameters to explore. An exhaustive search with about 100 trials for each
parameter would require 100° simulations to find the optimum, so the cost goes up
exponentially with the number of parameters. In contrast, in GA, the cost increases
linearly and hence this technique is very efficient when the parameter search space

includes two or more parameters.
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Figure 5.2 (a) Schematic of a square plate with a square hole; (b) area-weighted-

temperatures as a function of the square hole location after 10 sec of cooling.
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5.4 Optimal Arrangement of Two Spiral Heat Exchangers in a Cylindrical
Metal Hydride Tank

After the GA method was validated, the approach was applied to find the best
location of heat exchangers in the metal hydride tank to provide maximum absorption
of hydrogen for a fixed charging time. We first studied the case of a cylindrical metal
hydride storage tank with two spiral heat exchanger coils without fins. The position of
the spiral coils inside the tank affects the heat removal rate and influences the filling
time. Therefore, the GA approach was used to find the optimal location of the two
spiral heat exchangers (two parameters) with the objective function of minimizing the
filling time when charging with hydrogen. The parameters were the position of the

first spiral from the center, and the distance between the two spirals.

The cylindrical tank had a radius of 80 mm and a height of 50 mm. The model
was axisymmetric with the spiral represented as a rectangular region of size 5 mm x
40 mm. A constant hydrogen pressure of 10 bar was applied at the inlet of the
cylindrical tank, and the boundaries of the tank and the spiral coils are all subjected to
a convective boundary condition with a heat transfer coefficient of 2500 W/m?-K. The
area-weighted-density of the hydrogen absorbed is recorded at the end of 20 min for
every configuration of the two spiral coil positions within the tank and is used to
search for maximum absorption in the next generation. The GA method provides the
optimal spiral arrangement shown in Figure 5.3a after 10 generations of search with a
population of 10 individuals in each generation. This configuration allows for 95.4%
saturation of hydrogen within 20 min as compared to a random arrangement of spirals
as shown in Figure 5.3b which reaches only 69.3% saturation. The random

arrangement is only a marginal improvement over 63.5% saturation for the tank
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without spirals. Thus the ability of the GA coupled with the model running in Ansys

Fluent to provide an optimal design is demonstrated.

- . *1’//' Two spirals
Inlet o
N\t
2
! |
Mesh Jul 19, 2010

ANSYS FLUENT 12.0 (24, dp, pbns, lam)

b
Figure 5.3 (a) Spiral positions for maximum hydrogen absorption (95.4% saturation)
at the end of 1200 sec of charging time. In this configuration found by GA, the first
spiral is located 33.7 mm from the center and the second spiral is located 23.3 mm
further away; (b) Random arrangement (69.3% saturation): the first and second spirals

are located 4 mm and 12 mm from the center, respectively.
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5.5 Optimization of Two Spiral Tubes with Fins.

As mentioned earlier, the advantage of the GA is that additional parameters
can be easily optimized with very little additional computational cost. In this part of
the study, two more parameters, the number of fins and the fin area, were introduced
into the optimization routine. The objective function in this case was broadened to
account for the weight of the tank that included the weight of the finned spirals. This
introduced an additional parameter which was the density of the spiral and the fin
material . Thus, the GA was employed to optimize the solution based on six
parameters: fin length, fin thickness, fin pitch, location of the two spirals, and fin
material to obtain the maximum hydrogen absorption in a fixed time normalized by
the tank weight. Figure 5.4 shows an example of the mesh that was used in the model
with node refinement around the fins to obtain a more accurate temperature

distribution.

For these simulations, a cylindrical tank was chosen with a radius of 80 mm
and a height of 50 mm. Fins were embedded into the two spiral coiled tubes. The
model assumed axisymmetry wherein the spiral was represented as a 5 mm x 40 mm
rectangular region and the fins were attached to the spirals. A constant pressure of 10
bar was applied at the inlet of the cylindrical tank, and the boundaries of the tank and
the spirals both were assigned a convective boundary condition at 2500 W/m?-K. The

fins were treated as solid.

For the first set of simulations, the weight of the finned spirals was neglected.

Here, the area-weighted-density of hydrogen absorbed at 3 min was used as the

objective function for every configuration of the two spiral positions and fin lengths
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within the tank. A 5 mm gap is required between adjacent fins and between the fins
and the tank walls, which places an lower and upper bound for the relevant variables.
The GA method provides the optimal spiral arrangement shown in Figure 5.5a after
100 generations of search with a population of 30 individuals in each generation. This
configuration allows for 81% saturation of hydrogen within 3 min as compared to a
random arrangement of spirals as shown in Figure 5.5b which reaches only 62%

saturation.

Next, the objective function was changed to account for the weight of the
finned spirals. The mass of hydrogen absorbed by the tank in 3 min is normalized by
the system weight, and this value was defined as the new objective function. However,
the chosen objective function returns values for the various parameters that are too
close to each other, so it is not particularly meaningful to look for an optimal design in

this case.
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Figure 5.4 Computational mesh of spiral heat exchangers with fins in the cylindrical
tank containing metal hydride. Parameters to be optimized for maximum hydrogen
absorption include fin length, fin thickness, fin pitch, location of the first spiral coil,

separation between the coils, and fin material.
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Figure 5.5 (a) Spiral coil locations for maximum hydrogen absorption (81% saturation)
after 3 min of charging; (b) Random arrangement for fin length, location of the first

spiral coil, separation between the coils (62% saturation).
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5.6 Summary

The genetic algorithm method was applied to optimize the design of a metal
hydride tank containing two spiral coiled tubes with fins. The GA method was first
validated by simulating the case of heat conduction in a square plate which has an
exact solution. Then the GA method was used to find the optimal location of two
spirals in the metal hydride tank, and the results showed that the hydride tank saturated
quickly with hydrogen when the spirals were positioned at the optimized location.
When fins were attached to the coils, the optimal choice of the spiral design with fins
showed a faster saturation than a randomly chosen case. But when the objective
function was changed to account for the system weight, the simulations returned close
output values for the parameters, and so the optimal choice could not be meaningfully

distinguished.
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Chapter 6

HYDROGEN STORAGE SYSTEM BASED ON HYDRIDE MATERIALS
INCORPORATING A HELICAL-COIL HEAT EXCHANGER

6.1 Introduction

In the previous chapters it was shown that the heat removal rate can be
increased by (1) increasing the effective thermal conductivity of the system by mixing
the metal hydride with conductivity-enhancing materials such as Al foam [9], (2)
optimizing the geometric design of the tank [49], and (3) improving the external heat
transfer coefficient [44]. However, for certain tank designs, it may be more effective

to incorporate an internal heat exchanger.

The literature contains several studies on the use of internal heat exchangers
such as a concentric tube carrying a cooling fluid [45], optimized configuration of
cooling tubes [51], and the helical coil heat exchanger [52]. It may also be
advantageous to add fins to the internal heat exchanger tubes to increase the heat
transfer area. While internal heat exchangers can improve the heat removal rate, they
do occupy a finite volume within the tank which can adversely impact gravimetric and
volumetric storage efficiencies. These previous studies on the use of heat exchangers
focused on improving the filling rate without considering storage efficiency. Here, we
present an analysis that accounts for the effect of hydride volume reduction due to the

presence of the heat exchanger. Our goal is to identify geometric, material and process
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parameters which improve the filling rate while also maximizing hydrogen storage

density defined as the mass of hydrogen absorbed divided by the overall tank volume.

Helical coils are widely used in industrial applications that require high heat
transfer rates due to their comparatively high heat transfer area/volume ratio. Here, we
employ a helical coil tube embedded within the metal hydride bed to remove the heat
generated by the reaction between the metal powder and hydrogen. The important
parameters that control the effectiveness of the design include geometric parameters
such as the diameter of the helical coil, its pitch, and the diameter of the tube itself;
material parameters such as the thermal conductivity of the hydride bed; and process
parameters such as the convective heat transfer coefficient of the coolant flowing
through the tube. We have conducted parametric studies through simulations of a
cylindrical metal hydride tank containing a helical coil. Metal hydride tanks equipped
with a helical coil have been researched previously, both experimentally and
numerically, by Jemni’s group [47]. They assumed that the coil pitch was at its
minimum such that adjacent coils were in contact which permitted the use of a
rectangular area simplification to simulate the helical coil tube with a 2D
axisymmetric model. However, such a small pitch does not necessarily result in good
volumetric storage efficiency, which we demonstrate through our simulation results.
Moreover, it is not possible to capture the details around the helical coil tubes with a
2D simulations. Hence, we have employed 3D simulations to investigate the heat
transfer enhancement of a helical coil inside a cylindrical tank containing metal

hydride. We also investigate the effect of adding Al foam to enhance the thermal
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conductivity of the metal hydride bed. Simulations were conducted using Ansys

Fluent 12.1.

6.2 Mathematical Model

A helical coil tube is centrally embedded in a cylindrical tank as shown in
Figure 6.1a. The tank is filled with metal hydride, and the coolant flows though the
helical tube to remove the heat generated during the hydrogen absorption process. In
this system, the only heat removal method is by the flow of coolant through the helical
coil tube. The external walls of the tank are assumed to be insulated, which is the most
conservative boundary condition for a tank within a confined region not exposed to
convection (typical for on-board storage in automotive applications). A 3D simulation
was conducted to find the optimal parameters for this helical coil cooling tube.
Typically, the helical tube will have multiple coils. However, the reaction rate and
heat transfer condition for each coil unit should be the same based on our expectation
that the effect of pressure variation within the tank is negligible due to the high
permeability of LaNis powder [3], and that the coolant temperature along the tube is
constant. Thus the helical coil can be analyzed as a single coil unit as shown in Figure
6.2. This simplification is expected to yield accurate results for all coils except those
situated at the top and bottom of the tank. The effect of this simplification is evaluated

in the following section.

Based on the single coil simplification, a mathematical model was developed
using Ansys Fluent 12.1 to evaluate the transient heat and mass transfer in a 3D metal

hydride tank unit as shown in Figure 6.2. This model can predict the time-varying
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mass of hydrogen stored as a function of the non-dimensional pitch, the convective
heat transfer coefficient of the fluid flowing in the helical coil heat exchanger, and the
thermal conductivity of the hydride material (with and without the inclusion of
conductivity-enhancing Al foam). The governing equations and the underlying

assumptions have been stated previously in Chapter 2.

Coolant in

| Coil diameter

Metal
hydride

—>| |<—Tube diameter

Coolant out
a. Metal hydride tank with helical b. Helical coil cooling tube c. Single coil unit of the
coil cooling tube helical tube

Figure 6.1 A helical tube with multiple coils can be simplified to a single coil unit.
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Figure 6.2 Three-dimensional mesh representing the metal hydride hydrogen storage

tank embedded with a helical coil tube in Ansys Fluent 12.1.
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The model is implemented using a commercially available program, Ansys
Fluent. Fluent uses the finite volume method on a finite element mesh to solve partial
differential equations after the boundary and initial conditions as well as material
properties are specified. The constitutive equations (4, 5) for m,,_are programmed by
user defined functions in Ansys Fluent and solved in combination with the energy

equation (2.3) and the continuity equation (2.5) in Chapter 2.

The hydrogen is introduced into the metal hydride bed via a centrally-located
tube as shown in Figure 6.2, and the heat is removed by the coolant flowing through
the helical coil. The top and bottom surfaces, as well as the tank wall are set to
insulated boundary conditions. Perfect thermal contact is assumed between the helical
coil tube and the hydride powder. The coolant fluid temperature is fixed as it passes
through the coil, and the heat transfer coefficient between the coolant and the coil is
set to different values to study its effect. In practice, the heat transfer coefficient can
be increased by increasing the coolant velocity and/or using phase change fluids. It
was calculated that the temperature rise of the coolant as it passes through the hydride
bed is negligible for coolant flow rates around 0.75 m/s; hence it is reasonable to

assume a constant coolant temperature along the helical coil tube.

Initially the temperature, pressure, and the metal hydride density in the tank are

assumed to be uniform. Therefore,

T=T,.p, = po. b, =, (6.1)
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An insulated boundary condition was enforced on all external surfaces of the

computational domain by setting:

VTen=0 (6.2)

IR
where n represents the normal vector to the corresponding wall.

A helical coil tube containing multiple coils was simplified as a single coil unit
as shown in Figure 6.2. In order to validate our hypothesis that a single coil unit can be
accurately scaled up to represent multiple coils, we also created a model with three
and five complete coils within the cylindrical tank. For this study, the tank diameter
was set to 60 mm, the coil diameter was 40 mm, the helical tube diameter was 10 mm,
and the non-dimensional pitch of the coil (pitch divided by coil diameter) was 0.625.
Coolant water was fed through the helical coil tube at # = 500 W/m?-K. Simulations
were conducted for tanks containing one, three and five coil units and the mass of
hydrogen absorbed over time was normalized by the total tank volume so that the
result is independent of tank height. The hydrogen absorption curves for the three
cases are plotted at Figure 6.3. It is found that the results for three and five coils are
virtually identical to the single helical coil model. This result demonstrates that it is
sufficient to study the single helical coil unit as the results can be accurately scaled up
to tanks containing any number of complete coils. This simplification allows

significant savings in computational time.
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Figure 6.3 Mass of hydrogen absorbed normalized by tank volume vs. charging time

for tanks containing one, three and five complete coils.
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6.3 Parametric Study

The cylindrical tank’s diameter was fixed at 60 mm for the parametric study.
This size permits the tank walls to have good mechanical strength without being too
thick and heavy. Furthermore, a larger metal hydride tank can be constructed as a
cluster of slim tanks. The actual tank height is not considered as a parameter because,
as demonstrated in section 3, tanks of different heights can be linearly scaled up from
the single unit coil tank. Hence, the tank height is set to equal the coil pitch for this
parametric study. The helical coil is characterized by three parameters: the cooling
tube diameter, the helical coil diameter, and the coil pitch as shown in Figure 6.1.
From preliminary simulations, it was observed that the cooling tube diameter had a
limited effect on the hydrogen absorption rate. Moreover, a large cooling tube
diameter would displace an excessive amount of metal hydride which is the active
medium for hydrogen absorption. Therefore, we set the cooling tube diameter to a
practical value of 10 mm. The helical coil is centrally embedded inside the cylindrical
tank, and its diameter was set to 40 mm. The non-dimensional pitch defined as
pitch/coil diameter was varied from 0.375 to 0.75 in this parametric study as shown in

Table 1.

Table 6-1 Values of key parameters employed in the parametric study

Non-dimensional pitch 0.375, 0.5, 0.625, 0.75
Percentage of Al foam (%) 0,5,10

0 . . 2_
I(é;)nvectlon coefficient of the cooling tube (W/m 250, 500, 1000, 2500, 5000
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In addition to the coil geometry, two other factors affect the hydrogen
absorption rate: the thermal conductivity of the metal hydride material, and the heat
removal rate of the coolant as it flows along the helical tube as characterized by its
convection coefficient. The thermal conductivity of the metal hydride is inherently
low, and contributes principally to the total heat transfer resistance from the high
temperature zones to the cooling tube. The thermal conductivity of the metal hydride
can be enhanced by the addition of high thermal conductivity materials such as Al
foam, expanded graphite, high-conductivity carbon fiber, etc. The addition of even
small amounts of thermal conductivity enhancing materials can significantly improve
the heat transfer within the hydride bed as we have shown previously by adding Al
foam to the metal hydride [49]. For the current parametric study, we mixed Al foam
with the metal hydride in the amounts of 0, 5, and 10% by volume as shown in Table 1.
When Al foam is added to the metal hydride powder, the resulting mixture has
different property values for effective thermal conductivity, specific heat, porosity,
and the density of the saturated metal hydride. All of these properties were changed in
the equations according to aluminum percentage. We do not investigate the addition of
Al foam beyond 10% because it results in diminishing volumetric hydrogen storage
efficiency at short filling times as the Al foam displaces the active hydrogen-absorbing
material. Finally, the cooling rate of the flow through the helical coil can be varied, for
example, by adjusting its Reynolds number or by employing phase change fluids.
Table 1 lists the different cooling rates employed in this parametric study as

characterized by the convective heat transfer coefficient.
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6.4 Effect of Pitch and Al Foam Content on Hydrogen Storage Density

The mass of hydrogen stored per unit volume of the tank is plotted against
non-dimensional pitch for various filling times in Figure 6.4. The effect of enhancing
thermal conductivity with 0, 5 and 10% Al foam is shown in Figure 6.4a, b and c,
respectively. The cooling tube convection coefficient was set to 500 W/m?-K for these
results. Figure 6.4 shows that when the tank is charged for 3 min, the hydrogen storage
density is less sensitive to pitch as the Al foam content is increased. For example, the
difference in hydrogen storage density between the non-dimensional pitch of 0.375
and 0.75, is 29.5, 16.4, and 0.1% for 0, 5 and 10% of added Al foam, respectively, as
shown in Table 2. This is because when the thermal conductivity of the metal hydride
bed is low, the heat released upon absorption cannot be transferred efficiently to the
cooling tube, implying that hydrogen absorption is restricted to a thin layer
surrounding to the cooling tube. The addition of Al foam increases the rate of heat
transfer from regions further removed from the cooling tube enhancing the absorption
rate. Addition of Al foam provides more benefit at larger non-dimensional pitch since
these tanks contain more metal hydride material. If the filling time is long enough to
allow all of the metal hydride to saturate, a tank with a large pitch will exhibit higher

storage density as it contains more hydride per unit tank volume.
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Figure 6.4 Mass of hydrogen stored per unit volume of tank vs. non-dimensional pitch
(pitch/coil diameter) for various filling times. Cooling tube heat transfer convection
coefficient is 500 W/m2-K.

(a) no Al foam; (b) 5% Al foam; (c) 10% Al foam.
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Table 6-2 Hydrogen storage density at 3 min for various Al foam contents, for a

cooling tube convective heat transfer coefficient of 500 W/m?-K.

Hydrogen storage density (g/cm?)
Non-dimensional pitch
0% Al foam 5% Al foam 10% Al foam

0.375 0.0218 0.0243 0.02343

0.75 0.01684 0.02088 0.02211
Hydrogen storage
density difference

29.5% 16.4% 0.1%

between the two non-
dimensional pitches

For the case without any thermal conductivity-enhancing material, a tank with
a small pitch can saturate in 6 min, while one with a large pitch cannot saturate even
after 12 min. By adding just 5% Al foam, the tank with a large pitch will saturate in 9
min. There is no benefit to be gained by exceeding 10% Al foam since the hydrogen
storage density already shows a decreasing trend from 0.031 g/cm? at 5% Al to 0.030
g/cm? at 10% Al. A higher Al % implies that less metal hydride is available in the tank

to participate in hydrogen storage.

Early in the filling process, the hydrogen absorption reaction mainly occurs
proximal to the surface of helical coil tube; since the ratio of coil surface area to tank
volume is higher for a coil with a small pitch, such a tank will exhibit a higher

hydrogen storage density at small times. However, as the filling time is increased, the
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reaction zone spreads throughout the volume of the tank. In this case, a tank equipped
with a helical coil of larger pitch will hold more hydrogen because its volume fraction

of hydride material is higher.

6.5 Effect of Pitch and Convection Coefficient on Hydrogen Storage Density
The mass of hydrogen stored per unit volume of tank is plotted against non-
dimensional pitch for various convection coefficients in Figure 6.5 and Figure 6.6. The
three plots in Figure 6.5 and Figure 6.6 correspond to three different Al foam contents
for filling times of 3 and 6 min, respectively. The typical forced convection coefficient
for water flowing through the tube is calculated using the Dittus-Boelter correlation to
be around 500 W/m?-K. The use of phase-change fluids can greatly increase the heat
transfer coefficient to 5000 W/m?-K. Here, we varied the heat transfer coefficient
using the values of 250, 500, 1000, 2500, 5000 W/m?-K as shown in Table 1 to
evaluate the effect of this boundary condition on the absorption reaction and charging
rate. Figure 6.5 shows that a higher convective heat transfer coefficient will increase
the reaction rate as expected, but the gain becomes less significant at higher values of
heat transfer coefficients. This result is even more evident at 6 min as shown in Figure

6.6.

Figure 6.5 and Figure 6.6 contain three types of curves: (1) curves with
negative slope throughout; (2) curves with positive slope throughout; and (3) curves
containing a maximum. For example, all the curves in Figure 6.5a (for 0% Al foam)
are negatively sloped. It is therefore evident that, for a filling time of 3 min, increasing
the pitch always lowers the hydrogen storage density in the absence of thermal-

conductivity enhancement, irrespective of 4. As stated earlier, without Al foam, only
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metal hydride in the immediate vicinity of the cooling tube participates in the reaction.
A smaller pitch presents a relatively higher coil surface area, hence a greater volume
fraction of the hydride bed undergoes the reaction. When the thermal conductivity is
enhanced, this restriction no longer holds, and the reaction zone spreads to regions of
the hydride bed at a greater distance from the helical tube’s surface. Since the relative
volume fraction of the active hydride material is higher for larger pitch, we see a rising
trend for the hydrogen storage density with pitch when the thermal conductivity is
enhanced, at least for high values of h. With only 5% Al foam, this rising trend cannot
be sustained, and the curves begin to drop back down irrespective of 4 (Figure 6.5b).
With 10% Al foam, the rising trend can be sustained for high / (Figure 6.5c). These
trends are also evident for a filling time of 6 min as seen in Figure 6.6, although with a
greater bias towards positive slopes because longer filling times allow the reaction

zone to spread farther into the hydride bed.
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Figure 6.5 Mass of hydrogen stored per unit volume of tank vs. non-dimensional pitch
(pitch/coil diameter) for various heat transfer coefficients in the helical coil cooing
tube. Filling time is 3 min.

(a) No Al foam; (b) 5% Al foam; (c) 10% Al foam.
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Figure 6.6 Mass of hydrogen stored per unit volume of tank vs. non-dimensional pitch
(pitch/coil diameter) for various heat transfer coefficients in the helical coil cooing
tube. Filling time is 6 min.

(a) No Al foam; (b) 5% Al foam; (c) 10% Al foam.
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Figure 6.7 presents results for hydrogen storage density plotted against the
convection heat transfer coefficient for a non-dimensional pitch of 0.375. Figure 6.7a
indicates that for a filling time of 3 min, the mass of hydrogen adsorbed reaches a
plateau for all the three cases. With 5% and 10% Al foam the curves begin to plateau
at around /# = 1000 W/m?-K; without Al foam, the plateau is delayed to around 4 =
2500 W/m?-K. The plateau is delayed without Al foam because higher values of / are
needed to overcome the poor thermal conductivity of the metal hydride. When the
thermal conductivity of the metal hydride is enhanced by adding 5% or 10% Al foam,
a moderate convection coefficient (1000 W/m?-K) is sufficient to bring the metal
hydride close to full saturation in 3 min. The trend is clearer at 6 min as shown in
Figure 6.7b. A convection coefficient value of 250 W/m2-K is sufficient to cause
saturation in 6 min when 5% and 10% Al foam is added; without Al foam, h = 1000

W/m?-K is required for saturation.
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Figure 6.7 Mass of hydrogen stored per unit volume of tank vs. convection heat
transfer coefficient. Non-dimensional pitch is 0.375, and filling time is (a) 3 min; (b) 6

min.

77



As shown in Table 6.3, for a 60 mm diameter metal hydride tank, insulated
from its surroundings and employing a 40 mm diameter helical coil as the heat
exchanger, adding 5% Al foam is the optimal choice. With 5% Al foam, the metal
hydride thermal conductivity is enhanced without lowering the hydrogen storage
capacity. When the filling time is limited to 3 min, the convection coefficient of 1000
W/m?-K can bring the metal hydride close to full saturation as will be shown
subsequently. Under these conditions, the non-dimensional pitch of 0.5 yields the
highest hydrogen storage density. These parameter values represent the optimized set
for the filling time of 3 min. Although the hydrogen storage density at 3 min can be
further increased by increasing h to 5000 W/m?2-K and the non-dimensional pitch to
0.625, the gain of about 7% comes at the cost of employing a very high convective
coefficient. Similarly, if the filling time is extended to 6 min, z =250 W/m?-K is
sufficient to cause saturation with 5% Al foam; under these conditions, the non-
dimensional pitch of 0.5 maximizes the hydrogen storage density. The optimized

parameter sets for filling times of 3 and 6 min are shown in Table 3.

Table 6-3 Optimized parameters with respect to volumetric efficiency of stored

hydrogen for filling times of 3 and 6 min.

Filling | Percentage of Al Convection coefficient in the Non-dimensional
time foam cooling tube (W/m?-K) pitch
3 min 5% 1000 0.5
6 min 5% 250 0.5
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6.6 Summary

A 3D computational model to predict the performance of a helical coil heat
exchanger tube embedded inside a metal hydride tank was developed using Ansys
Fluent 12.1 software. It was demonstrated that the performance of a single helical coil
unit could be linearly scaled to multiple coils with high accuracy. Hence, all
simulations reported here were conducted with a single coil unit to save computational
time. Parametric studies were conducted for a 60 mm diameter metal hydride tank,
insulated from its surroundings and employing a 40 mm diameter helical coil with a
tube diameter of 10 mm, to investigate the influence of helical coil pitch, the
convection heat transfer coefficient of the coolant flowing through the helical tube,
and the addition of various amounts of Al foam to improve the thermal conductivity of

the hydride bed.

The results show that the hydrogen storage density is less sensitive to the pitch
for higher amounts of added Al foam. It was also found that increasing the convection
coefficient improves the hydrogen absorption rate, although the rate of improvement
plateaus for higher values of 4. For the cases studied, an Al foam percentage of 5%
appears to maximize the hydrogen storage density, as higher amounts of Al foam
begin to increasingly displace the active hydride material. When the filling time is
limited to 3 min, it was found that the convection coefficient of 1000 W/m?2-K and the
non-dimensional pitch of 0.5 are the optimal parameters. If the filling time is extended
to 6 min, the convection coefficient of 250 W/m?-K and the non-dimensional pitch of
0.5 are optimal. This study should prove useful in the design of metal hydride-based

hydrogen storage systems employing internal heat exchangers.
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Chapter 7

PHYSICAL MIXING OF METAL HYDRIDE POWDER TO IMPROVE THE
CHARGING RATE

7.1 Introduction

In the previous chapters, various techniques for increasing the heat removal
rate from the metal hydride bed including the addition of conductivity-enhancing
materials such as Al foam [9, 53], introduction of internal fins to increase the heat
transfer area [45, 54], or the incorporation of a helical coil heat exchanger were
presented. Other researchers have also shown that heat removal can be accelerated by
increasing the convective heat transfer from the tank by fitting it with a cooling jacket
containing a recirculating coolant [45, 55], or by introducing internal cooling tubes [51,
56, 57], heat pipes [42], or a helical coil heat exchanger [50, 52, 58]. The tank
geometry (size and aspect ratio) were also shown to strongly influence the heat
removal rate when heat is removed from the tank wall only [49]. While all these
methods enhance the heat transfer rate, they require the addition of internal or external
components, and/or materials which can displace active hydride material from the tank

and adversely impact the gravimetric and volumetric storage efficiencies.

In this chapter we explore a new approach to accelerate heat removal by
introducing physical mixing of the hydride powder during charging. Mixing is
achieved during experiments by tilting the cylindrical storage tank back and forth by

90 degrees approximately every 5 sec. As heat is only removed by convection from
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the tank walls, mixing enhances heat transfer by redistributing hotter and less saturated
hydride powder from the tank’s core towards its boundary. This approach benefits the
filling rate in three ways: (i) the temperature at the core drops to the average
temperature of the tank if the powder is mixed uniformly, which increases the volume
of the hydride bed that can undergo reaction at that instant, thereby accelerating the
reaction; (i1) the hydrogen density (mass of absorbed hydrogen per unit volume of
metal hydride) near the boundary is also reduced to the average hydrogen density,
which increases the absorption rate of the near-wall portion of the hydride bed; and (iii)

the wall tank temperature increases, increasing the convective heat removal rate.

In our experiments, we employed a manual mixing method by continuously
tilting the tank back and forth by 90 degrees to demonstrate a measurable
improvement in the filling rate. In our computational model, we assumed that the
hydride bed is uniformly mixed throughout its volume at prescribed intervals. In
addition, we studied the effect of enhancing the effective thermal conductivity of the
bed by adding Al foam, and the effect of the convective coefficient at the tank’s outer
wall. The effect of mixing rate, Al foam percentage, and convective coefficient are
explored in the parametric study section. The mathematical model was validated by
confirming that the predicted results are in good agreement with experimental
measurements. Physical mixing is expected to be more effective for a larger tank as
the poor thermal conductivity of the hydride bed becomes increasingly rate limiting
with increasing tank size. Therefore, various tank diameters with a fixed radius-to-
height aspect ratio of 0.5 were simulated and the improvement in filling rate with

mixing was quantified as a function of tank size.
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7.2 Experimental Setup

Experiments were conducted with the apparatus shown in Figure 3.4. The
metal hydride tank (Parr Instrument Company) had a 63.5 mm internal diameter and
was 101.6 mm in height. A series of manual valves enabled charging of the metal
hydride tank with hydrogen from a 2.5 L high pressure reservoir, and the hydrogen
was discharged at the end of the experiment by switching from the high-pressure
reservoir to a vacuum pump. The 2.5 L reservoir was initially filled from a
commercially-supplied hydrogen cylinder to a known pressure. During the charging of
the metal hydride tank, the reservoir’s pressure was monitored continuously and the
mass of hydrogen absorbed was calculated from its pressure drop. A pressure regulator
controlled the inlet pressure to the metal hydride tank at 10 bar. The metal hydride
tank was filled with 460 g of LaNis powder, leaving a void space of about 40% at the
top of the tank for powder expansion during charging. Three thermocouples were
attached along the circumference of the tank wall at a height of 40 mm from the tank
bottom and their temperatures were averaged to provide the wall temperature at this

height.
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7.3 Physical Mixing Model

The mathematical model was implemented with a commercially available
program, Ansys Fluent. The tank geometry is shown in Figure 7.1; a and b represent
the model with and without physical mixing, respectively. The model can predict the
transient temperature distribution within the tank and the tank wall temperature, in
addition to the hydrogen absorption rate. The governing equations and underlying

assumptions are described in Chapter 2.
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Natural convection, (a)

h=8Wm*-K,T=29K

Stainless steel wall of
metal hydride tank Thermocouples at 40 mm
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]

|

Metal hydride powder 32 mm
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4

— B2 axig

le—— 44mm — ple—— S6mm —
L.

Natural convection, (b)
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wall to simulate heat absorption during
Stainless steel wall of contact with the moving powder
metal hydride tank Thermocouples at 40 mm
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Void space for
Metal hydride powder
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Figure 7.1 Axisymmetric numerical simulation model in Ansys Fluent. Tank inner
radius is 32 mm, the height of hydride powder is 56 mm, and the height of the void
space is 44 mm. Temperatures are recorded at 40 mm from the tank bottom. The
convective coefficient to the environment is 8 W/m?-K. (a) Model for the tank without

physical mixing; (b) model for the tank with physical mixing.
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The model is implemented using Ansys Fluent. Fluent uses the finite volume
method on a finite element mesh to solve partial differential equations after the
boundary and initial conditions as well as material properties are specified. The
constitutive equations (2.6) and (2.7) for m, are programmed by user-defined
functions in Ansys Fluent and solved in combination with the energy equation (2.3)

and the continuity equation (2.5).

Initially the temperature, pressure, and metal hydride density in the tank are

assumed to be uniform. Therefore,
T=T,.p, = po. b, =, (7.1)

A constant pressure 10 bar is provided from the hydrogen inlet:
P, =10 bar (7.2)

A convective boundary condition is enforced on all external surfaces of the

computational domain by setting:

kwallVT |wall:h(Tall_T) (7.3)

Wi o

In the experiment, the hydrogen is introduced into the metal hydride bed
through a central port in the top cover plate as shown in Figure 7.1, and the heat of the
reaction is rejected to the environment from the tank wall by convection. We mix the
metal hydride powder by tilting the container back and forth every 5 sec; during the
mixing process, the metal hydride powder makes contact with the entire wall area

inside the tank. For the baseline case without mixing, the metal hydride powder is
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stationary and the same powder particles are in contact with either the bottom or the

side walls of the tank.

The random movement of the metal hydride powder during mixing is
extremely difficult to simulate in a fully deterministic manner. Considering that the
purpose of mixing is to redistribute heat and hydrogen density in the hydride bed, we
assume perfect mixing for the model, which means that the temperature and hydrogen
density within the hydride bed is instantaneously the same everywhere immediately
after each mixing action. Using this assumption, we averaged the temperature as well
as the hydrogen density within the entire hydride bed every 5 sec to simulate physical

mixing.

average

Tdv P, AV
IT; Paverage I ; (7.4)

where T is the average temperature, and p,,,,... » 18 the average hydrogen density

average

of the domain after mixing.

This model ignores the actual motion of the powder during the mixing action.
During the experiment the mixing action brings the powder into contact with all of the
inner surfaces of the tank including the upper portion of the tank where the void space
is located at rest and the top cover plate. This contact can transfer additional heat to
the metal walls and top cover. To model this “heat sink” effect we also averaged the
temperatures of a thin layer along the inner boundary of the tank wall and top cover

plate. For model verification, we selected the thickness of this layer to be 0.5 mm
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wherein the temperatures were averaged at a mixing interval of 5 sec. This provided a
reasonably good match with experiments for both the hydrogen absorption curve and
the temperature profile with time. The thickness of the layer would depend on the

mixing frequency, whose role is explored in the parametric study section.

7.4 Experimental Validation

The numerical results for hydrogen absorption with and without mixing are
compared with experimental results in Figure 7.2, and the average temperatures on the
tank surface are compared in Figure 7.3. The experiments were repeated three times
with and without physical mixing. The results were consistent as can be seen from the
figures for both the hydrogen absorption curves and the temperature history. The
largest temperature difference between the cases with and without mixing occurs
around 455 sec, so we also plotted temperature contours at 454, 455, and 456 sec in
Figure 7.3. Mixing occurs at 455 sec and is repeated 5 sec later at 460 sec; thus the
contour plots at 454 and 456 sec just precede and follow mixing, respectively. The
corresponding hydrogen absorption rate and hydrogen density contours are plotted in

Figure 7.5.
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Case with physical mixing; Experiment was repeated three times.

Case without physical mixing;

Experiment was repeated three times.
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Figure 7.2 Comparison of experimental and numerical hydrogen absorption curves in
the metal hydride tank with and without mixing (each experiment was repeated three
times). Note that a 0.5 mm layer thickness was selected for this case to simulate the

heat sink effect.
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Figure 7.3 Comparison of experimental and numerical temperature history on the tank

surface with and without mixing (each experiment was repeated three times)
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Figure 7.4 Temperature contours (in K) for the entire tank at 454, 455, and 456 sec.
The top and bottom figures correspond to cases without and with mixing, respectively.

The hydride bed undergoes mixing at 455 sec. The hydride bed is mixed every 5 sec.
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Figure 7.5 Contours of hydrogen absorption rate in g/cm?-s (left), and hydrogen
density in g/cm? (right) at 454, 455, and 456 sec. The top and bottom figures
correspond to cases without and with mixing, respectively. The hydride bed undergoes

mixing at 455 sec. The hydride bed is mixed every 5 sec.
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As one can observe from the experimental results in Figure 7.2, physical
mixing increases the rate of storage significantly. The tank subjected to physical
mixing reached saturation in 3 min while the tank without physical mixing required 30
min. The reason that the absorption reaction is accelerated by physical mixing can be
explained as follows: Without mixing, the hydride powder particles are stationary, and
absorption is fastest at the wall boundary. When the powder near the tank walls is
saturated with hydrogen, heat release ceases and so the temperature of the saturated
powder continues to decrease and further cools the powder closer to the core, due to
which, the powder in the core starts to absorb hydrogen and release heat as shown in
Figure 7.5. This heat needs to be transported to the boundary to avoid increasing the
hydride temperature. However as the hydride thermal conductivity is low, the
temperature of the core increases and slows down the absorption process. Mixing
redistributes the hydride particles from the core to the boundaries and vice versa, and
improves the heat transfer by the bulk motion of the particles. In the model the effect
of mixing is idealized by averaging the temperature and the degree of hydrogen
saturation of the hydride bed at that instant as shown in Figure 7.5. The numerical
results show that when the metal hydride material approaches saturation, the energy
stored in the tank wall for the case without mixing is less than the case with mixing.
This can be ascertained from the wall temperature contour in Figure 7.4; at 455 sec,
the upper wall region for the mixing case is about 10°C hotter than for the unmixed

case.

For the case with physical mixing, over 70% of the total heat generated due to

complete saturation of the metal hydride with hydrogen is stored in the tank wall when
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the tank reaches 90% saturation. Then, at later times, this stored heat is rejected to the
environment by natural convection. The higher temperature of the tank wall for the
mixing case confirms that the tank is acting as a heat sink for the powder. Thus,
physical mixing helps transport more energy into the tank wall which is subsequently

removed by natural convection.

For the baseline charging process without mixing, the numerical result matches
well with the experimental measurements for both the hydrogen absorption and
temperature profiles as shown in Figure 7.2 and Figure 7.3. However, for the case with
physical mixing, our simulation shows a slower reaction rate than the experiment. In
the experiment, the powder was in continuous physical motion which brought it into
repeated contact with the tank wall and improved heat transfer through the heat sink
effect of the wall. As stated earlier, our mixing model did not account for the powder
movement. Instead, we created a thin layer (0.5 mm thick) in the inner tank wall as
shown in Figure 7.1b whose temperature was averaged every 5 sec to capture the heat
sink effect. We observed that incorporating the heat sink effect in this manner
accelerated the reaction, but not to the extent seen in the experiment as shown by the
temperature contour in Figure 7.4. Increasing the layer thickness does increase the
heat transfer and the reaction rate, but it also reduces the temperature of the wall in the
lower portion of the tank such that it underpredicts the experimentally measured value,
especially when the temperature peaks. Therefore, it was found that averaging the
temperature of a 0.5 mm layer for a 6 mm thick tank wall yields a reasonable
agreement with both the hydrogen absorption curve from experiment, as well as the

temperature profile at the tank wall.
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For the mixing case, after about 700 sec, the experiment shows a slower
reaction rate than the simulation. During the experiment, the hydride bed undergoes
significant volume expansion which restricts powder movement and reduces the
mixing effectiveness at later times. In contrast, the simulation does not consider the
expansion of the powder during charging and so its mixing effectiveness is not
reduced over time. Therefore, the simulation predicts a faster reaction rate than the
experimental measurement at later times. For the case without mixing, while the
simulated absorption curve closely matches the experimental result, the model result
shows a slight underprediction. This small difference was caused by powder
expansion as well. Powder expansion increases the contact area of the hydride bed
with the tank wall during the experiment for the unmixed case resulting in a higher

absorption rate, whereas the numerical model did not account for powder expansion.

For the unmixed case, the temperature profile from simulation matches well
with the experimental result. For the mixed case, the simulated temperature is lower
than the experiment result until 90% saturation (830 sec). The reason is that the
powder motion is simulated by averaging the temperature of a thin wall layer
contacting the metal hydride powder, while in the experiment the hottest powder from
the core may contact the tank wall directly. Mixing was stopped when the hydride bed
reached 90% saturation; the simulated temperature shows a small spike at this time
because the temperature averaging was halted and the heat released continues to build.
Subsequently, there is no further heat release as the powder is fully saturated, and the
temperature decreases as natural convection continues to cool the tank. The

temperature peaks during the experiment at around 455 sec for both the mixed and

96



unmixed cases. The mixed case is hotter by about 10°C because more heat is absorbed
by the tank wall due to mixing which accelerates the reaction. This conclusion is

corroborated by the temperature contours of the entire tank shown in Figure 7.4.

In summary, the experimental results show that physical mixing can accelerate
hydrogen absorption. Although the numerical model slightly underpredicted the rate of
hydrogen absorption for reasons stated earlier, it successfully reproduced the
experimentally observed trends. This mixing model is used next to conduct a
parametric study to investigate the benefits of mixing in a scaled up tank by varying

the mixing rate, thermal conductivity enhancement, and convection coefficient.

7.5 Parametric Study to Assess the Benefit of Physical Mixing

The validated model was used to explore the effect of tank size and predict the
benefits of physical mixing. The cylindrical tank is simplified to a 2D axisymmetric
model as shown in Figure 7.6. Hydrogen is charged into the tank at a constant pressure
of 10 bar. The tank is enveloped by a circulating water jacket at 295 K for which the
convection coefficient is assumed to be 500 W/m?-K. As shown in Figure 7.6, 40% of
the tank space is left vacant to allow for expansion of the metal hydride powder after it
reacts with hydrogen. Simulations are performed for four tank volumes with hydrogen
storage capacities of 0.2, 0.5, 2 and 5 kg. The tank’s aspect ratio (inside radius R to
inside height H) for all tanks was maintained at 0.5. The tank wall thickness was
scaled up with the tank radius according to the hoop stress equation which states that

for a given hoop stress o, and pressure P, the tank’s thickness 7 scales linearly with

its radius 7:

97



Px
0, = ! (7.5)

For these larger tank sizes the metal hydride powder is numerically “mixed”
every 30, 60, or 90 sec to study the effect of mixing rate. As before, mixing is
accomplished in the model by averaging the temperature and hydrogen density of the
powder every 30, 60, or 90 sec and assigning those volume-averaged values across the
entire powder bed. In addition, the temperature of a thin layer in the tank inner wall
was also averaged to capture the heat sink effect. The thickness of the wall layer was
adjusted to match the mixing interval by noting that the thermal diffusion length varies
as the square root of time. In the earlier simulations, we had used a layer thickness of
0.5 mm thickness with a mixing interval of 5 sec. For consistency, the layer thickness
based on the square root relationship with time was selected to be 1.23, 1.73 and 2.12
mm for mixing intervals of 30, 60 and 90 sec, respectively. The effect of thermal
conductivity was studied by adding varying amounts of Al foam to the hydride bed.
The calculated effective conductivity of the hydride/Al foam mixture is provided in
our previous publication [49]. Finally, the effect of the convection coefficient on the

absorption rate was also studied.
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Figure 7.6 Axisymmetric hydrogen storage tank geometry used for analyzing a series
of tank sizes. For a hydrogen storage capacity of 2 kg, R =208 mm, H = 418 mm, and
tank wall thickness is 14.7 mm. The thin layer thicknesses in the tank’s inner wall
employed to simulate the heat sink effect are 1.23, 1.73, and 2.12 mm for mixing

intervals of 30, 60, and 90 sec, respectively.
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First, the effect of mixing frequency is studied using a metal hydride storage
tank with a 2 kg hydrogen storage capacity. In Figure 7.7, the x-axis represents the
charging time, and the y-axis is hydrogen amount absorbed by the tank. In this case,
the outside convective coefficient is 2000 W/m?-K. A high convective coefficient is
chosen because the reaction rate is more sensitive to the mixing rate at a relatively
high convective coefficient. No Al foam is added, and absorption curves for mixing
intervals of 30, 60 and 90 sec are presented. The absorption rises sharply in the first
several seconds (initial stage) because the entire metal hydride bed is absorbing
hydrogen at a high rate. After the initial stage, the core of the metal hydride bed heats
up rapidly because the heat of the reaction cannot be conducted to the boundaries
efficiently. The high temperature stops the reaction in the core so that the reaction only
proceeds in the wall boundary layer which is able to transfer its released heat to the
wall. The phenomenon is illustrated by the left panel in Figure 7.5. After the initial
stage, the absorption seems to increase linearly with time until the hydride is saturated

with hydrogen. Figure 7.7 indicates that higher mixing rates result in faster absorption.
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The temperature evolution at locations A and B on the tank surface is shown in
Figure 7.8 and Figure 7.9, respectively, for mixing intervals of 30, 60 and 90 sec. As
shown in Figure 7.6, point A is located on the upper wall of the tank at mid-height of
the void space, and point B is located on the lower wall at mid-height of the hydride
bed. Figure 7.8 and Figure 7.9 depict the temperature history during a time span from
1000 to 1200 sec. Mixing occurs at 1080 sec for all three mixing rates, and so the
temperature and hydrogen content of the hydride bed are averaged at this instant, and
the temperature of the thin layer is also averaged. The temperature at A rises
immediately after mixing. Prior to mixing, the wall temperature in the lower portion of
the tank is higher because it is in contact with the hydride bed which is releasing heat.
Mixing distributes heat from the lower to the upper portion of the wall due to
temperature averaging, and so the temperature at A rises. Subsequently the
temperature at A drops as the wall cools by convection. The temperature evolves
differently for point B which is in contact with the hydride (Figure 7.9). The
temperature first drops after mixing because the temperature of the thin wall layer is
averaged, after which the temperature rises due to the heat released by the metal
hydride that is in contact with the wall, and finally the temperature decreases after the
metal hydride close to the wall is saturated and the heat generated is less than the heat
convected out. In both Figure 7.8 and Figure 7.9, at the instant of mixing (1080 sec)
the temperature is higher for a higher mixing rate. This explains why a higher mixing
rate results in faster absorption: a higher mixing rate results in a higher wall
temperature which convects more heat for the same convective coefficient as well as

stores more sensible heat in the tank wall.
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Figure 7.8 Temperature evolution curve at point A (shown in Figure 7.6) for a tank
with 2 kg hydrogen storage capacity; convective coefficient is 2000 W/m?-K, no Al

foam is added, and mixing intervals are 30, 60, and 90 sec.
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Figure 7.9 Temperature evolution curve at point B (shown in Figure 7.6) for a tank
with 2 kg hydrogen storage capacity; convective coefficient is 2000 W/m?-K, no Al

foam is added, and mixing intervals are 30, 60, and 90 sec.
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The effect of the convective coefficient is studied next for a tank with 2 kg
hydrogen storage capacity. The time to reach 90% saturation is plotted against the
following five values of convective coefficient in Figure 7.10: 5 W/m?-K (natural
convection to air), 50 W/m?-K (natural convection to water), 500 W/m2-K (forced
convection to water), and 1500 W/m?-K and 2000 W/m?2-K (heat pipes). The y-axis is
the ratio of the times required to reach 90% saturation in the absence and presence of
physical mixing for various percentages of Al foam. It is found that the benefit from
physical mixing increases rapidly for smaller convective coefficients before plateauing

for larger values. The plateau arrives earlier for the case with higher Al foam content.

Figure 7.10 also indicates that mixing provides a limited benefit for low
convective coefficients because although the heat is redistributed within the tank, it
cannot be rapidly rejected to the environment. With increasing convective coefficient,
mixing provides a large improvement. However, beyond about 1500 W/m?-K, the
results do not improve as internal heat transfer becomes rate limiting. Figure 7.10 also
shows that the ratio of time for saturation in the absence and presence of mixing is
higher for low Al percentages. This shows that mixing is more effective when the

conductivity of the hydride bed is lower.
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Figure 7.10 Ratio of time to reach 90% hydrogen saturation (without mixing/with
mixing) for varying convective coefficient and Al foam percentage; tank capacity is 2

kg of hydrogen, and the tank is mixed every 60 sec.
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Figure 7.11 plots the ratio of time for the tank with 2 kg hydrogen storage
capacity to reach 90% saturation in the absence and presence of physical mixing for
varying Al foam percentage and mixing rate for a convective coefficient of 500 W/m?-
K. Mixing is seen to be slightly more effective for higher mixing rates. As in Figure

7.11, it is seen that the benefit of mixing drops with increasing Al foam percentage.

Finally, the benefit of mixing is shown in Figure 7.12 for a range of tank sizes
and varying Al foam percentage. The results clearly show that the benefit of mixing is
greater for a larger tank size. The benefit of mixing increases rapidly for smaller tanks
before plateauing for larger tanks. Second, the addition of Al foam reduces the time
ratio for small as well as large tanks, indicating that a higher effective thermal
conductivity lowers the benefit gained by physical mixing. Hence, physical mixing is

not as attractive when larger amounts of Al foam are added to the hydride bed.
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Figure 7.12 Ratio of time to reach 90% hydrogen saturation (without mixing/with
mixing) for varying tank storage capacity (with a fixed aspect ratio of 0.5) and Al
foam percentage; the convective coefficient is 500 W/m?-K, and the tank is mixed

every 60 sec.
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In the absence of physical mixing, the portion of hydride bed adjacent to the
walls remains cooler than the core because the only avenue for heat removal during
charging is through the wall. Mixing redistributes hot metal hydride powder from the
core towards the walls which promotes heat removal and improves the rate of
hydrogen absorption releasing more heat. The effect of mixing is less pronounced for
smaller tank sizes because the heat conduction path length from the center of the tank
to the wall is smaller. Hence, smaller tanks are better able to dissipate heat to the wall
in the absence of mixing. Second, the temperature gradient from the core to the walls
of the tank is large in the absence of Al foam due to the poor thermal conductivity of
the metal hydride powder. In this case, mixing is very effective as it can instantly erase
internal temperature gradients by redistributing the hydride powder. The addition of
Al foam increases the effective thermal conductivity of the metal hydride bed,
reducing the temperature gradient between the core and the boundary. As a result,
mixing is less effective. However, Al foam occupies valuable space in the tank
reducing the amount of metal hydride available to absorb hydrogen. In practice,
mixing may be realized by rotating the tank itself, or by inserting a mixing blade

within the tank.
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7.6 Summary

This research presents a novel method to accelerate the absorption of hydrogen
inside a metal hydride tank by mixing the metal hydride powder during the charging
process. The effectiveness of the mixing method was studied by conducting filling
experiments at 10 bar in a tank containing 460 g of LaNis powder wherein the heat of
the reaction was rejected to the environment by natural convection. It was
demonstrated that mixing is able to shorten the absorption time significantly. A
mathematical model was formulated in Ansys Fluent to incorporate the mixing effect
with certain assumptions. Although the simulation results showed a slightly slower
reaction rate than the experiment, the predictions were reasonably accurate. The
difference between the experiments and simulation was because the physical
movement of the powder in the experiment was represented in an idealized average

sense in the model.

The validated numerical model was used to study a metal hydride hydrogen
storage tank with an aspect ratio of 0.5 and 2 kg hydrogen storage capacity. A
parametric study was conducted by varying the mixing interval, the boundary
convective coefficient, and the addition of various Al percentages to improve the
effective thermal conductivity. The results showed that faster mixing promotes
absorption, although mixing provides little benefit when the tank is cooled by natural
convection to air. Higher convective coefficients also improve the absorption rate;
however, the benefit diminishes beyond about 500 W/m?-K. The effectiveness of
mixing was also explored for a series of tank sizes of fixed aspect ratio. The results

show that larger tanks benefit more from mixing for all cases. While mixing is less
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effective when larger amounts of Al foam are added to the hydride bed, the benefit of

mixing increases rapidly for smaller tanks before plateauing for larger tanks.

112



Chapter 8

CONCLUSIONS, CONTRIBUTIONS, AND FUTURE WORK

8.1 Summary and Conclusions

The focus of the research work described in this thesis was an exploration of
the heat removal efficiency of a hydride-based hydrogen storage tank equipped with
various heat removal methods. Numerical simulation was an important tool in this
research. A mathematical model was built in Ansys Fluent software, and the model
was validated by an experimental setup whose results were in close agreement. In the

preceding chapters, four heat removal designs were studied and analyzed.

In Chapter 4, it was found that the effect of tank aspect ratio on the filling rate
was stronger when the effective thermal conductivity of the metal hydride powder was
small or the heat removal rate was high. The research revealed that the hydride bed
under active cooling required only 25% of the filling time as compared to natural
convection to reach 90% saturation. The results also showed that more Al foam was
required to maximize hydrogen absorption in the case of natural convection than the

active cooling.

In Chapter 5, the genetic algorithm method was applied to a cylindrical metal
hydride tank equipped with two spiral coiled tubes embedded with concentric fins to
find the optimal design of the spirals and fins. The results showed that the GA method

was successful in finding the optimal design that minimized the saturation time.
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In Chapter 6, simulations with a 60 mm diameter metal hydride tank
employing a 40 mm diameter helical coil showed that the hydrogen density is less
sensitive to the helical coil pitch for higher amounts of added Al foam. It also revealed
that increasing the convection coefficient improved the hydrogen absorption rate while

the rate of improvement plateaus for higher values of 4.

In Chapter 7, a novel method was presented to accelerate the absorption of
hydrogen inside a metal hydride tank by mixing the metal hydride powder during the
charging process. The simulation results for the effect of mixing compared reasonably
well with the experiment. A parametric study based on the numerical model showed
that faster mixing promotes absorption but mixing provided little benefit when the
tank was cooled by natural convection to air. Higher convective coefficients improved
the absorption rate while the benefit diminishes beyond about 500 W/m?-K. The
research also found that physical mixing was not as attractive when larger amounts of

Al foam were added to the hydride bed.

All of these designs provide a clear improvement in the heat removal rate for a

hydride-based hydrogen storage tank.

8.2 Contributions
The specific original contributions from the research described in this thesis

arc:

1. A 3D dispersed-system unit cell model was created to calculate the

relationship between the added fraction of thermal conductivity-
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enhancing Al foam and the corresponding increase in thermal
conductivity, and the results showed that the relationship did not follow
the simple rule of mixtures which is usually employed to find the

effective thermal conductivity.

. The influence of tank geometry on the filling rate was studied along
with the effect of adding Al foam, and the heat transfer process at the

tank boundary (natural vs. forced cooling).

. The optimal Al foam percentage to absorb the most hydrogen in a fixed

time was calculated under natural/active cooling for a given tank.

. The genetic algorithm method was successfully applied to a hydride-
based hydrogen storage tank to optimize the spiral coil heat exchanger

design.

. The effect of the pitch was studied on a hydride-based hydrogen
storage tank equipped with a spiral heat exchanger. Additional insights
were gained by studying the combined influence of adding Al foam and

varying the convection coefficient

. A novel heat transfer enhancement method consisting of physical
mixing was investigated to accelerate the absorption of hydrogen inside

a metal hydride tank. It was shown that mixing the metal hydride
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powder during the charging process shortens the absorption time
significantly, and the benefit of mixing is assessed jointly with the

addition of Al foam and varying convective coefficient.

8.3 Future work

Although this thesis investigates four specific designs to enhance heat removal
in a hydride-based hydrogen storage tank, all of the current experimental studies were
limited to a small tank with a hydrogen storage capacity of less than 10 g. A larger
tank with up to 5 kg hydrogen storage capacity can be built and researched in the
future, with the final filling time goal of 2.5 min. Various metal hydride materials can
be investigated to meet the filling time target. The numerical model in this thesis can
be modified easily to accurately predict the performance of the heat removal methods
in a large scale tank. The genetic algorithm has also shown good potential to identify

the optimal solution especially when a large set of parameters need to be varied.

Al foam is very effective in enhancing the thermal conductivity of the hydride
material. It will be worthwhile to also study other materials like carbon fiber, which
possess much higher thermal conductivity than aluminum. The effective thermal
conductivity of the carbon fiber and hydride mixture should be first obtained
experimentally for subsequent use in the numerical model to predict its effects on the

filling rate.
Physical mixing employed in the current work was realized manually, which

adds uncertainty to the experimental results. Hence, a motorized setup should be built

to precisely control the mixing rate. In this way, the repeatability of the experiment
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can be improved and the effect of the mixing rate on the filling time can be studied
accurately. In addition, physical mixing can be studied experimentally in conjunction
with thermal conductivity enhancement using Al foam or graphite fiber, or by
including an active cooling system. Physical mixing needs to be experimentally

studied on a large scale tank also to assess its suitability for on-board applications.

The hydride material used in this project was LaNis, which does not have the
potential to reach DOE’s ultimate targets. Therefore, new hydride materials with the
required potential should be researched; once the absorption reaction equation is
determined, the numerical model can be easily modified to simulate the performance

of the new material. Designing a tank to meet DOE’s ultimate targets is the final goal.
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Appendix A

USER DEFINED FUNCTION FOR SPECIFYING AN ABSORPTION SOURCE
TERM IN A PRESSURE AND TEMPERATURE DEPENDENT POROUS
MEDIA

/*************************************************************/

/* UDF for specifying an absorption source term in a pressure and temperature */

/* dependent porous media */

/******************************************************************/

#include "udf.h"

#include <math.h>

#define Ca 59.187 /*Absorption constant, unit 1/s*/

#define Ea 21179.6 /*Activation energy for absorption, unit J/mol*/
#define Cd 9.57 /*Desorption constant, unit 1/s*/

#define Ed 15473 /*Activation energy for desorption, unit J/mol*/
#define Rg 8.31 /*Gas constant, unit J/mol-k*/

#define Psat 4263 /*Saturated density of metal hydride, unit Kg/m3*/
#define Pemp 4200 /*Empty density of metal hydride, unit Kg/m3*/
#define Aab 17.738

#define Bab 3704.60 /*parameter in getting the absorption equilibrim

pressure*/

#define delta_H -1.539E7 /*Reaction heat of formation, unit J/Kg*/

126



#define C_pg 14890 /*Specific heat of gas, unit J/(Kg-s)*/
#define C_ps 419 /*Specific heat of solid, unit J/(Kg-s)*/

DEFINE_EXECUTE_AT_END(source_calculation)
{

Domain *d;

Thread *t;

cell_tc;

real time = CURRENT_TIME;

real temp, Pg, abrate, Peqa, Peqd, mab, mde, m;

real xc[ND_ND];

int zone=2;

d = Get_Domain(1);

t=Lookup_Thread(d,zone);

begin_c_loop(c,t)

{

temp=C_T(c,t);

Pg=C_P(c.t);

Peqa=1000*exp(Aab-Bab/temp);
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mab=-Ca*exp(-Ea/(Rg*temp))*log(Pg/Peqa)*(Psat-Pemp-C_UDMI(c,t,2));

m=mab;

C_UDMI(c,t,0)=m;

C_UDMI(c,t,1) =0.0;

C_UDMI(c,t,2) = -C_UDMI(c,t,0)*CURRENT_TIMESTEP+C_UDMI(c.t,2);
C_UDMI(c,t,3) = C_UDMI(c,t,0)*(delta_H-+temp*(C_pg-C_ps));
C_UDMI(c,t,4) = 0.0;

}

end_c_loop(c,t);

}

DEFINE_SOURCE(mass_source,c,t,dS,eqn)
{

dS[eqn] = C_UDMI(c.,t,1);

return C_UDMI(c,t,0);

}

DEFINE_SOURCE(energy_source,c,t,dS,eqn)

{
dS[eqn] = C_UDMI(c,t,4);
return C_UDMI(c,t,3);

}
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Appendix B

PERMISSION LETTER FOR THE QUOTED FIGURE 5.1

Permission request to use a figure in your published paper

sofiene mellouli <mellouli_sofiene@yahoo.fr> Thu, Dec 11, 2014 at 12:36 AM
Reply-To: sofiene mellouli <mellouli_sofiene@yahoo.fr>
To: Hui Wang <wanghui@udel.edu>

Dear Hui Wang,
[ agree to use this figure in your PhD dissertation.

Good luck

Dr Mellouli Sofiene

King Khaled University (Abha)
Faculty of Engineering

Mechanical Engineering Departement

De : Hui Wang <wanghui@udel.edu>

A mellouli_sofiene@yahoo.fr

Envoyé le : Jeudi 11 décembre 2014 3h43

Objet : Permission request to use a figure in your published paper

Dear Mellouli,

| am a graduate student at University of Delaware. | am in the process of preparing a
PhD dissertation for publication and am seeking permission to include the following
figure in my publication. The figure is the Figure 1d from attached paper and a copy of
my dissertation related is enclosed.

The figure will be used as Figure 5.1 in my disseration to describe the research
problem. Please let me know if it is approved by you, thanks.

Hui Wang

Mechanical Engineering
University of Delaware
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