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ABSTRACT

2-D MATHEMATICAL MODELLING OF HYDROGEN
STORAGE IN METAL HYDRIDES

In this study a numerical model which simulates heat and mass transfer pro-
cesses of hydrogen absorption in LaNi; is studied. Energy balance method is used for
discretizing the heat equation. Transient heat conduction with convective boundary
conditions is evaluated with explicit scheme. The analyses are conducted using MAT-
LAB. Evaluation of temperature profiles and hydrogen mass that is being absorbed
during hydriding are shown to be correlated with the experimental data and with the

previous numerical studies.

Since the hydriding reaction is exothermic, the rate of removal of heat released is
critical in time needed to reach saturation in metal-hydride reactor. The effects of bed
geometry, inlet hydrogen pressure, and metal porosity, initial bed temperature and the
temperature of cooling fluid are investigated. Different cases are compared with the
base case which is chosen to have similarities with conventional metal hydride tanks in

reactor geometry and in thermophysical properties.
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OZET

METAL HIDRITLERDE HIDROJEN DEPOLANMASININ
2 BOYUTTA MATEMATIKSEL MODELLENMESI

Bu calismada LaNi;’de hidrojen emilimi sirasindaki 1s1 ve kiitle transferini simule
eden bir niimerik model olugturulmustur. Isi denkleminin ayrik ifadesinde enerji denge
metodu uygulanmigtir. Gegici 1s1 taginimi, konvektif simir kosullar1 altinda deger-
lendirilmistir. Analizler MATLAB kullanilarak tamamlanmigtir. Elde edilen sicaklik
profillerinin ve absorbe edilen hidrojen kiitle degerlerinin literatiirde belirtilen deney

verileri ve onceki ¢aligmalarla uygunluk sagladigi gorilmistiir.

Hidritlesme reaksiyonu egzotermik oldugundan, agiga ¢ikan 1sinin ortamdan uzak-
lagtirilmasi metal aligimin doygunluga ulagmast igin gerekli siire agisindan ¢ok onemlidir.
Konvansiyonel hidrojen tiiplerinin ozellileri esas alinarak yapilan simulasyonlarda reaktor
geometrisinin, iceri basilan hidrojenin basincinin, metalin gozeneklilik degerinin, metal
yataginin ilk sicakliginin ve sogutma amach kullanilan akigkanin sicakliginin; hidrit-

lesme siiresi ve miktar iizerine olan etkileri incelenmistir.
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1. INTRODUCTION

1.1. General

In recent years the world has confronted environmental problems such as air pol-
lution and global warming which causes serious health problems not only in the current
living beings but also in the future generations. The increasing energy demand in in-
dustrialized and developing countries makes them the major contributors of problems
due to emissions of toxic gases. Depletion of fossil fuels and drawbacks of combustion of
these energy sources have shown clearly that changeover towards sustainable energies

can no longer be avoided.

In this perspective one of the leading visions in sustainable energy systems is
the vision of hydrogen economy. “There is no universally accepted definition of the
hydrogen economy, but it is generally viewed as the replacement of the vast majority of
petroleum fuels by transportation vehicles of all kinds (automobiles, trucks, trains, and
aircrafts) with hydrogen that is burned in internal combustion (IC) engines, external-
combustion (jet) engines, or preferably, used in fuel cells to more efficiently generate

power for transportation.” [1].

Hydrogen, being the lightest element, has been recognized as a secondary form
of energy which means an energy carrier rather than a primary energy existing freely
in nature. In future energy systems hydrogen is expected to take the role of enabling
the use of sustainable energy sources such as hydropower, biomass, wind, and solar
[2]. When integrated in renewable sources, as an energy carrier hydrogen will maintain
the goals of clean and efficient energy production. For instance the energy carried by
hydrogen can be transformed into mechanical or electrical energy with high efficiencies
(50-60 %) when used in a fuel cell, without the emission of CO, or pollutants [3]. The
pathways that access the produced hydrogen to the utilization by consumer is shown

schematically in Figure 1.1.
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Figure 1.1. Schematic overview from “well-to-wheel” [4]

In order to realize the full potential of hydrogen economy, the challenges of pro-
duction, storage and distribution should be investigated in detail, especially for the
transportation sector. Numerous studies are being conducted on improving hydrogen
production by making use of sustainable energy sources. The bottleneck in develop-
ing hydrogen economy is seen to be its storage. Hydrogen can be stored mainly in
three different ways: (i) pressurized gas, (ii) cryogenic liquid, (iii) solid fuel as chemical
or physical combination with materials, such as metal hydrides, complex hydrides and
carbon materials. All of these storage techniques need thermal management for control-
ling process temperature which generally fluctuates due to endothermic or exothermic
operations. In order to achieve energy efficiency, the entire system should be practical,

compact, lightweight for minimizing the parasitic losses [1, 2, 5].

The requirements of gravimetric and volumetric energy densities for vehicle-based
hydrogen storage systems is established through the FreedomCAR and Fuel Partnership
between DOE, the U.S. Council for Automotive Research (USCAR) and the energy
companies. The gravimetric density should be at least 6 wt.% (i.e., 6 kg Hy in a 100
kg tank) by 2010 and it should be 9 wt.% by 2015. Moreover fast hydrogen fueling

processes are foreseen to be needed in order to meet customer expectations. The target



in fueling rate is to 1.5-2.0 kg Hy/ min [6].

The technical performance targets for hydrogen storage systems on-board hydro-

gen storage for light-duty vehicles are summarized in Figure 1.2.

Storage Parameter Units 2010 2015 Ultimate
System Gravimetric Capacity
Usable, specific-energy from H; kWh/kg 1.5 1.8 25
a (kg Hz/kg
(net useful energy / max system mass) system) (0.045) (0.055) (0.075)
System Volumetric Capacity
Usable energy density from H kWh/L 0.9 1.3 23
(net useful energy / max system volume) (kg Ho/L system) (0.028) (0.040) (0.070)
Storage System Cost b $/kWh net 4 2! TBD*
(and fuel cost)® (8/kg Ha) (133) ©7)
$/gge at pump 2-3 2-3 2-3
Durability / Operability
Operating ambient temperature ° °C -30/50 (sun) -40/60 (sun) -40/60 (sun)
Min/max delivery temperature °C -40/85 -40/85 -40/85
Cycle life (1/4 tank to full) © Cycles 1000 1500 1500
. e f % of mean (min)

Cycle life variation e ¥ . 90/90 99/90 99/90
Min delivery pressure from storage system;

FC = fuel cell, ICE = internal combustion Atm (abs) 4FC/35ICE 3FC /35 ICE 3FC/35ICE

engine
Max delivery pressure from storage system ¢ Atm (abs) 100 100 100
Charging / Discharging Rates

_— min 4.2 min 3.3 min 2.5 min

System fill time (for 5 kg Hz) (Kg Ha/min) (1.2 kg/min) (1.5 kg/min) (2.0 kg/min)
Minimum full flow rate (g/s)/kW 0.02 0.02 0.02
Start time to full flow (20 °C) " s 5 5 5
Start time to full flow (-20 °C) " s 15 15 15
Transient response 10%-90% and

90% - 0% s 0.75 0.75 0.75
Fuel Purity (H2 from storage)i % Hao 99.99 (dry basis)
Environmental Health & Safety
Permeation and leakage , Scc/h Meets or exceeds applicable standards
Toxicity -
Safety -
Loss of useable H," (g/h)/kg H, 0.1 0.05 0.05

stored

Figure 1.2. Technical System Targets On-Board Hydrogen Storage for Light-Duty
Vehicles [6]

*The storage system costs are currently under review and will be changed at a
future date. Useful constants: 0.2778kWh/MJ, ~ 33.3kWh/gal gasoline equivalent.
a Generally the “full” mass (including hydrogen) is used, for systems that gain weight,
the highest mass during discharge is used.
b 2003 US$; total cost includes any component replacement if needed over 15 years or

150,000 mile life.



¢ 2005 USS; includes off-board costs such as liquefaction, compression, regeneration,
etc; based on Hyproduction cost of $2 to $3/gasoline gallon equivalent untaxed, inde-
pendent of production pathway. d Stated ambient temperature plus full solar load. No
allowable performance degradation from -20C to 40C. Allowable degradation outside
these limits is TBD.

e Equivalent to 100,000; 200,000; and 300,000 miles respectively (current gasoline tank
spec).

f All targets must be achieved at end of life.

g For delivery to the storage system, in the near term, the forecourt should be capable
of delivering 10,000 psi (700 bar) compressed hydrogen, liquid hydrogen, or chilled hy-
drogen (35 to 77 K) and up to 5,000 psi (350 bar). In the long term, it is anticipated
that delivery pressures will be reduced to between 50 and 150 atm for solid state stor-
age systems, based on todays knowledge of sodium alanates.

h Flow must initiate within 25% of target time.

i At operating temperature.

j The storage system will not provide any purification, but will receive incoming hy-
drogen at the purity levels required for the fuel cell. For fuel cell systems, purity meets
SAE J2719, Information Report on the Development of a Hydrogen Quality Guideline
in Fuel Cell Vehicles. Examples include: total non-particulates, 100 ppm; H,O, 5 ppm;
total hydrocarbons (C1 basis), 2 ppm; O,, 5 ppm; He, N,, Ar combined, 100 ppm; CO,,
1 ppm; CO, 0.2 ppm; total S, 0.004 ppm; formaldehyde (HCHO), 0.01 ppm; formic acid
(HCOOH), 0.2 ppm; NH,, 0.1 ppm; total halogenates, 0.05 ppm; maximum particle
size, < 10 pm, particulate concentration, < lug/L H,. These are subject to change.
Note that some storage technologies may produce contaminants for which effects are
unknown; these will be addressed as more information becomes available.

k total hydrogen lost into the environment as H,; relates to hydrogen accumulation in
enclosed spaces. Storage system must comply with CSA/NGV2 standards for vehicu-
lar tanks. This includes any coating or enclosure that incorporates the envelope of the
storage system.

L total hydrogen lost from the storage system, including leaked or vented hydrogen;

relates to loss of range [6].



Figure 1.3 shows the current status for system capacity and cost for storage
systems. It is noted that the current accomplishments show material-based capacities
whereas targets are system-level based which means the material, tank and all balance-
of-plant components of the storage system are also considered. The system-level data
also includes the first charge of hydrogen as well as any preconditioning such as pu-
rification, liquefaction and regeneration of material, particularly for chemical hydrogen

storage, for which the cost of regenerating spent fuel will need to be included [6].

100 -
Current Cost Estimates | |
(based on 500,000 units) | |
| I
700 bar s | L
—. 80 - P g
a 350 bar ' 2015 targets
‘En Liquid H2 - |
— Complex Hydride [ |
P Chemical Hydride - I
‘60 1 $0 $5 $10 $15 $20 |
g 2015 rargeJ [ $/kWh |
o 2010 target |
o
%) L —|2010 targets |— — — — — —
E a0+ liquid hydrogen
g chemical hydri A
3 B cryocompressed
o ” ' r 700 bar
350 bar
complex hydride ﬂ *
0 f f 1 1
0 2 4 6 8 10

gravimetric capacity (wt.%)

Figure 1.3. Current Status for system Capacity and Cost [6]

Hydrogen has low boiling point (20.13 K) and low density at room temperature
(0.0898 g/L). Therefore physical storage of hydrogen as a pressurized gas or in cryogenic
liquid, associates significant energy losses, potential security risks and large volumes.
In commercially available pressurized gas storage technology, hydrogen is compressed
at 350 bar or at 700 bar. The corresponding densities of hydrogen are 22.9 g/L and 39.6
g/L, respectively. Main advantage of this method is simplicity. However the process
of compressing of hydrogen at high pressures requires a large amount of energy. Also
during fast tank filling at room temperature( 1 kg H,/min) due to Joule-Thomson effect
temperature increase of approximately 50 K is observed. Overheating causes decrease
in density which is avoided by using other cooling options and extra compression work.

In liquid hydrogen storage hydrogen is maintained at cryogenic state (at 20.13 K with



density of 70.8 g/L) and stored in cryogenic tanks at atmospheric pressure. Cryogenic
storage is almost twice efficient when compared to compressed hydrogen storage at
700 bar. However the high energy consumption related to liquefaction process and
continuous boil-off during storage hampers this technology for storing large amounts

of hydrogen for on-board applications [2].

Storing hydrogen in metal compounds appears to be a promising method in dis-
solving the bottleneck through hydrogen energy. The research on metal-hydrides re-
veals that these compounds retain remarkable efficiency in hydrogen energy storage
and distribution systems. The significance arises from the fact that the employability
of metal-hydrides is highly dependent on their heat and mass transfer characteristics,
hydriding/dehyriding durations and maximum number of hydriding/dehydriding cy-

cles.
1.2. Review of Metal Hydrides

The family tree for materials that reversibly absorb hydrogen is shown schemat-

ically in Figure 1.4 where TM is used for transition metal [7].

[ | |
Solid Intermetallic Other ™ Non-TM Other
Borohvdrides

Solutions Compounds [

AB2
Other
AB3, A2B7, ‘_\.ﬁsc_ |Polyh}=dn'des
AlB17.etc

]
| Quasicrystalline | |Amor;;}hous Nanocrystalline

Figure 1.4. Family Tree of Hydriding Alloys and Complexes [7]



The broad family of metal hydrides experiences hydriding and dehydriding reac-
tions by two ways: (i) dissociative chemisorption of H,, (ii) electrochemical splitting

of H,O.

M+ gH2 = MH, (1.1)
M+ %HQO + ge_ S MH, + %0}1- (1.2)

where M represents the metal.

Two different kinds of hydrides are formed in host lattice purveyed by metal
beds. At a phase hydrogen is absorbed, and at 3 phase hydride is fully comprised.
Hydrogen storage on metal is highly dependent on metal’s ability to dissociate hydrogen
which is correlated to surface structure, morphology, and purity. The properties of
an optimum hydrogen storage metal is generally stated as; high hydrogen capacity
per unit mass and unit volume which determines the amount of available energy, low
dissociation temperature, moderate dissociation pressure, low heat of formation in
order to minimize the energy necessary for hydrogen release, low heat dissipation during
the exothermic hydride formation, reversibility, limited energy loss during charge and
discharge of hydrogen, fast kinetics, high stability against O, and moisture for long
cycle life, cyclibility, low cost of recycling and charging infrastructures and high safety

5].

In Pressure-Composition-Temperature (PCT) relations of metal hydrides, isother-
mal Pressure-Composition loops take important role. The plateau pressure repre-
sents the coexistence of two condensed phases when solubility of hydrogen in lattice is
achieved. Most of the conventional metal hydrides do not show flat plateau pressure
and zero hysteresis [7, 9]. In Figure 1.5 isothermal P-C curve for a metal hydride

system is given.
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Figure 1.5. Isothermal Hysteresis (left), 12 and 34=reversible paths; 23 and
41=irreversible paths; Effect of Hysteresis on Vant Hoff Plot (right) [9]

The effect of temperature change is related to plateau pressure by Van’t Hoff

relation given in Equation 1.3.

AH AS
InP=——+ — — 1.3
"TRT TR (1:3)
where AH and AS are enthalpy and entropy changes during hydriding reaction, re-

spectively. T is the absolute temperature of the instantaneous metal bed.

1.2.1. Elements

Most of the natural elements hydride reversibly. Elemental hydrides for chemi-
cal storage are listed periodically in Figure 1.6. Due to weight constraints of mobile
applications the first four periods of elements are suitable for potential storage. The
range of hydrogen contamination among these elements is 1.9% (VH)-13 % (LiH). Hy-

drogenation of the first group hydrides is irreversible under practical conditions [8].
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Figure 1.6. Elemental Hydrides and Corresponding Hydrogen Absorbed Weight
Percent [8]

PCT properties of elemental hydrides are given by Van’t Hoff lines in Figure
1.7. For practical applications the desired range dissociation pressure and temperature
are 1-10 atm and 0-100 °C, respectively. Only VH, is seen to be a potential storage

material [7].

Temperature,”C
10000 1090 . 64')0 40.0 390 20'0 i 10'0 5'0 2§
1000 in
1004
XVHZ
104 \
Dissociation TiHz PdHo. 4
Pressure, atm 1
ZrH2

CaHz MgH2
0.1+

Th4H15
0.01-

LaH2 UH3

0.001 -

YH2 NaH

ThH2
1 I 1 1 1
0.5 1 1.5 2 2.5 3 3.5
1000/T, K!

Figure 1.7. Vant Hoff Lines (desorption) For Elemental Hydrides [7]
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1.2.2. Alloys

Among the group of alloys the most prior research has been conducted on inter-
metallic compounds (IMC). In IMC’s a strong hydriding metal element A is combined
with a weak hydriding element B in order to form a compound which has desired
intermediate thermodynamic affinities for hydrogen. Most of the conventional metal
hydrides consist of IMC’s such as LaNi;, ZrMn,, TiFe, Mg,Ni which are grouped as
AB;, AB,, AB, AB, intermetallic compounds, respectively.|[2].

The extraordinary feature of interpolating the extremes of elemental hydrides
results in conventional reversible metal hydrides. An example of this is explained in

Table 1.1 where P is the desorption pressure given at 25 °C.

Table 1.1. Some Properties of Reversible Metal Hydrides [7]

Element Metal | Hydrided Compound | P (atm) | AHf (kJ/mol H,)
La LaH, 3x107% -208
Ni Nil 3400 -8.8
LaNi, LaNi,H, 1.6 -30.9

In this study the hydriding and dehydriding processes of LaNiy is investigated
which is one of the mostly studied member of AB; group IMC’s. This group compounds
generally have hexagonal crystal structure. A elements can be one of the lanthanides,
Ca, Y, Zr whereas B elements are generally Ni, Co, Al, Mn, Fe, Cu, Sn, Si, Ti.
Various numerical studies can also be found on AB; alloys based on lanthanide mixture
mischmetal (Mm) which means for both A and B parts, mixture of the mentioned
elements is combined in order to reduce the cost of the metal bed [7]. PCT properties

of some of the AB; IMC’s are given by Van’t Hoff lines in Figure 1.8.
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Temperature, "C
200 150 0 - -
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LaNiy 5541y 75
MmNi, Al 5
MmNi; ;Coy ;Aly g LaNl4 45y 5
0.1
2 4.5

1000/T, K1

Figure 1.8. Vant Hoff Lines For various AB5 Hydrides [7]

AB; IMC’s mostly activate at room temperature. On the first hydriding/dehydriding
cycle they break into fine powder which makes them mildly phyrophoric therefore AB,
alloys do not easily form protective oxide layers. This makes them tolerable to small
amounts of impurities. When compared to other groups of IMC’s AB; group com-

pounds are generally better at heat transfer [7].

Numerous studies on this topic verify the goal of attaining an optimum mathe-
matical model that represents the physical phenomena in the most realistic and accu-
rate way. Therefore different approaches with different assumptions are experienced.
Various commercially available software packages have also been used for numerical

modelling.
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1.3. Literature Survey

The study of hydrogen storage in a metal hydride bed is an example of solving
heat and mass transfer equations of a chemical reaction in a porous medium simul-
taneously. In the literature there exists numerous studies on the process of hydriding
and dehydriding which are conducted numerically and/or experimentally. Lucas and
Richards [10] developed a one dimensional model to simulate the heat transfer charac-
teristics of absorption and desorption processes of a commercially available containment
vessel. In this primary study the time to absorb or desorb hydrogen is predicted. But
the model mainly lacks the source term that originates from the heat generation during
the absorption process. Mayer et al. [11] studied heat and mass transfer equations;
they assumed the local gas and solid temperatures are equal (LTE) and gas pressure is
constant in the reactor. Their experimental results showed that the reactor geometry
affects temperature distribution. The temperature profiles varied not only with radial
direction but also with longitudinal direction. Jemni and Nasarallah [12] developed two
dimensional mathematical model. Unsteady heat and mass transfer during absorption
is solved numerically with finite domains method which is stated in [13]. Since the
reactor consists of a solid phase (metal-hydride) and of a gaseous phase (hydrogen),
two phase discontinuous porous medium conditions are concerned as described in [14].
They showed that the reactor geometry, inlet pressure and inlet temperature are im-
portant parameters during absorption whereas convective terms in the energy balance
equation are insignificant. Jemni et al. added to these findings that the hypothesis of
thermal equilibrium is valid in hydriding and dehydriding processes [15]. Furthermore
it is proved that the effect of pressure variation is also negligible. Nakagawa et al. [16]
verified the validity of the assumptions such as neglecting convective term in an energy
equation for gas phase and assuming local thermal equilibrium in the hydriding bed.
They also derived the thermophysical properties such as; thermal conductivity, specific
heat, particle diameter of metal hydride as a function of reaction kinetics which is also
developed by their colleagues Inomata et al. [17]. Mat et al. [18] studied metal hy-
dride formation based on Jemni and Nasrallah’s continuum mathematical model and
concluded that absorption process is faster at the initial times then slows down since

the temperature of reaction bed increases due to heat of formation. Aldas et al. [19]
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evaluated the three dimensional model and investigated heat and mass transfer, fluid
flow and chemical reactions in the hydride bed. They found that hydride formation
is highly dependent on temperature distribution. Although fluid flow has influence on
temperature profile, overall hydride formation is not affected by fluid flow. Demircan et
al. [20] studied the same phenomena with two different geometries. They showed that
the one with more heat transfer reaches same hydriding percentage in a significantly
shorter time interval. Kikkinides et al. [21] conducted studies on optimization of metal
hydride beds. Their main concern was reducing storage time by changing parameters

of cooling system design and cooling fluid temperature.
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2. THEORY

2.1. Metal Hydride Reactor Geometry

Metal hydride reactors are generally cylindrical tubes containing the metal pow-
der inside, which exchanges heat through lateral and base areas. There exists a cooling
fluid around the container. The orientation of convecting fluid around the metal hy-

dride cylinder can change for different reactor geometries.

In most experimental setups there exists a ball mill section dedicated to producing
fine particles and a vacuum pump to evacuate the container where the reaction takes
place in order to prevent undesired compounds to be formed by interacting oxygen
with the metal surface. To compare the results of the theoretical model with the
data obtained from the experimental setup thermocouple and pressure transducers are
inserted at certain locations in the metal-hydride. An example of an experimental

setup used for investigating hydriding or dehydriding characteristics of a metal hydride

1o o
f Kik Mixer
Glove

Box

is given in Figure 2.1.

Atmosphere

Thermocouples
3

Data
Computer Acquisition
.
Pressure

Transducer

Hydrogen| Argon

Atritor

Figure 2.1. Experimental Setup for Metal Hydride Reactors [22]

Before the experimental part to start, activation process of LaNi; should be com-
pleted. The required parameters are optional for different setups but mainly the grind-
ing of LaNi; takes place until the particle diameter reduces to 3-10 pm, the processed
material is transferred to the reaction chamber in the presence of a non-reacting gaseous

medium, the reactor is heated and cooled down several times. Hydrogen is pressed into
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the chamber at constant pressure or at constant mass flow rates.

Thermal properties of the metal hydride beds limit the hydriding time. During
hydriding the temperature of the metal hydride bed increases dramatically due to the
release of the heat of formation. This rise has an inverse effect in effective thermal
conductivity. The decrease in effective thermal conductivity impedes the removal of
heat from the medium. This cycle will eventually end in stalling or reversing the
process. In order to enhance heat transfer from the hydride bed to the cooling fluid,

different geometries are being investigated.

2.2. Mathematical Model

In the literature there exists two different approaches to the heat and mass trans-

fer analysis in metal-hydride reactors.

i. Non-LTE approach: The two phases, solid (metal hydride bed) and fluid (hydrogen
gas), in the medium are not at equal temperature at each time interval.
ii. LTE approach: The two phases are assumed to be locally equal at each time

interval.

In non-LTE approach two energy balance equations are derived which are for fluid and
solid phases separately. The boundary condition at the inlet of the reactor is where
these two are coupled. The fundamental analysis of two phase reactions are considered
with respect to the first approach. However LTE approach is used in most of the recent
studies on investigation of hydrogen absorption in LaNi;. The validity of LTE approach
is proved by Jemni et al [15] for both absorption and desorption processes. They have
also shown that local thermal equilibrium assumption has no effect on calculation of

total hydrogen mass that is absorbed or desorbed.

In this study the hydriding phenomena of a lanthanite based intermetallic com-
pound will be investigated from the perspective of heat and mass transfer issues. There-

fore firstly the most general case with non-LTE approach is clarified. Then in the light
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of supporting articles on the validity of LTE approach, the governing filed equations
are constituted for solving the hydriding case of LaNi; based on LTE approach.

2.2.1. Energy Equation

The differential equations governing the hydriding and dehydriding processes in
the cylindrical tube are defined to be:

For fluid phase:

epgC o1, = L0 (57’]‘7%%) + g<5k96%) - (/)Cpgvgr)%

Pot ror or 0z 0z or
oT, .
_(pCnggZ)E — hgs(Ty — T5)S — max(—m, 0)Cpy(Ty — T5) (2.1)

where €, kg, hgs represent porosity of the metal-hydride bed, effective thermal
conductivity of gaseous phase and convection heat transfer coefficient between solid

and gas, respectively.

For solid phase:

or, 10 T, 0 T
(1 — 6)pstsE = ;5 ((1 — 8)7’]47565) + % ((1 — 6)]47965) (22)

—hgs(Ty — T5)S — m(AH? + CpsTs — CpyTy)

where k., AH? are effective thermal conductivity of solid phase and heat of formation

of the process.
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e Initial condition:

Tg(z,r,O) = Tp (23)

TS(Z,T’,O) = Tp (24)

e Boundary Conditions:

— At the reactor inlet the temperature of gas is assumed to be constant.

T,(H,r t) =Ty (2.5)

Also the gas and solid phases are tied with the below equation.[12]

T

s

(H,r,t) = hys(Ts — T,) (2.6)

— The problem is radially symmetric. Therefore boundary conditions at r = 0

are stated as such:

for fluid:
a1,
-9 — 2.
L(2,0,1) = 0 (2.7
for solid:
9T 0.4) =0 (2.8)
or

— Convective boundary conditions are valid for the base and lateral areas:

for fluid;
T
_kge%(zv R7 t) = h’(Tg o Tf) (29>
T
—]{deﬁ(o, Ty t) = h’(Tg o Tf) (210>

0z
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for solid;

—kse%(z,}%,t) = WT,-Tj) (2.11)
—k%%(o,r,t) = WT, - Tj) (2.12)
<

where h is the conductance between hydride bed and cooling fluid and 77 is

the temperature of the cooling fluid.

2.2.2. Mass Balance Equation

Mass balance equation for hydrogen:

Opy  10(rpgVe) | 9(pyVz)

c ot r Or 9z - (2.13)

Mass balance equation for metal:

1-— =1m 2.14
( 5) N ( )
e Initial hydride mass condition

Ps = Po (2.15)
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2.2.3. Momentum Equation

Momentum equation in z direction:

aV, oP 10 ([ 0V, 0%V, oV, oV,
"ot = ‘$+“<;5<7" ar ) +W) ‘f’(”ﬁ”za) (2.16)

Momentum equation in r direction:

ov, oP 0 (10 0%V, ov, ov,
P a - o +/~L<E (;E(Tvr)) + 022 ) —p(VrW +Vzg) (2.17)

where V, and V. are the velocity component of the hydrogen in z and r directions

respectively.

In literature ([12], [15]) it is seen that momentum equations are also expressed

through Darcy’s Law.
- K
V = ——gradP, (2.18)
n

where K represents permeability and 7 represents viscosity of hydrogen. In most of the
studies permeabilty is considered to be constant whereas Nakagawa et al [16] stated
permeability as a function of particle diameter, porosity, mean free path of hydrogen

atom.

e Initial conditions:

Py(z,7,0) = F (2.19)
v, = 0 (2.20)
V., = 0 (2.21)
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e Boundary Conditions:

— The problem is symmetric with respect to z-direction.

or,

or (Zv Ovt) =0 (222)

— The base and lateral surfaces are assumed to be impervious and no-slip con-

ditions are valid therein. Inlet hydrogen pressure is assumed to be constant.

0P,
o,
PQ(H7 r, t) = PO (225)

2.2.4. Reaction Kinetics

Mayer et al [11] expressed the hydrogen mass absorbed or desorbed per unit

volume and per unit time by the term rm.

e For hydriding case:

i = C, exp ( _ RE; )m(ﬁg ) (pos — p2) (2.26)
s eq

where C, is material dependent constant for absorption process, F, is the acti-
vation energy for absorption, p,s is the density of hydride at saturation and P,
is the equilibrium pressure of hydrogen.

e For dehydriding case:

) E P,— P,
m = Cyexp <— R; ) ( gP q) (pss — ps) (2.27)
s eq

where Cy is material dependent constant for desorption process, Fy, is the activa-

tion energy for desorption.
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Equilibrium pressure is a function of temperature and hydrogen to metal atomic ratio

o) () e

given in [23].
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3. PROBLEM DESCRIPTION AND NUMERICAL
METHODS

3.1. Objective

The aim of this study is to investigate hydrogen storage in metal-hydride reactors
from the thermodynamic point of view. The analysis is based on evaluating tempera-

ture profiles and total mass of hydrogen that is absorbed during hydriding reaction.

The significance of this problem arises from the fact that the employability of
metal-hydrides are highly dependent on their heat and mass transfer characteristics,
hydriding/dehyriding durations and maximum number of hydriding/dehydriding cy-
cles. The numerous studies on this topic verify the goal of attaining an optimum
mathematical model that represents the physical phenomena in the most realistic and
accurate way. Therefore different approaches with different assumptions are expe-
rienced. Various commercially available software packages have also been used for

numerical modelling.

In this study a mathematical model which governs heat and mass transfer char-
acteristics of hydrogen absorption in LaNi; is studied. A numerical model is developed
based on finite difference method. The analysis is conducted using MATLAB. Evalua-
tion of temperature profiles and hydrogen mass that is being absorbed during hydriding
are shown to be consistent with the experimental data and with the previous numerical

studies.

3.2. Governing Field Equations

Cylindrical reaction bed filled with LaNi; metal, is surrounded by a convecting
fluid which is in circulation at constant temperature. The cooling fluid is assumed to
be water which is at room temperature. From the inlet of the reactor hydrogen gas is

compressed to the metal-hydride bed. Hydrogen gas is compressed through the reactor
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inlet into the metal hydride bed. Reactor geometry is chosen to be the one given in
figure 3.1.

Hydrogen Inlet

Cooling Fluid l
]
Cooling Fluid
" Mota
© Bed”
Cooling
Fluid
R
Cooling Fluid

Figure 3.1. Schematic sketch of metal-hydride reactor

3.2.1. Assumptions

e The solid and gas phases are in thermal equilibrium locally.

e Conductive model is used for heat transfer analysis of the metal-hydride bed
which is mainly neglecting the heat transport by convection.

e Effective thermal conductivity, k. is considered to be constant throughout hy-
driding process.

e The effect of hydrogen concentration, (H/M), on the equilibrium pressure is ne-
glected. The Van’t Hoff equation is assumed to be valid for expressing equilibrium
pressure.

e Pressure drop along the cylinder is neglected.

e Hydrogen gas is considered as an ideal gas.

e Boundary walls of the reactor are impermeable.
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3.2.2. Energy Balance in LTE

The differential equations governing the hydriding processes in the cylindrical

tube are defined to be:

or 19 or\ [ T\ ., . ..
0O G = (G )+ g (w5 ) — AR £ T(Cy = ) (3)

where

(0Cp)e = (£pgCg + (1 = 2)psCps) (3.2)

and k. is the effective thermal conductivity of the metal-hydride bed which is expressed

as:

ke =cky+ (1 —e)ks (3.3)

3.2.3. Mass Balance in LTE

The value of p, in Equation 3.2 is obtained from ideal gas law. and the value for

ps is obtained by solving mass balance equation instantaneously.

M,P,

The value for p, in Equation 3.2 is obtained by solving mass balance equation simul-

taneously.

dps

(1=

=1m (3.5)

The density of the metal increases as it reacts with hydrogen and reaches to a maximum
when the metal is totally hydrided. For instance for LaNiy, it is achieved when H/M =

6 (hydrogen to metal atomic ratio ) or in other words when p; = pgs.
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This causes parabolic profile distribution for the term m. Therefore coupling of
mass balance equations with energy balance equations is significant when evaluating
not only total mass of hydrogen that is absorbed but also temperature distributions

during absorption.

e Initial hydride mass condition

ps = po where for LaNiswhich has 0.5 porosity , pg = 8400kg/m?.

e Initial condition:

T(z,r,0) = Ty (3.6)

Ps = Po (3.7)

Since pressure drop along the tube is neglected. The pressure of gas around each
node is assumed to be the same as the pressure of hydrogen in the entrance of

the tank.

e Boundary Conditions:
At the reactor inlet (z = H) convective boundary condition is applied.
or

ke (H,r.t) = h(T ~ T}) (3.9)

At r = 0 the problem is symmetric.

or

5, (2:0.1) =0 (3.10)
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At the bottom of the reactor (z = 0);

oT
_kea((hrv t) = h(Tf - T) (311)
At the lateral areas(r = R) ;
T
_keg_r(za th) = h(T_Tf) (312>

where h is the conductance between hydride bed and cooling fluid and T} is the

temperature of the cooling fluid.

3.2.4. Reaction Kinetics for Hydriding of LalNi,

The experimental parameters for hydrogen mass absorbed per unit volume per

time is obtained from the studies of Suda et al [24].

. E, P
m = Cyexp < ~ BT )ln(Pg ) (pss — ps) (3.13)

eq

C, is the reaction constant and E, is the activation energy which are 59.187 1/s and

21,179 J/mol, respectively [25].

Since the analysis are evaluated for LTE conditions T is the value found for fluid
and solid phase. Also P, is the pressure at which the hydrogen is compressed into the

reaction bed.

As explained in 2.2.4 the equilibrium pressure is assumed to be independent from

H/M ratio therefore it is expressed with Van’t Hoff equation.

B

o= (a-2) 10

where A = 17.58 and B = 3635 [27].
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3.3. Numerical Methods

The assumption of constant effective thermal conductivity throughout the hy-

driding process simplifies the energy balance equations as follows:

oT
(pCp)eE = kV?T +¢
oT kor  o*T . O°T
(pC,) = —+k—+k=—+¢ (3.15)

“ot r Or or? 022

where source is defined as

. E, P, )
j= (C’a exp ( — RTZ-{’]-)M(P;) (pss — ps)) (AH® +T;(Cpy — Cps)) (3.16)

and

Peq = exp <A - T—p) (317)
These are coupled to the mass balance Equation [3.5] for the metal hydride.

In the literature it is observed that continuum models based on finite domains
method given in [13] is mostly studied. Patankar proposes a discretization concept
which has bases on finite difference method but employs ideas that are related to finite
element methodology. Most of the previous studies apply Patankar’s discretization in

the implicit scheme.

In this study energy balance method is used for discretizing the heat equation.
Mainly transient heat conduction with convective boundary conditions is evaluated
in explicit scheme. For the studied geometry there exist nine types of critical nodes
at which the discretization equations vary with respect to the volume that the nodes
are located in and to their neighboring nodes that contribute to the energy balance

equation for each one.
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3.3.1. Discretization of the Field Equations

The explicit finite difference equations are derived for nine different nodes by
applying energy balances to appropriate control volumes. Our selection of cylindrical
geometry reduces the problem to be two dimensional. Therefore the relevant control
volumes are basically rings with different radii and heights. The energy balance equa-
tions for each type of control volume is given after the figure of the nodes located on

a schematic drawing of slide of the cylindrical tank.
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i1,...m

Figure 3.2. Location of interior nodes

The number of nodes along z and r directions are n and m respectively. The

assumption of constant effective thermal conductivity throughout the hydriding

process simplifies the energy balance equation for any interior node as follows:

Vew

p+1 TP

. i,J
(pcp)evcv< At )

2mi(Ar)2Az (3.18)

-1 7., - T

1 TP TP
+k27 (i + i)ArAz(%)

TP TP
+k2miArAr <7Z’]+1 m)
Az
T TP,
+E2miArAr (M)
Az

+qVeu (3.19)
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e For a node on the symmetry axis at » = 0 excluding the ones on the boundaries

r

Figure 3.3. Location of nodes on symmetry axis

(3.20)
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—H{:7r<
+k:7r<
+q Ve
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(3.21)
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e For a node at the outer boundary on lateral surface

T

Voo = 2m(m — -)Ar(—)Az (3.22)

+1
Tgbhj - Tgbhj
Ar

).V, = k2 b Aras ( Tnts = Tng
(p p)e cv At - W(m—i) ri\z| ——~——

+h2rmArAz(Ty — T,’;’j)

1 Ar (TP . —TF .
k2m(m — =) Ar(=)( 2t __—md
+k2m(m 4) r( 5 )( ~ )

1 Ar T,%j_l - Tfi’j
+k2m(m — Z)AT<7) <—Az )

+qVeu (3.23)
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e For a node at the interior of top

T T &1 & T & T & T O T & &6 & & T &6 T 0
I wdz/Qt | | |
| = == = -
I dr
I I
I I
************************************************************
************************************************************
************************************************************
I I I I I I I I I I I I I I I
I
************************************************************
I I
I I
I I
************************************************************
I I
I I
I I
************************************************************
I I
I I
I I
r r r r---r r---r r---r r r r---r r r
VA | | | | | | | | | | I I I I I
I I I I I I I I I I I I I I I
| I I
************************************************************
************************************************************
************************************************************

Figure 3.5. Location of interior nodes of top surface

Voo = 2m‘(Ar)2g (3.24)
(PCp)eVew (T) = k2m(i— §)A7“7 <T)

1 Az Tp 1n Tp
]{72 . - A =~ +1,n 1,n
+k2m (i + 2) 3 <7Ar )

+h2mi(Ar)*(Ty —TF)

k2 (A >2 T‘zl,)n—l _T‘zl,)n
e r AZ

+qVew (3.25)
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e [or a node at the interior of bottom

************************************************************

************************************************************

************************************************************

Figure 3.6. Location of interior nodes of bottom surface

Az

Voo = 2mi(Ar) (3.26)

T - Th 1 Az (TP, =T},
(PCp)eVew (7) = k2m(i— §)A7“7 <T)

1 AZ T'pll_T'pl
k2m(i + =) Ar——
+ 7r(z—i—2) 7"2( A )

+h2mi(Ar)*(Ty — TF))

n (T =T
+E2mi(Ar)® | ———
Az

+qVeu (3.27)
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e For the node at the top center

T

Figure 3.7. Location of center node on top surface
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e For the node at the bottom center

Figure 3.8. Location of center node on bottom surface
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e For the node at the top corner

r

Figure 3.9. Location of corner node on top surface

1 Ar Az

et (g ) = rntn = (5 (Bt

+h2m(m — —)N(A;) (#)

+h2mmAr (A2 ) (Ty = 1T5.,)

h2m(m — —)Ar (A;) (T —T7,,)

+qVeo (3.33)
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e For the node at the bottom corner

************************************************************

************************************************************

************************************************************

************************************************************

************************************************************

************************************************************

************************************************************

************************************************************

************************************************************

************************************************************

Ve = 2m(m — —)Ar—— (3.34)
)V Tiﬁl_TiJ — k9 1 A Az TrIr)L—l,l_TrIr)L,l
e N B U W G v

1 Ar sz—Tpl
or(m — IAr[ 20 [ Zm2— fma
+Ek27(m 4) r<2)< " )

+h2rmAr (%) (Ty =T 1)

Ar

+h2m(m — i)m (7) (Ty =T}, 1)

+qVeo (3.35)
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3.3.2. Stability Check for All Critical Nodes

Stability criterion requires that the multiplying term of T} ; should be always
positive. In our energy balance equations there exists two terms which contain Tlp e
First one stems from the heat conducted and/or convected from the surrounding nodes
to the central node, second comes from the heat generated as a result of kinetic reaction.
Since the reaction is exothermic, second term is always positive. If At is selected such
that first term is also positive, the stability of the explicit solution is provided in a
rather conservative manner. Therefore for the stability check the positivity of the first

term is ensured.
e For any interior node

( — k2m(i — %)Az — k27 (i + %)Az

(Ar)? o, (Ar)? A2
k27 s k2mi s + (pCp)e2mi(Ar) A >0
(AT)2A
At < (pCy)ci(Ar)"Az (3.36)

k(i — DAz + k(i + DAz + kG

e For a node on the symmetry axis at r = 0 excluding the ones on the boundaries

(3.37)
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e For a node at the outer boundary on lateral surface

Ar 1
( — k2n(m — —)Az — h2mmArAz — k2n(m — Z)ATTE
Ar 1 Ar Az

(pCp)e(m — §)Ar S Az
k(m — 3)Az + hmArAz + k(m — ) Ar2.

At < (3.38)

e For a node at the interior of top

( — k(i — —)Az — km(i + )Az — kZWzAri—Z

+  h2mi(Ar)? + (pC,)emi(Ar)? it) >0

(PCp)ei(Ar)* Az
k(i — D) Az + k(i + 1) Az + h2i(Ar)2 + k20 5

At < (3.39)

e [or a node at the interior of bottom

( — kr(i— —)Az — km(i+ )AZ — kQWZATi—

z

+  h2mi(Ar)? + (pC,)emi( Ar)? it) >0

(pCyp)ei(Ar)*Az
k(i — 1Az + k(i + 1) Az + h2i(Ar)? + k2i GE

At < (3.40)
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e For the node at the top center

Az Ar , 1 Ar )
2 2 27 2At

— kr— — k:7r(7) ot hr(—)? + (pC'p)ew(g 2£) >0

2
At < o Cp)e((ﬁ;) Az (3.41)
e For the node at the bottom center
Az Ar., 1 Ar, Ar ., Az
( — ]{57'('7 — ]{?7'('(7) E —+ hﬂ-(7> —+ (pCp)6W(7) E) > ()
2
At < o Cp)e((ﬁ)f) Az (3.42)
e For the node at the top corner
Ar
< — kr(m — —)Az — km(m — —)ATA— — hrmArAz
z
+ h( )AA+(C)( Liam22) <o
w(m rAr + (pC)em(m ~ 1 AL
C. — H(Ar)2A
Af < (pCp)e(m — 1)(AT)?Az (3.43)

2(k(m — DAz + k(m — DS L hmArAz 4 h(m — 1)(Ar)?)
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e For the node at the bottom corner

1 1 Ar
( — kr(m — §)Az — km(m — E)ATE — hmrmArAz
1 1 5 Az
+ hw(m — Z)ATAT + (pCp)em(m — Z><AT> E) >0

(pCp)e(m — 3)(Ar)*Az
2(k(m — HAz + k(m — HEL 4 hmArAz + h(m — 1)(Ar)?)

At < (3.44)
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The energy balance equations derived for each node are solved numerically with

explicit scheme using MATLAB. In the code the geometric parameters and the thermo-

physical properties of materials can be specified with respect to experimental setups or

previous numerical studies. Also the number of nodes in each direction can be defined

by the user. Before evaluating the temperature distribution, the code runs a func-

tion to investigate the optimum At that satisfies the stability criteria for the specified

combination of reactor geometry, number of nodes and properties of the materials.

For the base case reactor geometry is assumed to be similar to the geometry of

the conventional metal hydride tanks. Therefore the radial length and the longitudinal

length are specified as 0.05 m and 0.10 m, respectively. The thermophysical properties

of hydrogen and metal are listed in Table 4.1.

Table 4.1. Thermophysical Properties of Materials at Atmospheric Pressure and at

Room Temperature

Property Metal(LaNis) | Hydrogen(Hs)
Density,p (kg m™2) 8400 0.0838
Porosity,e 0.5 —
Molecular weight,(kg kmol™1) 432.4 2
Specific Heat,C), (J kg~! K1) 419 14890
Thermal Conductivity,k (W m~1 K1) 2.4 0.24
Heat of Formation, AH® (Wm™'K~1) | —1.545x107 -

Effective thermal conductivity is calculated from Equation 3.3 by using the rel-

evant values. The parameters related to reaction bed and reaction are listed in Table

4.2.
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Table 4.2. Data Used in Numerical Analysis

Saturated density of LaNis, pss (kg m™3) | 8527
Heat Transfer Coefficient,h (W m=2 K~1) | 1652

Initial Bed Temp., T; (K) 293
Cooling Fluid Temp., T (K) 293
Inlet Hydrogen Pressure, P (bar) 10

For the base case the At is found to be 0.5273 s. The code is run until the whole
metal bed is reached to the initial temperature by cooling. This is approximately 12000

s in real time. So the program does the calculations for 22758 time steps.

Numerical simulation results present instantaneous the temperature and density
distribution during absorption process for the specified parameters, given in Figure
4.1 and Figure 4.2 respectively. One of the characteristics of hydriding process in
intermetallic compounds is the sudden increase of temperature in hydride bed. This
is due to release of high quantities of energy per time during exothermic reaction.
Dramatic temperature gradients are observed within the first 500 s of the absorption.
The difference in temperature distribution throughout the hydride bed is dissipated in

time by the help of convecting fluid. This sequence is summarized in Figure 4.1.



Temperature (K)

Temperature (K)

W W
X a
S o

w
@
S

Temperature (K)
W oW
2R
o o

w
S
S

(a) at t = 3000s (b) at ¢ = 6000s

Temperature (K)

(c) at t = 9000s (d) at t = 105005

Figure 4.1. Temperature distribution in reactor at selected times
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The total mass of the absorbed hydrogen is evaluated with respect to total mass
of the metal bed. The studies of Sandrock reveals that maximum H-capacity of LaNiy
is 1.49 wt.% (14.90 g/kg alloy)[7]. For the chosen base case the alloy weights 3.2986
kg. Namely maximum hydrogen that can be absorbed for the specified geometry and
the combination of the given boundary and initial conditions is 0.0491 kg. The nu-
merical results can be seen in Figure 4.3.They show good correlation with the previous

numerical and experimental studies [12, 26].
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Figure 4.3. Total mass of hydrogen absorbed per kg alloy

Figure 4.4 shows the temperature evaluation within the reactor at three points.
Since the origin is chosen to be the left bottom corner on the symmetry axis, these
points lay in the middle of the one half of the metal-hydride bed and their altitude differ
by 0.025 m. The point which is near the inlet experiences slightly higher temperature
values with respect to the point which is near the bottom. Whereas the point in the
middle preserves the high temperature during hydriding. This is reasonable due to the
fact that the points in the upper portion of the reactor meet the compressed hydrogen
earlier thereby they experience the sequence of hydriding, temperature increase and
temperature decrease earlier than the points situated at relatively lower locations. Also
it is seen that the point in the middle preserves the high temperature during hydriding

since the removal of heat from the center points of the reactor takes longer.
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In order to study the effect of geometric factors, various cases are examined. The

reactor volume is kept constant whereas radial and longitudinal lengths are changed ac-

cordingly. The thermophysical properties and the boundary conditions are maintained

the same as the ones in the base case. Also the number of nodes in each direction is

preserved.

Since the optimum At that satisfies the stability criterion is a function of reactor

geometry, At value and thereby the number of time steps to be evaluated are different

for each case. At decreases as the ratio of longitudinal length (height) to radial length

(radius) increases. Table 4.3 summarizes the seven different cases that are studied. The

term Final t is used to specify the time needed for the reactor to reach this saturation

level.



Table 4.3. Comparison of Different Reactor Geometries

H/R | Radius(m) | Height(m) | Absorbed Mass (kg) | Final t (s)
1/2 0.0794 0.0397 0.0489 3834

1 0.0630 0.0630 0.0489 7770

2 0.05 0.1 0.0489 10190

3 0.0437 0.1310 0.0489 9435

4 0.0397 0.1587 0.0489 8215

) 0.0368 0.1842 0.0489 7170
10 0.0292 0.2924 0.0489 4565
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During absorption of same amount of hydrogen, the heat removed from lateral,

top and bottom surfaces are listed in Table 4.4.

Table 4.4. Comparison of Heat Removed for Same Amount of Hydrogen Absorption

H/R | Absorbed Mass (kg) | Qiat(MJ) | Quw(MJ) | Qiotar (MJ)
1/2 0.0489 0.1725 0.9650 1.1375

1 0.0489 0.5701 0.7662 1.3363

2 0.0489 1.0390 0.3719 1.4109

3 0.0489 1.3273 0.2455 1.5729

4 0.0489 1.4764 0.1812 1.6576

) 0.0489 1.5590 0.1432 1.7021
10 0.0489 1.7396 0.0727 1.8123

In Figure 4.5 the total heat removed for the same amount of hydrogen to be ab-

sorbed is compared. In Figure 4.6 the effect of reactor geometry on saturation time is

graphed, where final time indicates the time needed to reach the predefined saturation

level. Tt is seen that for H/R equals to 2 the time needed to reach saturation experi-

ences a maximum. However as H/R is increased further the time to reach saturation

decreases. This is due to the fact that lateral surface is more effective in cooling pro-

cess of the metal-hydride reactors. Therefore as the area of lateral surface increases,

the resistance for heat transfer decreases which results in decrease in time needed for

saturation.
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Moreover as H/R value increases from 1 to 3, a decrease in the total mass of
absorbed hydrogen is observed. As can be seen in Figure 4.7 ratio of mass absorbed
by metal alloy states a minimum for the values of H/R between 2 and 3. This can
be explained such that; within this range the increased resistance to heat transfer
along z axis results in heat transfer being highly dependent on z direction. Whereas
above H/R = 3 the absorbed mass of hydrogen increases as the length of reactor
increases which shows that the trend of the problem changes. The decrease in resistance
along r direction is more dominant. Therefore above this range the heat transfer is
dependent on r direction. For very large and very small values of H/R the problem
can be considered to be one dimensional. However for intermediate values it should be
considered to be two dimensional. This correlation is also seen in the previous studies

12].
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6 ]
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Figure 4.7. Effect of H/R on mass of absorbed hydrogen at selected times

It is obvious that reactor geometry affects the temperature distribution and the
instantaneous density evolution within the reactor. Figure 4.8 illustrates the specified
parameters evaluated at 4000s for selected reactors which are equal in volume but
different in height and radius. As the ratio of height to radius of the reactor increases,

the lateral surface becomes more effective in cooling.
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4.2. Effect of Inlet Hydrogen Pressure

Inlet hydrogen pressure is one of the most influential parameters in hydriding
reaction. This is investigated for the three possible and mostly employed pressure
values: 5 bar, 10 bar (also the base case), 15 bar. As in section 4.1, all the other

parameters are kept constant for the numerical analysis.

Table 4.5. Comparison of Different Inlet Hydrogen Pressure

Pressure (bar) | Absorbed Mass (kg) | Final t (s) | Max Temperature (K)

5 0.0491 17190 319.88
10 0.0489 10190 340.65
15 0.0487 7995 354.11

Increase in the inlet hydrogen pressure results in the acceleration of the absorp-
tion reaction. This leads to an increase in heat released per time. Therefore higher
maximum temperature is observed when the inlet pressure is 10 or 15 bars. On the
other hand since the reaction kinetics is faster in higher inlet pressure case, the time
needed for the hydride bed to reach saturation is much less. This is shown in Figure
4.9. When 15 bar case is compared with 5 bar case, less than half of the time needed
in the latter case is enough for reaching saturation in former case. However the cost of

this quick hydriding is a problem for removing larger heat quantities per time.
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Figure 4.9. Comparison of different inlet pressures on saturation time

In Figure 4.10 the effect of inlet hydrogen pressure on temperature evaluation is
graphed. The heating and cooling tendency of the metal hydride bed is inspected at a
node in the middle of the hydride bed which has coordinates z = 0.05 m and r = 0.025
m. As explained in Figure 4.4 this is the point where the removal of the released heat

continues longer than at other points. Figure 4.10 is correlated with the experimental

studies.[22]
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4.3. Effect of Metal Porosity

The methods used to obtain LalNi5 powders and the activation process of the
alloy, which is basically charging the reactor at constant temperature and pressure and
discharging for various number of cycles, result in different particle diameters. There-
fore the previous experimental studies show variations at particle size and porosity. In

this study also the effect of metal-hydride bed is considered.

It is obvious that for the same volume the hydrogen mass absorbed will be much
more in the reactor where the porosity is less. As stated in Equation 3.3, effective
thermal conductivity is a function of porosity. Also At calculated with respect to
the stability criterion is a function of effective thermal conductivity. As a result the
change in porosity effects the calculated values for effective thermal conductivity of
the metal-hydride bed and the computational time steps. The maximum temperature

experienced during hydriding is same for all three cases that is 340 K.

Table 4.6. Comparison of Different Metal Porosity

Porosity | Absorbed Mass (kg) | Abs. Mass (g/ kg alloy) | k. (W m~' K~1) | Final t (s)

0.5 0.0489 14.8241 1.32 10190
0.6 0.0391 14.8165 1.104 9726
0.7 0.0293 14.8039 0.888 8996

For comparison the volume of the reactor, the inlet hydrogen pressure, the initial
temperatures are constant in all three cases. Figure 4.11 shows that maximum weight
percent of mass absorbed by the alloy is quite identical for both three cases. The
maximum temperature experienced during hydriding is same for all three cases that is

340 K. This also shows the consistency achieved in numerical analysis.
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4.4. Effect of Initial Metal Bed Temperature

Conventional metal-hydride tanks are mostly filled at outdoor spaces therefore

the effect of initial temperature of the tank is investigated. As in Section 4.1 only the

inspected parameter is changed with keeping the others constant. Therefore maximum

mass of absorbed hydrogen, maximum temperature experienced, thermophysical prop-

erties of the metal alloy are same as in the base case. As can be seen in Figure 4.12

time needed to reach saturation is slightly less for cases with low initial temperature.
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Figure 4.12. Comparison of different initial bed temperatures on saturation time



o6

4.5. Effect of Cooling Fluid Temperature

Variety in cooling options is noticed for conventional systems. Besides the design
of the reactor with fins or cooling channels, the temperature of the cooling fluid is seen
to have a dramatic effect on saturation time. Three cases are studied which are given

in Table 4.7.
Table 4.7. Comparison of Different Cooling Fluid Temperature

Ty (K) | Absorbed Mass (kg) | Final t (s)

293 0.0489 10190
298 0.0489 11330
303 0.0489 12774

For the defined base case under these conditions an increase in cooling fluid tem-
perature by 10K leads to an increase in saturation time of approximately 45 minutes.
This corresponds to an increase of 25 % in filling time of the metal-hydride tank. This
dramatic rise stems from the fact that as the temperature of the cooling fluid increases
the rate of removal of heat from the bed decreases which also means a decrease in

reaction rate.
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Figure 4.13. Comparison of different cooling fluid temperatures on saturation time
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5. CONCLUSIONS

In this study heat and mass transfer processes through absorption of hydrogen in
LaNi; intermetallic compound is investigated. The governing equations which describe
reaction kinetics of hydriding is obtained from the previous studies. These are embed-
ded in mass transfer equations. Due to the physics of the problem the mass and the
heat transfer equations are solved simultaneously. Local thermal equilibrium approach
is adopted in transient heat conduction with convective boundary conditions. Energy
balance method is used to discretize the coupled equations in finite difference explicit
scheme. For the chosen geometry nine critical locations are confirmed. The stability

check is done based on discretization equations that are derived for each node.

For the numerical analysis, different than the previous studies a code in MAT-
LAB is developed based on explicit formulation. Numerical simulations showed good
correlations with the experimental data given in literature and with the previous stud-

ies.

A base case which has similar geometry to the conventional metal-hydride tanks
is studied. The effects of reactor geometry, inlet hydrogen pressure, porosity of the

metal alloy, initial bed temperature and cooling fluid temperature are investigated.

For our case it is seen that as the height to radius ratio of the reactor bed is
changed, the time needed for the metal to reach saturation changes significantly. In
general, less time is needed to reach saturation for geometries where H/R is larger. Also
it is demonstrated that instantaneous absorbed mass of hydrogen is smallest when H/R
is between 2 to 3. For this interval the absorption rate seems to decrease due to the

reduction in removal of heat released during hydriding from the medium.

Inlet hydrogen pressure is found to be one of the most important parameter during
hydriding. For the same geometry, under the same initial and boundary conditions the

hydriding time of reactor with inlet pressure of 5 bar is more than twice the time
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needed for the reactor with inlet pressure of 15 bar.

The metal-hydride bed porosity directly affects the effective thermal conductivity.
Increasing porosity results in decreasing effective thermal conductivity, decreasing in-
crements for time steps thereby increasing the run times for analysis. Nevertheless the
maximum weight percent of hydrogen that can be absorbed to metal alloy is constant

for all cases.

Initial bed temperature of the alloy slightly affects the time needed to reach
saturation. Whereas it is observed that the temperature of the cooling fluid has a
significant effect on this aspect. Cooling fluid is critical in removal of heat generated
during exothermic absorption process and in order to achieve high absorption rate this
heat should be conducted and convected as quickly as possible. This prominent effect
is shown in simulations such that; 10 K increase in cooling fluid temperature results in

an increase of 25 percent of time needed to reach saturation.
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6. FUTURE WORK

e Desorption characteristics of LaNi; can be evaluated by applying appropriate
changes in simulation related to reaction kinetics and energy balance equations.

e Thermophysical properties of the metal are temperature dependent. The changes
in thermophysical properties can be inserted in the analysis.

e Dynamic sorption characteristics are effecting the A and B constants in Van’t Hoff
equation. If H/M is evaluated with respect to temperature distribution over the
metal hydride, the changes in A and B can be calculated, the effect of dynamic
sorption characteristics can be investigated through the calculated equilibrium

pressure.
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