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axisymmetric modeling and experimental testing in storage canisters
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Abstract

Atwo-dimensional axisymmetrimodelis developed to study the hydrogen absorption reaction
and resultant mass and heat transport phenomena inside a metal hydride cafdikemodel

is compared against published literatureand experimentaldata Experimental testsare
performedon an irhouse fabricated setupsingdifferent coolingscenariosAn extensive study
on the effects of the metal properties on charging performance is carried out through non
destructive testing (NDT). Results show that the properties that most infludreeharging
performance are: absorption rate constarik), activation energyt,) and thermal conductivity
(k™). A Higher porositys] reduces charging time and amount of hydrogen stored whhégher
cooling level produces a faster charging procesgsélresults carbe used to select metal
hydride materialdout also toestimate tre metal hydride internal state and the process can be
used for future evaluation of metal hydride degradation.

Keywords: Hydrogen storage; Metal hydrideHydrogen absorption; Two-dimensional
axisymmetric simulatiorExperimental testing
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1. Introduction

As energy consumption increases, society, industry and governments have become aware of the
necessities to invest in sustainable energies that can decrease the problems associated with the
use of fossil fuels and other nerenewablesources. Recent studie$l] show that the use of
hydrogen as an energy vector can aid to satisfy the present and future edenggnds without
additional carbon emissions.

Due to its calorific value and being environmentally friendly, hydrogen erteagybecome a
possible replacemerfor fossil fuelsdepending orow it is producedAs hydrogeiis abundant

in water and in varios hydrocarbonsit could be easily produced using renewalgeergy
sources Hence, it can facilitatthe transition from the present fossil fuel energy economy to a
future hydrogenbased economjy2,3].

A major concern that needs to be addressednakehydrogen technology economically feasible
is the safe storage of hydrog@mvesselsvith the desirableveight, volume and cosThe future
of hydrogen as an energy vector will strongly dependhese tetinologied4].

Hydrogen has the particularitgf havinga very lowenergydensity per unit of volume, so it
requiresa lot of volume tostore a largeamount of energyin gaseousstate. This is a problem
when there is a limited amount oktorage spaceavailable for example in automotive
applications.

Hydrogen can be stored in many ways, for example as a compressed gas insipeebayine
tanks. In order to satisfy space limitations and energy requirements depending on the
application, pressuresre typicallyaround 70 MPa These levels of pressure causafety
concernsand a high energgostwhen pressurizing the tanks

Liquid st@age in cryogenic tanks constitutes another possible alternaiie problem is that it
would require extremely low temperatures and also a coobygtem that would have high
energycostsas well.



Hydrogen caralsobe stored as an absorbed element inidglorous materiad (metal hydride)

[5]. Metal hydride based hydrogen storage offers e@rtadvantages compared to higiessure
gaseous or cryogenic liquid storage systems in terms of compactness, storage at ambient
conditions, possibility of tailang metal hydridesto suit different temperaturepressure
requirements, as well as being inherently safe because hydrogen is stored at low priégsure

8]. The disadvantage is that it offers low energetic density per unit of mhassothe weight of

the metal itself. But on the contrary, it offers a high energy density per unit of volume.

A primary applicatiorof hydrogen storagés proton exchange membrarfael cells (PEMFCs),
which usepure hydrogen as thie fuel [9].

Prior studies show thakeactions in metal bedsan be effectively modeleals a twadimensional
problem. Jemni and Ben Nasrallah developed-timensional heat and mass transfer models
for hydrogen &sorption and desorption respectiveljl0,11] Their results show that the
difference between the solid and hydrogen temperatures is negligible, except for some limited
areas close to the gas outlet and tank wsdl the local thermal equilibrium hypothesis can be
used. In a subsequent study, Jemni e{H2] conducted an experimenta¢st to determine the
effective thermal conductivity, the equilibrium pressure, and reaction kindticgalidate the
theoretical model. A good agreement between measured and theoretical ragaitebtained.

Muthukumar et al[13,14]numerically investigated the performance of a metal hydride storage
device at different supply pressures, cooling fluid temperatures, overall heat &nansf
coefficients and bed thicknesses using a{mensional heat and mass transfer modah
analysis ofthe performance of a storage system with embedded cooling tubes duheag
absorption of hydrogenvas also carried ouDifferent container geometrieslepending upon
the number and arrangement of cooling tubes inside the hydride bed were simulated.

Also Jiao et al. [15] studied the effects of cooling level and charging pressuire a two
dimensional axisymmetric modeThey concluded that increasing the heat transfer coefficient
(cooling the bottle) and charging pressure improves the hydrogen absorption.

Nam et al. [16] developed a thee-dimensional model to study the hydrogen absorption
reaction, heat and mass transport phenomena in a metal hydride hydrogen storageAtank.
parametric studywas carried outfor various designs and hydrogen feed pressures. The
simulation results demonstrate that the external surface to volume ratio is one of the key factors
to determine the hydrogen absorption performancand that the use of higher hydrogen
supply pressuréeads to not only rapid hydrogen charging performance but also a reduction in
the cooling burden of the tank.

Chung et al[17] investigated the influences diuffer areaand heat convectin. The hydrogen
storage canister comprisesf a cylindrical metal bed and a vomiffer areaabove the metal.
Thebuffer areais considered as a domain of pure hydrogen gas. Simulation results show the
buffer areareduces the reaction rates by increasihgtmal resistance to the heat transfer from

the outside cooling/heating bath.

Regarding experimental resultBhaou et al[18] empirically studied hydriding/dehydriding
rates and the pressugeomposition isotherms for different metal hydrides under quasi



isothermal and variable pressure conditions. They derived empirical rate equations to describe
the sorption reation kinetics. In a later studf)haou et al[19] performed some experimental
tests on a metal hydride cylindrical prototyfiited with two heat exchangers. These studies
were performed varying the supply pressure and the cooling temperature of the hydride bed.
They concluded that at any given cooling temperature, hydrogen storage rate increases with
supply pressure and alsbat cooling temperature has a significant effect on hydrogen storage
capacity at lower supply pressures.

Although considerable efforts have been made regarding the modeling of hydrogen absorption
in metal hydride vessels, a detailed analysis of its contpesport mechanisms, and mass and
heat transferis useful forefficient design and seledon of materials for any industrial
application. Mathematical modéng is a tool to identify and predict the state of timeetal
hydride during absorption as well & determinethe relationship between different factors.

The evaluation of the state of charge of a metal hydride canister is very difficult, as it strongly
depends on the working conditions, quality of the metal hydrithternal state morphology,

type of metal hydride andegradation of the materiand thus, an extensive study on the metal
propertiesand working conditionsas the one presented in thggaper,is required.

This work is the first stage of researchially destined to develop procedures and protocols to
design a metal hydride state of charge estimator and to evaluate the degradation of the
canisters in terms of total hydrogen storage capacity. Therefore, it provides an extensive study
on the effects okach individual metal property througion-destructive testing (NDTIk is also
important to mention that a detailed experimental setup has been designed and assembled
emulating a real application using commercially available metal hydride canistec$, mas not

been widely investigated in prior studies.

To that end, a 2D axisymmetric numerical model has been developed and different situations
have been analyzed. Starting with a basic cylindrical geometry some parametric studies have
been carried out toobtain the effect of the abovementioned properties on the charging
performance. Then, these results have been used to calibrate the simulation to the real practical
application. Next, the outcomes have been compared with experimental data obtainedrin an
house fabricated setuphe model and the experimental protocols can be useestimatethe

metal hydrideinternal state as well as evaluating aspects such t® reduction of the
absorption capacity due to contamination.

2. Numerical model

A two-dimensional axisymmetrienetal hydride hydrogen storage container is modeled to
analyze the key physical phenomena occurring during the hydrogen absorption process.

The hydrogermetal reaction is the following:
0 E'O P OO 30

Where M representsthe metal, MHy is the respective hydride andthe ratio of hydrogen to
metal. Finallyp lis the heat of reaction. The hydride formation is exothermic and consequently
the reverse reaction is endothermic and therefore heat is required for hydrogen release.



Two different geometriesare tested: a cylindrical shapé-ig 1, @ to comparethe numeical

simulations with published literature, and a botlike geometry(Fig. 1 b) to match the real
metal hydrde vessels available in the lab. Botlogeetries are implemented as twdimensional
axisymmetric domains, which have two differentiateekctiors. the top sectionis a void region
acting as a buffer for the hydrogenoleculesand the larger bottonsectionis aporous region
which contains the metdiydrideand where theabsorptiontakes place.
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Fig. 1 Geometries with boundary conditions (mna)) Literature cylindrical shape geometry,
b) Laboratory bottldike geometry

To deal withthe lack of information regardinthe metalhydrideinside the canisters, a detailed
and systematic numerical analysis of various metal propeigeperformed as vell as an
exhaustive study on external cooling level both numerical and experimentally.

This model is implemented usitige commercially available software COMSOL Multiphygsics
by means of the appropriate fluid dynamigsd heat transfemodules.

2.1. Model assumptions

The assumptions made in the model are the following:

1. Gas phase (hydrogen) will be considered an ideal gas.

2. Powdery metal hydride will be treated as an isotropic and homogeneous porous medium.

3. Local thermal equilibrium is assumed between #wdid metal and the hydrogen gas. That
means that the gas and metal temperatgitiaside the vessel will be the same.

4. Volumetric expansion of the metal hydride during absorption will be neglected.

5. Metal hydride properties such as porosity, permeability ahdrmal conductivity will
remain constant during the absorption process.



2.2. Conservation equations and source terms

Under the assumptions above, the metal hydride container is governed by the conservation of
mass, momentum and thermal enerfjy7,20;23].

2.2.1.Mass conservation

For hydrogen:

T ' @ Y (1)

O‘

Where the gas density can be described byitteal gas law
For the metal hydride:

.
P35 (2)

2.2.2.Momentum conservation

The momentum conservation will be modeled using a continuum approach through the
Brinkman equatias. This way the model gives an average flow rate for the total volume which
is enough if the flow over large areas is considg&2g25]

n T @ ‘

2.2.3.Energy conservation

Regarding the temperature fielthcal thermal equilibrium has been assumed betwées gas
phase and thesolid metal hydride; so, the energy equation can be expressed with a single
temperature variable as follow26]:
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In Eq.(4), the effective heat capacity (), and the effective thermal conductivitX ) can be
expressed as porosityeighted functions of the hydrogen and metal phases

(5)

(6)
2.2.4.Source terms

Mass sink ternmis the local hydrogen absorption rate per unit voluntgguation(7) contains
three terms. The first one is the temperature dependenadjch is based on an Arrhenius
expression.The middle term corresponds to the pressure dependence that includes the



equilibium pressure explained below. And finally, the last term includes density and is added to
set the maximunstoragecapacity of the tank.
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Equilibrium pressurewhich is the pressure of the absorption in a state of dynayidglibrium,
indicatesthe direction of the reaction. If the hydrogen gas pressure is above the equilibrium
pressure, the reaction proceeds to the right to form a metal hydride. If the gaspre is below

the equilibrium pressure, hydrogen is released and the metal returns gaeoustate.

For the equilibrium pressuref hydrogen absorptiotwo different expressions have been tested

using LaNiasthe reference metal. Equatio)A & G KS &AAYLI AFASR @ yQi | 21
is an experimental function based M ratio, which is the absorbed hydrogen to metal atomic

ratio, and temperature presentedby Dhaou et al[18], which is a seventhrder polynomial

function for hydrogen absorption on LaNfrhe overall results of this study are not independent

on the metal, but theparametric studie$or determining the other metal properties besides the

expression for equilibrium pressure, can be used in studying other metal hydride materials.
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Fig. 2represents equilibrium pressuresing both expressions. As it can be seen, pressure in the
plateau region is quite similar, but the difference at the beginning and at the end is noticeabl
different. As hydrogn initially enters the bottle the equilibrium pressure rises sharply. After
the void volumes between the metal particlese filled, the metal hydride begins to format
constant pressure, so a plateau is observed. Whenatheorptionis complete, anothesharp
pressure rise is seaasmore hydrogen is addew the volume[27].

Comparing the results obtainagsing both expressions it has been determined that a better
approach to the real behavior of the reaction is observed udiegsemiempirical expression
(9); therefore, this experimental function is used in this study.

Energy sourceerm represents the release of heat through the exothermic hydrogen absorption
reaction.
Y Y YO Yo (11)

Finally the absorbed hydrogdmaction (5 can be defined according to equati¢t?), where
(H/M)sat is the saturated hydrogen to metal atomic ratitherefore—ranges from Od 1.

o1
oro (12)

2.4. Initial/boundary conditions and model implementation

At first, the metal hydride container is assumed to be in thermodynamic equilibrium and
hydrogen gas is initialpt 1 atm andhe vessehs is consideredemptye Aiso,the initial velocity
of hydrogen gas is zero.

Y 'Y 1N 0 ® ™ (13)
As for boundary condition§-ig. 3, boundary walls aressumed to be impermeable so, 13tip
velocity and noflux conditions are valid and a convection boundary condition is applied
between the bottle walls and exterior air.

0 rry Oy Y
1o (14)

Inlet conditions are applied to the inlet region of computational domaiocading to specified
temperature and pressure.

3. Experimental characterization

In order to comparethe simulationswith the experimental result@nd also to observe the
evolution of the parameteri a practical applicatignthe followingexperimentaketup has been
implemented[28,29]
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Fig. 3 Experimental setup scheme (left) and real (right)

As seen iffrig. 3 during charge (red circuit), hydrogen is supplied and goes mELELOW base
Mass Flow Controller (MF&Zdm Bronkhorst High Tecke§ts without fan using~201GCAAD20-

V which has a range from 0 to 5 nlpamd tests with fan usind~201CAAA22V with a range

from 0 to 1.5 nlpn). At the beginning a MFC with an upper limit of 5 nlpm was chosen, but in
the end it was replaced for a 1.5 nlpm MFC to obtain a more accurate result in the working
region. Thenit goesthrough a7-micron particulate filter, to ensurehat no particlesenter the

MFC. Next, hydrogegoesup and into the metal hydride bottlesvhich are Swagelok 304L
HDF4500-PD stainless steel containers filled with an unknown metal hydBedore entering

the bottles, there is &igh-pressuresensor(P1) This sensor isandustrialpressure transmitter

from Impress Sensors and SystgdP-G40027A4-BCVY00-000)working with pressures up to

4 MPgandwill be reading values of charge pressukethe surface of the bottles there are also
some welded tip PF&hermocouplesfrom tc direct(T1 to T8)attached in order to acquire
temperature dataThe control and data acquisition system is programmed in LabVIEW, and the
communication between the analogical and digital signals is achieved using attiend
Instruments(NI)myRIG1900 device.

Through this experimental setypemperatures at the surface of the bottles, pressure at the
inlet and entering mass flow can be measured and then tsedlibrate the parameters dhe
computational simulation.

The experimental setuplso hasa fan, so that the metal hydride bottles have two different
cooling scenariasatural convectior(no fan) andorcedconvection(fan).

In order to perform the experiments, the followirgyotocolshave beenexecuted First, it is
necessary to maksure that the circuit is completely empty and there is no air inttii#es so

a purgewith hydrogenof the whole system is required. Also, it is mandatory that the bottle that
IS going to be studied in each of the experiments is empty. A camstensidered empty when
during discharge a steady asymptotic situation is achieved, which meana tkkitively small
amount of hydrogen is releasédutlet mass flow below 0.15 nlpmilhe &st step beforestarting

the charging process is to make suretthd valves arén the right position

Once the setupprotocol is completed the charging process can start. First, the valve
corresponding to the selected bottle is opendiging it V1 or ¥. Then, M is opened in the



direction that allows hydrogen flofvom the red circuitThe st step is taelease thehydrogen
into the system andowards the MFC by opening/ Walve.

At thisinstant, the bottle is in charging mode, and the system will continue working until the
hydrogen charging curve is saturated, ialh means that it has reached a steady asymptotic
situation in whicha large amount of timés required to absorbray new hydrogermolecules At

this point, the bottle is considered charged.

When the bottle is chargedhe absorption process is cgteted and so the inlet valve ¥is
closed followedby V4 and the bottle valve (V1 o2V

4. Results and discussion
4.1. Numerical simulation cases

Thispaper is divided into two parts.Firstly,the numerical models implemented using the
available data shown iable land asimplecylindrical geometryFig. 1 a) to compare the
results with2 ( K S NJ | dziil K2 NB[13,16]Jdz0 f A a KSR 4 2 NJ

Table 1 Parameters used in the simulation

Parameter Designation Value
Dynamicviscosity of hydrogen ‘ 8.411-1C¢ [Pa 9]
Porosity - 0.63
Permeability of the metal hydride 0 1-108 [m?]
Thermal conductivity of hydrogen Q 0.1672 [W i K7
Thermal conductivity of the metal Q 3.18 [W mt K]
Empty metal hydride density ! 4 200 [kg 1]
Saturated metal hydride density ” 4 264 [kg 1]
Hydrogen heat capacity [ 14.89 [kJ k§ K]
Metal heat capacity W 0.419 [kJ k§ K]
Universal gas constant Y 8.134 [J mot K]
Molar weight of themetal 0 432 [kg kmot]
Molar weight of H 0 2 [kg kmof]
Atmospheric pressure (absolute) n 0.1 [MPa]
Reference pressure (absolute) n 1 [MPa]
Reference temperature Y 303 [K]

Inlet pressure (relative) n 1 [MPa]
Ambient temperature Y 293 [K]
Hydrogen absorption constant on Lal 0 59.187 [¢]
Hydrogen activation energy O 21 179.6 [J md
Reaction enthalpy YO 29 879 [J md]




v

Reaction entropy Y'Y 108 [J mot K1

Saturated hydrogen to metahtio o1 6.5

Convection coefficient Q 1652 [W n? K]

Once the numerical simulatiae setup and running, iis necessary to adapt it to thieboratory
situation, by means afalibratingthe material properties as well as tloperatingconditions.

4.1.1. Sensitivity of the model to metal properties

It is important to mention that the metal hydride bottles used in this study are commercially
available, and the provider is not willing to disclose information regarding the type of metal
hydride. Asthe containeris sealed, it is not possible wetermine the material properties
needed to run the simulationgithout having to open up the canister directlyhis would be a
destructive test, which is not an optio@ne objective of this work t® determine the material
properties without performing ex situ material testirgp anin-situ strategy ispresented

It is important to mention that, computational models allow studying scenarios that may be
difficult or even impossible to obtain experentally. For example, the variation @& and E,
independently from one anothanightnot have a physical meaning, as they are both dependent
on the metal hydrideHowever it is very interesting to visualize any specific behavior when
varying inputvariables as an identification mechanism, as well as its effect on charging
performance.

So, aparametric studyis performed to identify thesensitivityof the model tothe parameters
that influence the metal hydride. Using tldata,the modelis calibraied by isolatinghe specific
material propertieghat are more sensitive to the model

After analyzing the material properties, it can be observed that there are some variables that
greatly influence thgerformanceof the metal hydride by means of shortiexy chargetime or
increasing the maximum temperature achieved, for example. But there are also some
parameters that do not have a noticeable impact on the simulation results.

The parameters that have a small influence on the processgsermeability () andactivation
energy(£) when its value is smalE< 21 000 dnol?).

Parameters that have aajor influence on the model arthe absorption rate constant), the
activation energy(£) when its value is higie=> 21 000 dnol?), the thermal conductivity of the
metal (k) and porosity(¥).
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Regarding (Fig. 4 a), it can be concluded that the temperatutecreasesas the absorption
rate constantdecreasesbut notin a linear rate, as there is no difference in the temperature
evolution whenG=59.187 S or G= 20 &, but there is a big difference betwedh= 20 s and
G=1sorG=0.15%.

In Fig. 4 b,when activation energy is low, there is no noticeable difference in the temperature
of the metal hydride canister. Whereas, when the activation energy is Bigh40000 Jnol?)

a clear difference in the temperature is noticed. This change in temper&urecause a large
amount of energy is required to begin any hydrogeatal absorptionand as this energy level
cannot be reachedabsorptiondoes not occur.

Regardin™ (Fig. 4 c), it can be seen that its influence on the bottle temperature is not as
noticeable at the beginning as it is at the eofdthe charge Initially the exothermic reaction
starts increasing the temperature of the bottle, progressively the absorption process is slowed
down until it finishes. When the thermal conductivity of the takis high k=20 W m! K?), it

will be easier for the bottle to evacuate the excess heat produced by the reaction, hence
lowering the interior bottle temperature. On the contrary, if the metal has a very poor thermal
conductivity k™=0.1 W m! K?) it will tend to accumulate the produced heat and thus the bottle
temperaturewill remainhigher.

In Fig. 4 d, the temperature increases sharply at the beginning reaching a peak and then
decreases a bit leading totamperature plateau Thistemperature levé is kept more or less
constant as a result of the equilibrium betwebaat produced byhe exothermic reaction and



heat evacuation due to convection with exterior afxs the volume of the bottle does not
change, when porosity is high=0.9) there is less metal inside the bottle, and consequently less
available metalvolume for the hydrogen tdfill. Thereforethe amount of hydrogen stored is
lower, sothe absorption process finishes soormrdthe temperature decreases until it reaches
ambient temperature On the other hand, when the metal is not very porots@.1), thefilling
process is slower, as there is a lot more metal inside the bottle and so more hydrogen is stored.
The effect of the porosity on the metal hydride behavior cangeful for the design of hydrogen
storage systems, with a trae®f between charge time and storage capacity.

4.1.2. Sensitivity of the model to cooling level

The amount of hydrogen that can be charggbnglydepends orbottle temperatureand inlet
pressure This study is focuseah the effect obottle temperature, through different convection
coefficients, on charge rate.

A local heat transfer coefficient ol0 Wm2 K?* represents thescenario in which theank is
cooled by natural convectignvhilst 50 and 200V m2 K?* represent forced air coolingcenarios
and finally 600 and 1008 m2 K representliquid coolingscenariosat different levels.
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Fig. 5 Effect of heat transfer coefficient on the evolution of: a) Temperature [K];
b) Absorbed hydrogen fraction

Fig. 5 a) representghe temperature evolutiorat a pointlocated atr= 15 mm and= 25 mm,
under the effect of different cooling level&irstly,the temperature increases rapidly from
293 Kto about337 Kunder all coolingdvels. Thentemperature is kept almost constant, with
rather small écreasefor h XX VM2 K, because hydrogeis still being absorbed in these
cases. On the other hantemperature starts decreasinguite sharplyfor h > 50 W m?2 K!
(forced air cooling or liquid cooling) angb the process finishesoonerwhen the convection
coefficient is highthat is, when the bottle is cold heseresults can be compared with the ones
obtained by Jiao et dl15]where it can be clearly seen that the cooling level has the same effects
on the bottletemperature The shape dboth curvesis very similar and the only differences are
in the time scale, as some of tmeaterial properties used are different (X", 6P, ™, Ter) OF
unknown because the authaloesnot provide all the information.

Regardig absorbedhydrogen fraction(Fig. 5 b), which is the ratio between the current
hydrogen to metal ratio compared with thmaximumsaturated valug€Eq.(12)), increasing the



heat transfer coefficientmeans that the process finishes sooner, as the bottle is colder.
Modifyingthe heat transfer coefficient frod0 Wm2 K (natural convectiohto 50 W m2 K?
(forced air cooling) results in the most significant improvement in the hydrogen absorption, and
the improvementbecomes less with further increment of the cooling level.

Whilst hydrogen fraction reaches about 0.40 under nature air coolié§@s, it reaches a value
of almost 1 under the othemore effectiveconditions.

Jiao et al[15] also studied the effects of the cooling level on the absorbed hydrogen fraction
obtaining comparable resultObviously in both cases the charging performance is more
efficient if the convection coefficienhcreases.

These sensitivity studieshow the influence of each parameter but also the changes that the
modification of these parameters causia the model. Then, keeping the simulation parameters
as inTable 1 the geometnyis modified to match the metahydride canisters available in the lab
(Fig. 1 b), and also the operating conditiong( Ter and Tmy) to emulate the conditions used in
the experimental tests. Regarding the convection coefficightan estimationis made taking
into account that the real application is cooled by natural convection.

Concerningnetal properties,an extensive search in the literature is done to define the ranges
of variation of the previously identified key properties in metal hydrideed for hydrogen
storage. The absorption rate constar@k) varies from 0.03 to 175.07*sand the activation
energy E) varies between 13 000 and 49 674 J-hdls for the thermal conductivity of the
metal and the porosity, their variations range bewved.524and3.18W m* K*and 0.3 to 0.63
respectively[2,15,16,22,3935]. In the last two casekT and¥) it has been considered that the
range of variation of the parameters is small and the simulation results are not drastically
affected by the selected value of these parameters, so the ones uskabie lare kept.

Taking althis into account,it is posible to calibrate the simulation to the real metal hydride
bottles in the lab, and the new parameters are the ones showfralvie 2

Table 2 Modified parameters for the numerical simulation with experimental conditions

Parameter Designation Value
Reference temperature Y 297 [K]

Inlet pressure (relative) n 0.65 [MPa]
Ambient temperature Y 296 [K]
Hydrogen absorption constant on met 0 2 [sY
Hydrogen activation energy 0 27 200 [J mof]

Convectiorcoefficient Q 5 or 10 [W nf K]




4.2. Literature and experimental comparison
4.2.1. Literature comparison

According to equatiofil), mass conservation, the magnitude of the hydrogen gas velocity in the
porous metal vessel is proportional to the rate of the hydrogen absorption readtign.6 a)
shows the gas velocityigtributions,andit can be observed that at the beginning hydrogen gas
velocities are high due to the initially fast hydrogen absorption reaction and then continue to
decrease with time due to the slowdown in the reaction rate as hydrogen absorptiongisce
[16].
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Fig. 6 a) Velocity profiles and b) Temperature contours, in a esession of the hydrogen storage vessel
at1ls,10s,and 100 s

On the other hand, the direction of thieydrogen gas velocity indicates the location, where
hydrogen absorption is more active inside the metal hydride canister.

Thehydrogen gas flows towards the vessel wdiiring the first 106, becausdhe temperature
is lower,which means thathe hydroga absorption rate is higher near the waldowever after
100s, the direction of the velocity is altered towards the core regiad hydrogen absorption
almost stops near the wadlrea



As can be seen by the size of the arrows, velocity decreases ththadbngth of the bottle
because hydrogen is being absorbed by the metal

Fig. 6 a)also shows that theelocity decreasesver time (1 s, 10 s and 100as)d finallygoes
to zero, as théhydrogenhas already filled all the possibleid volume insid¢he metal hydride
bottle.

Nam et al[16] show a similar graph in which it can be clearly seen that the direction of the flow
is the same as in the presented simulation, indicating thatty@rogen absorption rate is higher
near the walls at the beginning and thimprogressively changes going towards the core region
over time Although they only provide an average velocity value for every depicted time instant,
the orders of magnitude dfoth simulations is the same.

Fig. 6 b) provides information ortemperature contours in a crossection of the hydrogen
storage vessel at 1 s, 10 s and 100 $=Ats the bottle is at initial conditions but its temperature
rapidly increases as &t 10 s the bottle has reached its maximum temperature ingheus
metal hydride region. A= 100 s, the core regionssill at a high temperature but the walls are
begining to cool down due to the convection with surrounding exterior air. It can alsedén
that some heat is transferred to tHauffer region as its temperature has increased a little in the
boundary region between thbuffer areaand the metal hydride zone.

Fig. 6 b) can also be compared to the results obtained by Nam efl@]. Overall, loth
simulations show the sam&emperature contours, at the beginning the bottle is at initial
conditions and then temperature increases in the core region where the exothermic reaction
occurs. Values of temperaure are similar in both cases, although in this paper the transition
between cold and hot zones is smoother as compared to the results obtained by Nanast al.,
the quality of the mesh is improved, allowing a clearer visualizatidhe temperature results.
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Fig. 7 a) Temperature evolution profile in a point located at r=12 mm and z=15 mm, h=1652 K¥. i)
Metal hydride density over time. Point located at r=0, z=0, h=1652"3m

Focusing on the evolution of temperaturekig. 7 a), it can be seen that the curve startsaat
arbitraryinitial bottle temperature Trer) and in the first few seconds a sharp rise in temperatures
is observedThisincrease is due to the fast absorption reaction which produces heat. As it can
be shown temperature reachegs maximum value around 340 K.



After that, the canister starts to cool down gradually. At first a bit slower and then at a much
faster rate until it reaches the temperature of the cooling fl(igh,), when it stabilizes.

Fig.7, b), represents the metal hydride density evolution over time. It can be seen that at first
metal hydride density increases very sharply, due to the initial fast absorption reaction and as a
result, a high amount of hydrogen is combined with metal tovfa metal hydride, hence its
density increases. This sharp growth in density matches the high temperature IExgel3 §),
because thabsorptionreaction is taking place.

Then, density slows down its growth until it saturates. The final density is achievedthen
material is fully saturated

Many authorg15¢17,36]have studied the temperature evolution and the density (or absorbed
hydrogen fraction) in metal hydride hydrogen storage systems all leading tlarscurves that

can be slightly modified depending on the parameters chosen, as demonstrated in previous
sections.

4.2.2. Comparison of simulation and experimental results

In Fig. 8§ a comparison between simulation results and experimental data for the evolution of
temperature and hydrogen mass flow entering the bottt&an be observed for both forced
convection(fan)and natural convectior(no fan)cases.

The simulationresults are pltted in solid lines and have different convection coefficients,
simulatingnatural convection(h = 5 Wm2 K%) and forced convection of air applied on the

surface of thebottle (h = 10 Wm? K?). The experimental redts are represented in asterisks

being the black ones the result &drced convectiorand the rednatural convection
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Fig. 8 Simulation and experimental results with natural and forced convection of: a) Temperature in a
point located r=20 mm, z=80 mm. b) Hydrogen mass flow in a point located r=0, z=273 mm

As can be seen Rig. 8 a), the experimental and simulation results édn the temperature
evolution, match closelfrocusing on the forced convection case (green line and black asterisks)
it can be determined that the numerical method model is ablerulatethe evolution ofbottle
surface temperature, as theimulation arve is very similar to the experimental results
including the shape of the cugythe temperature peak anehost importanty, the tendency.



In Fig. 8 b)a comparison between experimental and simulation results based on the hydrogen
mass flowis shownlt can be observed that the simulation results matich experimentabata

for the most part, but there are sondifferencesbasicallyon the initial peaklIt has to be taken

into account that the MFC is placed outside the bottle, so it is measurirenioeint of hydrogen
entering the caniste(inlet mass flow)whereassimulation results indicatéhe hydrogenmass

flow being absorbedabsorbed mass flow)

Comparing natural and forced convection results, as expected, if the bottle is not cooled
externally,its temperature will be higher due to the exothermal reaction. If the bottle is hot,
hydrogen gas molecules wié more excited and as a consequence they will create higlar
pressure inside the bottle. In this case, the pressure gradiient the irlet to the interia of the
bottle will be smallergcausing thenydrogen mass flow at the inléd be reduced

It is also important to mention thathie first experimentsr(atural convection)are performed
using a MFC with a range thgdesfrom 0 to 5 nlpm but irthe other case (forced convection),
the experiments were performed using a MFC with a rangedbasfrom 0 to 1.5 nlpm, so the
hydrogen mass flow in the first instarisdimited to 1.5 nlpm, but when it decreases all the data
isacquired and, as observed, matches the simulation results.

6. Conclusions

A mathematical model, which rigorously accounts for the principles of mass, momentum and
energy conservationand absorption kinetics, has been developed to simulate the hydrogen
absorgion process in a metal hydride tankhe effects ofmetal properties as well asooling
levelhave been numerically simulates well

w»
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achieving a good agreemebetween all the data.

This model was then adapted to match the real laboratory conditions, by means of adjusting the
bottle shape and sizeéeducingthe convectiveheat transfer coefficiencompared to published
works [15,16] between the container and the surrounding ,aénd alsomodifying the metal
properties, whichwas possible to do becauseathaustiveexperimental testing andnalysis of

the sensitivity of the model tanetal properties

It has been determined that the metal properties that most influence the charging performance

are the absorption rate constant (F#he activation energy (Eand the thermal conductivity

(km), as they have a considerable influence o8tho 2 G Gt S G SYLISNI (G cdbB ® ¢ KS
a strong effect on the charge performance. If porosity increases, the amount of hydrogen that

can be stored is lower, and so the absorption process finishes sddiven the impact of bottle
temperature on he charging performance, the external cooling level has beenesiuak well,
determining that ithe convection coefficient is higher (cooler bottleharging process is faster.

In addition, an experimental setupsing commercially available metal hydridbottles was
designed, assembled and a data acquisition system ushigreyRIO devic&as programmed
on LabVIEW, in order to obtain the required experimental datdbéocompared with the
numerical model

(@]



Thesimulationresultsshowthe same tendenciem comparison witrexperimental data, and so

it is demonstrated that the model successfully captures the essential experimental trends that

can be observedMoreover, the detailed numericalind experimentatesults highlight an initial

increase inthe ve&sf Q&4 G SYLISNI GdzZNB & ¢6Stf | & fastef GKS YS
hydrogen gas velocities inside the bottle due to tpgick hydrogen absorption rate at the
beginning.However, towards the end of the absorption process, the effect of the coadirad |

becomes a great influencenaontrolling the amount of hydrogen entering the bottle, and thus

the chargingime [28].

Theresultsand experimental data obtained in thgaper can be used to assess the staf

charge of the bottle as future work, but also as a procedure for monitoring the current status

of the bottle and the supervigiy 2 F GKS 06200t SQ& ashéStdFuehNay' | y OS =
degradation of themetal hydride materiatiue to fatigue omwear, reduction of the hydrogen

absorption capacity of the metal due tmntamination(for examplepresence ofair and water

vapor).
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