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Abstract

Hydrogen storage systems based on sodium alanate are studied, modelled, and optimised, on the basis of both
experimental and theoretical approaches. The experimental hydrogen sorption behaviour (kinetics, heat transfer
and cycling) of small cells up to kg-scale storage tanks is compared and analysed. In particular, the effect of the
size of the system, powder compaction, and addition of expanded graphite on the sorption behaviour is investigated
and characterized. In order to implement simulations and further evaluations, empirical kinetic models for both
hydrogen absorption and desorption of sodium alanate material are developed. The hydrogen sorption process in
a storage tank is modelled on the basis of the developed kinetic equations, hydrogen transport equations and heat
transfer equations. A numerical simulation is developed and validated with the experimental results previously
obtained in this work. Optimisation towards the gravimetric hydrogen storage capacity of a tubular storage tank
based on sodium alanate is defined and performed by means of the numerical simulation and the experimental
results of this work.

Entwicklung von Natriumalanat-basierten Wasserstoffspeichertanks

Zusammenfassung

Durch experimentelle und theoretische Methoden wurden Natriumalanat-Wasserstoffspeichertanks untersucht,
modelliert und optimiert. Das experimentelle Sorptionsverhalten (Kinetik, Warmetbertragung, Zyklierung) von
kleinen Zellen bis hin zu Speichertanks im kg-MaBstab ist verglichen and analysiert worden. Hierbei wurde
insbesondere der Einfluss der GroBe des Systems, der Materialkompaktierung, und des Zusatzes von expandiertem
Graphit auf das Sorptionsverhalten erforscht und charakterisiert. Zu weiteren Evaluierungen und Simulationen
wurden empirische kinetische Modelle sowohl fiir Absorption als auch Desorption fiir den Fall von Natriumalanat
als Speichermaterial entwickelt. Der Wasserstoffsorptionsprozess in Speichertanks wurde mit Hilfe der entwickelten
kinetischen Gleichungen, Wasserstofftransport- und Warmediibertragungsgleichungen modelliert. Eine numerische
Simulation wurde entwickelt, und durch die gefundenen experimentellen Ergebnisse dieser Arbeit validiert.

Mit Hilfe der erzielten Ergebnisse und der Simulation wurde das Design eines auf Natriumalanat basierenden
Wasserstoffspeichertanks in Bezug auf die gravimetrische Kapazitat optimiert.

Manuscript received / Manuskripteingang in TFP: 19. Januar 2011
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1 Introduction

Mankind continuously requires energy for its ongoing activities, well-being and further development.
Nowadays, more than 80 % of worldwide utilized energy comes from fossil-fuel sources i.e. coal, gas
and petroleum [1, 2]. Unfortunately, there are several drawbacks associated to the usage of fossil-
fuels. Firstly, the energy supply reserves from fossil fuels are limited, and actually it is estimated that
oil production will peak and go into sustained decline within the next years [3]. Furthermore, during
fossil-fuel energy transformation to its final application, pollutants are generated and exhausted into
the environment. The emissions produced from the use of fossil-fuels, mainly carbon dioxide, cause a
strong negative impact on the climate, with alarming consequences for climate change if the current
fossil-energy usage trend continues [4]. The imbalanced distribution of the fossil-fuel resources
throughout the world is another drawback. This later issue may bring economical and political
conflicts as well as instability and confrontations. The drawbacks of the fossil-fuel based energy have
created the major challenge and necessity of searching for and developing alternative and sustainable
energy sources.

Assuming a scenario in which there is not any fossil-fuel supply, what other primary energy source do
we have at our disposal? Alternatives based on existing energy sources in the planet, like nuclear
energy, have both the inherent non-sustainable character and the collateral imbalanced distribution of
the resources in common with the fossil-fuels. Fortunately, there is a rich extern flow of energy that

comes to the planet in a more equitable distribution: radiation from the sun.

1.1 Hydrogen as solar energy carrier

With an incoming power of 0.56 kW m™ [5], one hour of sun radiation coming on Earth’s surface
provides the energy that the mankind consumes in one year (5x10*° J [1]). Solar energy comes from
nuclear fusion reactions that occur deep inside the sun's core. Enough nuclear fuel in the sun is
estimated to last for a further 5 billion years [5]. Thus, solar energy could cover the energy demand of
mankind in a long timescale. The challenge is the transformation of the incoming solar energy and its
delivery as useful energy to final applications. Solar energy can be directly and indirectly transformed
into electricity by means of photovoltaic cells, hydropower, wind-powder, solar-thermal, bio-mass,

etc. Due to seasonal variations and long distances, besides looking towards decentralized and mobile
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applications, if electricity is not immediately used it may be stored for later transportation and usage.
Efficient electricity storage is a major problem. The solar energy challenge is then redefined as
electricity production, storage, and use in a final application.

In the hydrogen-based energy cycle, solar energy is transformed into electrical energy. Electrical
energy is subsequently applied in an electrolyser to produce hydrogen and oxygen from water. The
consumed electricity is indirectly “stored” by the production of hydrogen. The produced oxygen is
released into the atmosphere while hydrogen is stored, “carrying” the consumed electricity. Solar
energy may also be transformed into hydrogen through other methods (e.g. biological hydrogen
production by algae). After its storing, hydrogen is brought to its final application, releasing the
“stored” energy. Usage of hydrogen is envisioned mainly in a fuel-cell by reacting with oxygen from
the atmosphere, producing water as the only by-product. The produced water may be reused e.g. in the
initial electrolysis. Therewith the hydrogen-based energy cycle is closed and neutral to the
environment. There is no other sustainable, clean and high density energy concept with the simplicity
and maturity as the hydrogen-based energy cycle. Hydrogen in this clean energy concept, as it has
been illustrated, offers a high potential and is considered as an ideal energy carrier. Another important
advantage of using hydrogen stems from the fact that even if hydrogen is produced from fossil-fuels,
the final environmental impact is reduced when compared to impact of the direct use of the fossil fuels
[6].

The energy challenge is once more redefined, now into efficient hydrogen production from electricity,
hydrogen storage and hydrogen reconversion into electricity. It must be stressed that the direct use of
electricity has a of course higher efficiency than the pathway of the hydrogen energy cycle: hydrogen

is conceived as secondary energy carrier.

1.2 Hydrogen storage: metal hydrides as high density

alternative

In the hydrogen-based energy cycle, besides efficient hydrogen production and reconversion of the
stored energy into electricity, hydrogen storage is a main challenge. Hydrogen storage should fulfil
defined requirements, specially for mobile applications and if focusing on automobiles [7, 8]. Distinct
features of the hydrogen storage systems are evaluated, such as volumetric capacity, gravimetric
capacity, charging time, delivery rate, operation conditions, costs. These are mainly compared to the
actual gasoline-based storage systems for automobiles. It must be pointed out that as fossil-fuels are
depleted, the paradigm is likely to change and storage requirements should change too, adapting to the

new available energy technologies.



1.2 Hydrogen storage: metal hydrides as high density alternative

On one hand, hydrogen has a gravimetric energy density (119.9 MJkg"') higher than gasoline
(44.5 MJ kg™"). On the other hand, compared to gasoline, the volumetric energy density of hydrogen at
normal conditions is not high enough due to its low volumetric density. Hydrogen storage systems are
aimed at the enhancement of the volumetric hydrogen density while maintaining high gravimetric
hydrogen densities. Compressed hydrogen gas is the most common storage system [9]. However, the
required high pressures of up to 700 bar to obtain adequate storage densities are a serious safety issue.
Also, as the storage pressure increases, thicker walls for the recipient are required and the gravimetric
capacity of the system is therefore strongly affected. Hydrogen may be also stored as liquid at very
low temperatures (20 K at 1 bar, see Fig. 1.1). Unfortunately, this latter method requires a large
amount of energy necessary for the liquefaction, and continuous boil-off loses limit its usage to short-
term and large scale storage applications, e.g. space applications. It must be considered that the density
of molecular hydrogen is thermodynamically limited by pressure and temperature. This limitation is
illustrated in the pressure-density diagram of molecular hydrogen in Fig. 1.1 (based on the data
reported by Vargaftik [10]). Desired densities up to 50 kg m™ at room temperature can be achieved
only under pressures higher than 1000 bar. Storage at conditions under high pressure and low
temperatures, e.g. 80 K and 200 bar, are interesting possible options to achieve high densities [11, 12].
In any case, this option needs to overcome simultaneously the hurdles of compressed gas (high
pressures) and liquid hydrogen (energy consumption and high insulation requirements).

Solid-state storage of hydrogen is an alternative to gas and liquid molecular hydrogen storage, in
which the hydrogen density can be significantly increased. The solid-state methods include
physisorption, irreversible chemical hydrides and metal hydrides. Effective physisorption of hydrogen
is possible in materials with very large specific surface areas like zeolites or carbon-nanotubes.
Physisorption requires low temperatures and presents thus similar problems as liquid hydrogen. In the
case of irreversible chemical hydrides, hydrogen is liberated by their oxidation with water. The
process is not directly reversible and the chemical hydrides must be regenerated off-board. This
feature restricts this storage alternative to some specific applications and makes it non-promising if
reversibility (or regeneration on-board) is a key requirement.

Metal hydrides offer a safe alternative to hydrogen storage in compressed or liquid form, having
higher storage capacity by volume. For instance, Mg,FeHg has the highest known hydrogen volumetric
density (150 kg H, m™ [13]), which is more than twice the density of liquid hydrogen and three times
that of compressed gas under 1000 bar. As consequence, metal hydride tanks do not require the high
pressures of compressed gas tanks to achieve high densities and are thus much safer.

The high density hydrogen storage in metal hydrides involves a solid-gas reversible chemical reaction,
between hydrogen and a metal, a metal alloy or a metal composite. A considerable amount of energy

is either released during hydrogen charging or required during hydrogen discharging. The storage is in
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Figure 1.1: Pressure-density diagram of molecular hydrogen (based on the data reported by

Vargaftik [10])

consequence regulated by temperature and pressure conditions. Unfortunately, the energy of the
reaction is not accounted in the stored useful energy. Low operating temperature and pressure as well
as low energy of reaction are required for practical metal hydride systems. Furthermore, the kinetics of
the reaction should be fast enough in order to fulfil the requirements of the storage system concerning
charging times and delivery rates. In this direction, a breakthrough was achieved by preparing
nanocrystalline hydrides using high-energy ball milling and the use of suitable catalysts/additives [14-
17]. The final storage system, apart of being reversible, should have high volumetric and gravimetric
hydrogen capacities. All storage criteria must be taken in consideration during the evaluation of a

metal hydride reacting system.



1.3 Scope and structure of the present work

Conventional intermetallic hydrides, like LaNisHg and TiFeH,, are advantageous, because they require
low operating pressures and temperatures. The main drawback is their poor gravimetric hydrogen
storage density in the order of 2 wt%. Therefore, in recent years, research has focused on light weight
complex hydrides, which have a high capacity both by weight and by volume, e.g. LiBH4 with about
18 wt% and a density of 121 kg H, m™. Nevertheless, their operational temperatures are until now too
high for practical applications [18] and some other complex hydrides are even not reversible. Among
complex hydrides, a good compromise between operation conditions and gravimetric capacity is
NaAlH,4, reversibly working under moderate temperature conditions e.g. around 125 °C for charging,
having a theoretical capacity of 5.6 wt% and a storage density of 70 kg H, m™. In a recent approach by
Barkhordarian et. al. [19-21], composites of light/complex metal hydrides (reactive hydride
composites) were developed, and it was demonstrated that they can reversibly absorb and desorb
hydrogen with a lower hydrogen reaction enthalpy than the pure hydrides. Thus, milder conditions of
pressure and temperature for the storage may be expected. Besides, the gravimetric hydrogen capacity
is still interestingly high, for instance 11.4 wt% for the system LiBH,+MgH, are theoretically possible,
and 10 wt% have been demonstrated [22]. Research is in progress in order to understand their reaction
mechanisms, overcome kinetics hurdles and tune them to react at the thermodynamically possible
temperatures.

Hydrogen storage systems based on metal hydrides need large amounts of reacting material in
practical applications, i.e. kilogram scale. Basic research and first developments of metal hydride
reacting systems is performed in small (mg) scale. In order to exploit the properties of metal hydrides
in suitable hydrogen storage systems, it is required to understand their performance in larger powder
beds. During hydrogen sorption not only the chemical reaction takes place, but also coupled hydrogen
transport and heat transfer. As it will be experimentally and theoretically shown in the present work,
heat transfer is the most probable sorption limiting sub-process in practical systems. Consequently,
spatial temperature and concentration profiles are developed during the hydrogen storage process.
Sophisticated tools are then required for the evaluation of the sorption behaviour of metal hydride
reactors. The ultimate objective is to be able to design, optimise and construct suitable high density
hydrogen storage systems based on metal hydrides. Coupling material development and scale-up in
larger scale systems is fundamental looking towards fulfilling the storage challenges of a hydrogen-

based energy cycle with the promising potential of metal hydrides.

1.3 Scope and structure of the present work

The present investigation focuses on the development of scaled-up hydrogen storage using sodium

alanate material, on the basis of both experimental and theoretical approaches.
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In the experimental approach, presented in Chapter 3, first the influence of the size of the hydride bed
on its hydrogen absorption behaviour is studied. In order to understand the thermal effects on the
hydrogen sorption of sodium alanate material, a special cell is designed and constructed. By means of
this cell hydrogenation kinetics and temperature profiles within the bed can be simultaneously
followed. Moreover, the effective thermal conductivity of the material, a fundamental property for
metal hydride tanks design, is estimated from the measurements of the cell. Enhancement of the
effective thermal conductivity of the sodium alanate material is evaluated by additions of expanded
graphite. The experimental work is complemented by the study of cycling, kinetics and heat transfer in
metal hydride tanks up to kg scale. With this aim, a hydrogen tank station is designed and constructed.
The absorption behaviour of alanate tanks is evaluated as well as the effect of the addition of expanded
graphite to improve the effective thermal conductivity of the scaled-up reacting system. In order to
implement simulations and further evaluations, empirical kinetic models for both hydrogen absorption
and desorption of sodium alanate material are developed. Optimal theoretical pressure-temperature
conditions for hydrogen sorption of sodium alanate material can be determined using the developed
model. A new approach is proposed for the mass balance of the reactions when implementing the
reacting model. It describes the material as a mixture composed of different types of reacting
materials, which avoids the use of correction terms for the experimental capacities, as it is commonly
done in other empirical sorption models for metal hydrides.

In the theoretical approach, presented in Chapter 4, the hydrogen sorption process of practical systems
based on hydride beds is modelled for the simultaneous sub-processes of hydrogen transport, intrinsic
reaction and heat transfer. Based on the modelling equations, a comparative resistance analysis is
developed in order to quantify the effect of each sub-process on the overall sorption kinetics in sodium
alanate beds. It is shown that large size systems of sodium alanate material are mainly heat transfer
limited. On the basis of the modelling equations, a numerical simulation is developed and validated
with the experimental results previously obtained in this work.

The work finishes at Chapter 5 by showing combined approaches to optimise hydrogen storage based
on sodium alanate material. In the first part of the Chapter, optimisation of the volumetric hydrogen
storage capacity is experimentally demonstrated by powder compaction. Interesting results are found
on the sorption behaviour of these manufactured compacts. In the second part of the Chapter, a tubular
tank filled with sodium alanate material is theoretically optimised towards its gravimetric hydrogen
storage capacity using the simulation developed in the theoretical approach and the experimental

results obtained during this investigation.
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1.4 Model system: sodium alanate

Sodium alanate, NaAlH,, is a medium-temperature complex hydride with a high reversible hydrogen
content at moderate conditions (5.6 wt%). When compared to classical room temperature hydrides,
sodium alanate offers a suitable compromise with relatively large gravimetric storage capacity at
temperatures of around 125 °C. The thermal decomposition of sodium alanate, releasing hydrogen, has
been known for many years. Nevertheless, the pure material shows very slow kinetics during both
hydrogen absorption and desorption. In 1997 Bogdanovic and Schwickardi [17] showed that hydrogen
can be reversibly stored in and released from sodium alanate if doped with titanium compounds.
NaAlHy, is reversibly formed in a two-step reaction within the technically suitable range of up to 125
°C, see Egs.1.1 and 1.2. It has a theoretical gravimetric hydrogen storage capacity of 5.6 wt% based on

the absorbed material, or 5.9 wt% if based on the desorbed material.

3NaH + Al+1.5H, <> Na,AlH, (1.1)
Na,AlH, +2Al+3H, <> 3NaAlH, (1.2)

If further hydrogen release from NaH forming Na is considered, the total hydrogen content goes up to
7.4 wt%. Due to the high decomposition temperature of NaH (>400°C), for practical applications only
the hydrogen stored in the reactions shown in Egs. 1.1 and 1.2 is considered. The group of compounds
taking part in these equations, which is sometimes also called Na-Al-H system, will be referred in this
work as sodium alanate material.

The thermodynamic equilibrium of the reacting system was studied in detail by Bogdanovic [23].
Figure 1.2 shows the thermodynamic stable states of the reacting system depending on the p-T
conditions. The equilibrium lines in Fig. 1.2 are calculated using the van ’t Hoff equation with

standard reference pressure of 1 bar, Eq. 1.3.

ln( Pe, j_ AH, AS,

= 1.3
1 bar RT R (1-3)

The parameters reported in [23] for the sodium alanate reacting system are summarized in Table 1.1.
According to the van ’t Hoff equation with the values in Table 1.1, the equilibrium temperature at
1 bar corresponds to 30°C for the decomposition of NaAlH, forming Na;AlH¢ and Al (Eq. 1.2), and
100°C for the decomposition of NazAlHs (Eq. 1.1). However, due to kinetic restrictions, the material

shows reactivity only at temperatures above 70 °C.
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Table 1.1: Enthalpy and entropy of reaction for the sodium alanate reacting system [23].

. . AH, ASy
Sorption reaction 1 e
[kJ mol H, ] [J mol Hy” KV)]
3NaH + Al+1.5H, <> Na,AlH, -47 -126
Na,AlH, +2Al+3H, <> 3NaAlH, -37 -122
1201 I I |
100 -
— 804
;ce NaAlH4
% 604 ( Zone 111') (Zone 1)

0 S0 100 150 200 250
T[°C]
Figure 1.2: p-T diagram presenting the most stable state of the sodium alanate reacting system under

H, pressure. At p-T conditions inside zones I, II and III, NaH+Al , Na;AlH¢+Al, and NaAlH,,
respectively, are the most stable states.



2 Experimental methods

This chapter explains the method of material preparation and the applied measuring techniques in this
investigation. The thermocell and the hydrogen charging station are described in detail, since they

were specially constructed during this work to complement the utilized standard methods of analysis.

2.1 Material preparation

All sodium alanate material used for this work was produced in an industrial scale like milling
equipment, optimised towards fast kinetics and using a titanium-based inexpensive catalyst [24-26].
The average batch of milled material weighted up to 1 kg. The raw materials were commercial NaH
(95 %, Sigma Aldrich Chemie GmbH, Steinheim, Germany), aluminium (99,5 %, Johnson Matthey
GmbH & Co. KG, Karlsruhe, Germany), aluminium-reduced TiCly as catalyst precursor (Fluka
Chemie GmbH, Buchs, Switzerland). Carbon powder (graphite powder, Alfa Aesar GmbH &Co. KG,
Karlsruhe, Germany) was added afterwards as milling agent, expecting faster kinetics in the milled
material as it was shown in several studies of hydrogen absorbing materials, including magnesium
hydride and sodium alanate [24, 27-30]. All handling, including milling, was carried out in a glove
box with purified argon atmosphere. Prior to milling, NaH and aluminium were pre-mixed in a rolling
bank in a molar ratio of 1.08 to 1 according to the reaction.
1.08NaH + Al +0.02(TiCl, + 1 AICl,)

2.1
— NaH +1.0067Al1 + 0.08NaCl +0.02Ti + 0.04H , —

This reaction is expected to occur during milling [31]. The ratio 1.08 to 1 was chosen considering the
sodium hydride that is consumed by the catalyst precursor. Milling was carried out in a modified
vibratory tube mill (ESM 236, Siebtechnik, Miihlheim a. d. R., Germany), using 30-mm hardened
balls at a rotational speed of 1000 rpm and a ball-to-powder ratio (BPR) of 140:1. In order to avoid
agglomeration, wet milling using cyclohexane was employed. After milling, the mill was evacuated to
dry the samples. In order to investigate the influence of carbon on the hydrogenation behaviour, part of
the material was prepared in the same way as described before. For this material additional 5 wt% of
carbon was added after ball milling, and milled for another 30 min.

The calculated material balance and hydrogen capacities of the sodium alanate material of this

investigation are presented in detail in the appendix.
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2.2 Sorption kinetics

The sorption kinetics of the material was characterized volumetrically using a Sieverts’ apparatus
(HERA, Quebec, Canada), that works based on a pressure-volumetric method combined with
differential-pressure measurements [32]. Cells with inner diameters of 2, 4.5, 10 and 15.2 mm were
used, Fig. 2.1. During all the experiments the external temperature on the wall of the cells was
measured. The loading of the milled material in each of the cells was done inside an argon glove box.
Each cell was homogeneously loaded with the milled material and immediately weighted afterwards
(mg precision scale). The weight of material in the cells was around 40 mg (2 mm cell), 150 mg
(4 mm cell), 1300 mg (10 mm cell) and 5000 mg (15 mm cell).

The 15 mm diameter cell was additionally equipped with 5 thermocouples, Fig. 2.2, which further on
will be called thermocell. The used thermocouples are type K, with outer diameter 1 mm and fast
response grounded junction. The cell was designed to enable measurements up to temperatures of
400 °C and pressures up to 200 bar. The temperature measurements throughout the hydride bed with
this cell make it possible to analyse the heat flow in the system during the reactions and to estimate the

effective thermal conductivity of the bed.

Figure 2.1: Cells of different inner diameter utilized for sorption measurements in the Sieverts’

apparatus. Inner diameter from left to right: 2 mm, 4.5 mm, 10 mm and 15.2 mm.
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Figure 2.2: Thermocouples positions in the 15 mm diameter cell (thermocell) for heat flow analysis

during absorptions and desorptions.

2.3 Hydrogen tank station

The use of a Sieverts’ type apparatus for the evaluation of hydrogen sorption of large amount of
material would be impractical since it would require huge reference volumes. For instance, a reference
volume of 6501 would be required to measure the hydrogen sorption of 100 g of sodium alanate
material, expecting a pressure change of 0.1 bar during the measurement. Therefore, in order to study
cycling, kinetics and heat transfer in hydride tanks up to kg scale, a hydrogen tank station was
designed and constructed. Basically, the installation allows the quantitative evaluation of the hydrogen
charging (discharging) process into (from) a tank, which is filled with a metal hydride (e.g. sodium
alanate). The charge (discharge) of gas into (from) the tank and the hydride is determined and
controlled by measuring the temperature, pressure and the gas mass flow. A simplified process flow
diagram of the installation is depicted in Fig. 2.3. In the appendix the detailed piping and
instrumentation diagram (P&ID) of the installation is presented. The accessories and instruments of

the installation are rated to work up to 130 bar.

The amount of hydrogen that has been absorbed by the material between two different times £, and ¢,

is calculated from the hydrogen mass balance on the gaseous phase of the tank:

Y= V0, T. ;)l% + ( | ,:/ Tty dtj (7, py. (T, E)} 2.2)

Ly

mHz,abs - mHz,abs

Iy
The first and third terms on the right side of the equation corresponds to the hydrogen mass present in

the gaseous phase at times #, and ¢, respectively. The second term on the right side accounts the total

11



2 Experimental methods
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Figure 2.3: Simplified process diagram of the hydrogen tank station.

hydrogen that flowed into the system between times #,and #,. Gas density, p, is calculated by means

of the van der Waals equation at the temperature and pressure of the tank. At high levels of pressure
(>50 bar), the density calculated using ideal gas law has noticeable relative error when compared to

experimental density values [10].
The volume of the gaseous phase within the hydride tank, ¥, is required for the calculations. Prior to
the experiments with hydrogen, this volume was calibrated using Argon, chemically inert to the

hydride material. The calibration is based on the following equation (derived from Eq. 2.2 for the case

of argon):

, j: i dt

¢ pAr(T’;)L _pAr(?’;)t
/ 0

(2.3)

Tanks of the company Swagelok of stainless steel 316L were utilized for the scale-up measurements
[33]. A schematic diagram of the tank is presented in Fig. 2.4. All handling, including the tank filling
procedure with the material, was done inside a glove box with purified argon atmosphere. During
measurements, the hydrogen is distributed inside the tank by a sintered metal filter. The filter was
equipped with a thermocouple located in its centre, which also corresponds to the centre of the hydride
bed. A second thermocouple enters into the hydride from the other end of the tank. Its measuring tip is
located in a non-defined position in the bed of material.

On one hand, during the hydrogen absorption heat is released and should be removed to maintain the
required driving force for the absorption. During hydrogen desorption, on the other hand, heat should

be supplied. In the charging station an external oil circuit regulates this heat management. The hydride

12
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Figure 2.4: Tanks of stainless steel 316L for scale-up measurements. (a): Schematic profile of the tank,
sinter metal filter and thermocouples. The filter is equipped with the thermocouple TT-3 located in the
centre of the hydride bed. A second thermocouple TT-2 enters into the hydride from the other end of
the tank. Its measuring tip is located in a non-defined position in the bed of material. (b): Dimensions
of the tanks as presented in the Swagelok catalogue [33]. For the 300 ml tank and pressure rating until
300 bar: T=6.1 mm, A=48.2 mm, B=368 mm, P=% inch NPT thread. For the 500 ml tank and
pressure rating until 100 bar: T=2.4 mm, A= 50.8 mm, B=351 mm, P=V4 inch NPT thread.

tank is placed inside a plastic shell made of PEEK (polyether ether ketone), a polymer which has good
mechanical properties at temperatures up to 250 °C and a relative low density (approx. 1.3 g mI™). The
set-up of hydride tank and shell is similar to a heat exchanger of “double pipe” type configuration, Fig.
2.5. The outer annular channel is part of the oil circuit. A high-temperature thermostat (T max 400 °C
from LAUDA GmbH) pumps the oil in the circuit and also regulates its temperature by means of
heating resistances and an additional cooling system. The employed heat transfer oil was Ultra 350
(dibenziltoluene, LAUDA GmbH). This oil was used to minimize the risk associated with a possible

leak, since it is non-reactive to sodium alanate material.
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Heat transfer oil

Fittings for thermocouples

Oil distributor

Figure 2.5: Hydride tank inside its shell as heat transfer configuration of “double pipe” type. (a):
Schematic of the heat transfer oil pathway in the annular channel. (b): Intern configuration and

accessories.

The temperature is measured using thermocouples type K from Thermocoax with fast response
grounded junction (temperature range of -40 °C to 1300 °C, accuracy of 0.5 °C). The temperature is
measured in the hydrogen pipeline, in two positions inside the hydride tank (see Fig. 2.4) and in three
positions in the side of the heat transfer oil close to the tank (see Fig. 2.5). The absolute pressure is
measured with a piezoresistive absolute pressure transmitter PAA-23 (pressure range of 0 bar to
200 bar, accuracy of 0.01 bar, KELLER AG). The gas flow is measured and controlled with two
thermal flow meters (flow range from 0 In min™ to 10 In min™ and 0 In min™ to 250 In min™, accuracy
of 0.01 Inmin™ and 0.1 In min™, respectively. Bronkhorst Mittig). In the thermal flow meters, a
voltage signal is produced when a gas is flowing through. This signal is proportional to the mass flow
and the heat capacity of the gas. The unit “In”, although not extendedly used but common in gas flow

meters controllers, represents one normal litre e.g. one litre of gas under normal conditions of
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temperature and pressure (0 °C and 1.01325 bar). For instance, a flow of 1 Inmin" of hydrogen

corresponds to a hydrogen mass flow of 0.08991 g min™, since P, .0°c,1013250a —0-08991 g I

The installation was automatically operated by an own developed LabView computer-based
application, which accomplishes the on-line measurement, control, monitoring and regulation of the
tank station. Temperature, pressure and mass flows are measured and saved on-line in the computer.
Pneumatic valves were installed and controlled from the application. A snap-shot of the designed
interface of the application and a general view of the tank station are presented in the appendix. A
more extensive description of the experimental procedures and the installation as well as its risk and

safety analysis is presented elsewhere [34].
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3 Experimental sorptions: kinetics and
heat transfer

This chapter starts with the experimental results on the effect of heat transfer on the sorption kinetics
of sodium alanate material [35]. Further on, developed empirical kinetic models for the absorption and
desorption of the material are presented [36, 37]. The last part of the chapter focuses on scaled-up
sorptions of the material. The chapter is organized in four different sections that cover the mentioned
investigated themes. Each section begins with the description of the experimental results and

concludes with the respective discussion.

3.1 Effects of heat transfer on the sorption kinetics

This section pursues an advanced understanding of the factors that influence charging and discharging
kinetics in large beds of sodium alanate material. In particular, the effect of the carbon powder
addition during milling, sorption temperature and the size of the hydride bed on the reactions kinetics
of sodium alanate material catalyzed with aluminium-reduced TiCly (3TiCl;+AICl;) is studied in
detail. For this purpose, titration measurements were performed using cylindrical cells of different
diameters, as presented in Fig. 2.1. To understand the underlying mechanisms, the temperature was
measured during the process at different positions inside the hydride bed using the constructed
thermocell (described in Section 2.2 and shown in Fig. 2.2). The measurement with the thermocell
provides detailed information about the influence of heat conduction and temperature on the reaction
kinetics. This section concludes with the evaluation of the addition of expanded graphite flakes on the
sorption behaviour of sodium alanate material. Expanded graphite was mixed with sodium alanate

material after milling, contrary to carbon powder which was added before material milling.

3.1.1 Absorption in cells of different sizes

The hydrogen absorption process, which corresponds to filling an automotive tank, is required to last
only a few minutes and is therefore much more demanding than the discharging process.
Consequently, it will predominantly determine the design of the heat transfer system of a practical
application. In this subsection the results are focused on the effect of the cell size on the absorption

profiles. The conclusions and discussion with respect to the cell size are valid for the results obtained
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with sodium alanate material both with and without carbon addition during milling. The absorption
profiles of the material with and without carbon addition are further compared and analyzed in
subsection 3.1.5 (see Fig. 3.10). To allow for comparable results the third absorption is taken always
to analyze the effect of the powder bed size on kinetics. With this absorption cycle the material has
almost reached steady kinetic properties with respect to cycling.

Figure 3.1 shows the absorption profiles of both types of materials (with and without carbon addition)
obtained with the cells of different dimensions. Figure 3.2 shows the respective external wall
temperature against time. Although the hydrogen capacities after 20 min are similar, the slopes of the
curves, and therefore the reaction rates, are notably different. For instance, the 10-mm cell led to the
fastest initial kinetics (ca. 3.2 wt% min™") while the 2-mm cell presented the slowest kinetics (ca.

0.6 wt% min™).

3.1.2 Absorptions in the thermocell

Sets of experiments were carried out using the thermocell, filled with sodium alanate material with and
without carbon powder addition during milling. Figure 3.3 shows the 3™ absorption measurement of
sodium alanate material without and with carbon powder addition. The initial temperature was again
125 °C. Quite similar results are obtained with and without carbon addition, and therefore the
description presented in the discussion is valid for both types of material. The effects of expanded

graphite addition to sodium alanate material after milling are presented in subsection 3.1.4.

3.1.3 Estimation of effective thermal conductivity

A further important factor necessary for the layout of a storage system based on hydrides is the
effective thermal conductivity. The positions of the thermocouples in the thermocell in Fig. 2.2 were
chosen in order to estimate the effective thermal conductivity of the material bed upon the
hydrogenation/dehydrogenation reaction in-situ. The measuring positions were arranged in such a way
that a parabolic temperature profile throughout the bed could be measured with uniform and sufficient
temperature variation between the positions: calling AT the total difference of temperature between the
material close to the wall of the cell and the material in the centre (axis) of the cell, T4 reads 0 % of
AT, T3 reads 33 %, T2 reads 67 % and T1 reads 100 % of AT. T1 is located exactly in the centre of the
bed.
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Figure 3.1: Hydrogen content from material (a) with and (b) without carbon addition during 3™
hydrogen absorption measurement with different cells at 100 bar in the Sieverts apparatus. The initial

temperature is 125 °C.
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Figure 3.2: Outer wall temperature of the samples with (a) and without (b) carbon addition during the
3" hydrogen absorption measurement using different cells at 100 bar in the Sieverts apparatus. The

initial temperature is 125 °C.
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Figure 3.3: Hydrogen content and temperature inside the bed of hydride of samples (a) without and
(b) with carbon addition during the 3 hydrogen absorption measurement at 100 bar, measured in
the Sieverts apparatus. The initial temperature is 125 °C. The positions of temperature

measurements are presented in Fig. 2.2.

3.1.4 Addition of expanded graphite

Heat conduction is a major aspect during the hydrogen sorption of metal hydrides. Unfortunately, the
discontinuities of the solid milled material lead to lower effective thermal conductivities of the beds.
The effective thermal conductivity of metal hydride beds can be increased by mixing them with high
thermal conducting materials. Diamond has the highest thermal conductivity by far of any solid at

room temperature (2000 W m™ K ™) [38], but it is not an option for practical applications. Expanded
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graphite (EG) has very high thermal conductivity (reported between 400-2000 W m™ K' parallel to
basal plane [38, 39]) and has been used as a heat transfer additive in other technologies, e.g.
adsorption refrigeration, where high rates of heat transfer are required as well [40]. Its high thermal
conductivity , which occurs essentially by lattice vibration [38], is due to the high-strength and short-
length covalent sigma bonds in the planar hexagonal network of its structure. However, the anisotropy
of the graphite crystal influences strongly the thermal conductivity. In the direction perpendicular to
the basal plane the thermal conductivity is considerably lower (2-10 W m™ K™ [38, 39]), where
weaker van der Waals bonds are present. Another advantage of EG is its low density (2.2 g ml™ [38]),
which adds less inert mass when used as thermal conductivity additive in metal hydride beds.

Sodium alanate material of this investigation was mixed with flakes of expanded natural graphite after
ball milling in different ratios (particle size 500 um, SGL Technologies GmbH, Meitingen, Germany).
After weighing, the mixture was shaken in a glass recipient for several minutes in order to homogenize
it for further measurements. The effect of the additional EG on the sorption behaviour of sodium
alanate was tested by performing sorption measurements in the thermocell at the Sieverts apparatus, as
it was done in subsection 3.1.2 (without any EG addition). The thermal conductivity for the mixtures
was also estimated.

In Fig. 3.4 the first 20 min of the 3" absorption measurements are shown for mixtures of different
sodium alanate to EG ratios. Mixtures of 0, 5, 18 and 50 wt% EG were prepared. As clearly can be
seen, each mixture displays quite different absorption behaviour and temperature profiles. As the EG
content in the mixture increases, the achieved hydrogen capacities decrease. Moreover, it is also
observed that the highest peak of the temperature profile measured during absorption is reduced as
well. While the temperature increase is almost 100 °C for the mixture without EG, the mixture with
50 wt% of EG shows a temperature increase of < 1 °C only. In fact, the absorption of the 50 wt% EG

proceeds practically isothermal.

3.1.5 Discussion

As shown in Figs. 3.1 and 3.2, the slopes of the curves, and therefore the reaction rates, are notably
different during the absorption measurements in the cells of different size. This results from different
temperature developments in the beds of material within the cells during the hydrogenation process.
The smaller cells exhibit almost isothermal behaviour, while for the larger cells the outer temperature
raises by about 10 to 20 °C. This can be explained by ineffective heat transfer with the surrounding air
and a limited heat capacity of the vessel. The temperature rise caused by limited heat capacity of the
vessel should decrease as the ratio mass of cell wall to mass of hydride, Mce wa/Mpyaride, increases,

because the heat capacity of the cell acts as sink for the heat generated from the reaction. The
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Figure 3.4: 3" Absorption measuremnt at 100 bar in the thermocell for material (a) without EG, (b)
with 5 wt% EG, (c) 18 wt% EG and (d) 50 wt% EG. The initial temperature was 125 °C. The positions

of temperature measurement are presented in Fig. 2.2.

calculated ratio Mcey wai/Mpyaride 15 presented below in Table 3.1 for the different utilized cells. The
ratio was calculated from the cross section of cell wall and the hydride bed (Fig. 3.5) and their
respective densities, assuming infinite cylindrical cells. By comparing results of Table 3.1 with those
of Fig. 3.2, it can be concluded that the calculated mass ratios relate well with the observed rise of the
outer wall temperature. The temperature does not increase in the 2-mm cell, the one with the highest
ratio Mcey wa/Mupyaride, Whereas the corresponding lowest ratio in cell 3 leads to the highest temperature
response.

Additionally, due to the low effective thermal conductivity, temperature profiles inside the bed should
develop. Large beds would therefore have their maximal temperature at their centre.

The above outlined thermal effects explain the variance of the performances among the cells (Fig.
3.1). From the thermal and kinetics profiles in Figs. 3.1 and 3.2 it is noted that a rise in temperature

improves the kinetics at the beginning of the process, when the first step of hydrogenation proceeds.
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Figure 3.5: Cross-section of any cell used in the experiments

Table 3.1: Ratio of mass of cell wall to mass of hydride for the experimental cells. The density of the

bed of material is 0.6 g ml™" and the density of the walls of the cells is 7.85 g ml™.

Cell Inner Diameter [mm] | Outer Diameter [mm] Mconr wanr / Monateriar [ g'l]
1 2 8 196.3
2 4.5 8 283
3 10 15.2 17.1
4 15.2 25 223

Consequently, it improves the hydrogenation kinetics in the larger cells compared to the smaller cells.
Indeed in cell 3, with the lowest ratio Mcey wa/Mpyariae and the highest rise in the outer wall
temperature, the fastest kinetics for the first step is observed. Respectively, cell 1 having the highest
ratio Mcey wa/Mpyaride Presents no rise in temperature and the slowest kinetics for step one. Thus, the
optimum temperature for kinetics is substantially higher than the initial temperature of 125 °C but
should be lower than the equilibrium temperature at 100 bar for the first step of hydrogenation (Eq.
1.1), which amounts to about 250-260 °C.

At 100 bar, however, the equilibrium temperature for the second step of hydrogenation (Eq. 1.2) is
around 170 °C. If the hydride reaches a temperature higher than 170 °C after the first step of reaction,
the second step will not proceed until the temperature of the material has decreased significantly
below that temperature. This would cause a delay between the two steps, and may explain the delays

in Fig. 3.1 for the larger cell sizes. This conclusion is supported firstly by the hydrogen content of the
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material during the delay, which amounts to around 1.6 wt% corresponds to the theoretical hydrogen
capacity of the first step of hydrogenation, and secondly, by the observation that the time of the delay
increases with the diameter of the cells.

In addition, the time dependence of the outer wall temperature of cell 3, in Fig. 3.2, reflects the delay
between the steps. The temperature rises during the first step, almost 20 °C, and decreases when the
first reaction is completed. At the end of the delay, the temperature increases once again. Both
increments can be explained by the exothermic hydrogenation reactions. However, the absolute value
of temperature rise on the outer wall of the cells does not explain the delay in the reaction, because the
equilibrium temperature is neither reached nor exceeded. This indicates significantly higher
temperatures in the hydride bed. Therefore, experiments with the thermocell were performed in which
the temperature throughout the bed was monitored.

Figure 3.3b shows that as soon as the first absorption step starts, there is a small peak in temperature,
which occurs quite shortly for some seconds and had not been detected from outer wall temperature
measurements. It can be attributed to hydrogen heating up upon expansion and subsequent fast heat
flow into the hydride. At the same time, the exothermic hydrogenation of NaH and Al occurs with fast
kinetics, leading to a substantial increase of temperature in the powder bed. As expected, due to the
limited heat conduction in the material, after about 1 minute a temperature profile develops with a
maximum of 210 °C in the centre of the bed (position T1). This is still lower than the equilibrium
temperature of step 1 (Eq. 1.1), which is 250-260 °C at the working pressure (100 bar), but much
higher than the equilibrium temperature of step 2 (Eq. 1.2), 170 °C. Consequently, after absorbing
1.6 wt% of hydrogen, corresponding to the completion of step 1, hydrogenation does not continue.
Therefore, temperatures in the bed decrease due to the heat flow through the cell wall and the
surrounding air. It is observed that the second absorption step does not start at the point when the
temperature falls below the equilibrium temperature of 170 °C. The temperature decreases to 140 °C
and remains almost constant in the entire bed. Only after 2 minutes does further hydrogenation
proceed; the temperature increases correspondingly again and a new temperature gradient develops
throughout the bed. According to the slower kinetics of the second hydrogenation step, the
temperature gradient is not as high as during the first step.

The delay between both absorption steps, labelled as section b in Fig. 3.3, cannot be entirely explained
by the constraint related to the equilibrium temperature for the formation of NaAlH,, since during the
delay the temperature in the bed is at 140°C. This is 30 °C lower than the corresponding equilibrium
temperature, and even at this temperature and 100 bar the material absorbs once again after its end,
when section c in Fig. 3.3 starts. A possible cause is that heating of the material to high temperatures
in the first absorption step has resulted in recovery processes of the material, which impede the

nucleation of the NaAlH, phase. In order to support this explanation, the totally absorbed material was
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3.1 Effects of heat transfer on the sorption kinetics

desorbed at 125 °C and 5 bar. This results in the complete decomposition of NaAlH, into Na;AlHg and
Al with the respective release of hydrogen, because the equilibrium pressure for the further
dehydrogenation is 3 bar. The material was then hydrogenated at different initial temperatures
(100 °C, 125 °C, 140 °C and 150 °C) by applying 100 bar H,. In order to start the absorption, the
pressure increase in the cells using the experimental Sieverts apparatus is performed within less than a
second. Interestingly, the reaction starts immediately, as shown in Fig. 3.6, accompanied by
temperature increase. Consequently, the delay between the two steps has to be caused by the condition
of NazAlH¢ or Al after the first hydrogenation step and can, for example, be unfavourable for the

NaAlH, nucleation process.
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Figure 3.6: Absorptions of Naz;AlHg/Al at 100 bar H,, previously formed by desorption of NaAlH, at
5 bar and 125 °C. Initial temperatures of the absorptions are indicated for each curve (100, 125, 140
and 150 °C). T1 is the temperature in the centre of the hydride bed.

These findings are important for modelling, design and layout of a storage tank based on sodium
alanate. It has to be noted that the observed significant heating upon hydrogenation of the cells can be
avoided by efficient cooling using water or oil. Aspiring towards cost effectiveness, simple
constructions, and the consequently large dimensions of the powder beds, however, will always result
in strong temperature changes in the hydride as in this work. A possible approach to overcome the
detrimental effect observed before the second absorption step would be to increase the cooling
intensity for a short time after the first absorption step is completed.

Experiments were also done in the thermocell in order to estimate the thermal conductivity of the
material. In order to evaluate the measurements, a homogeneous cylindrical system is assumed in a

stationary process with only radial conduction, no axial conduction, and a constant and homogeneous
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3 Experimental sorptions: kinetics and heat transfer

heat generation, as well as a constant density and heat conduction of the hydride bed. Heat convection
is neglected. In this case a parabolic temperature profile is obtained by the standard heat conduction

equation:

gpr’

—T.=—
¢ 42

3.1)

eff

where T is the temperature at a radial distance  from the centric axis of the cylinder, 7. the
temperature in the axis (centre) of the cylinder, ¢ the heat generation per unit of mass, o the density
of the hydride bed, and /'teff the effective thermal conductivity of the bed of material.

The effective thermal conductivity of the hydride during in-situ measurements is estimated using Eq.
3.1. For this estimation, a variable m is defined according to Eq. 3.2 below, such that Eq. 3.1 turns
into Eq. 3.3.

m= _ar_ (3.2)

44

T-T, = mr? (3.3)

First, m is numerically adjusted to the experimental set of data 7 —7,. vs. 7> taken during an
endothermic or exothermic reaction in a moment with constant temperature profile (°Z4, = 0 inside the

bed). After adjusting m , A, is calculated by Eq. 3.2. As experimentally determined, a density of the

eff

bed in the desorbed state of about 0.6 g ml" was taken. ¢ is calculated from the measured reaction

rate and the enthalpy of reaction, derived from PcT-measurements.

g=—r'"AH, (3.4)

where 7' is the hydrogen sorption rate and AH, is the enthalpy of reaction per mol of hydrogen.
The condition 97/, =0 inside the bed was not valid during most of the experiments, but it is clearly

fulfilled after about 10 minutes during the desorptions of NaAlH, at 5 bar and 125 °C, as shown in
Fig. 3.7. From the experimental temperature profiles and the desorption rate 7'', m and ¢ are
calculated as above explained. The experimental and fitted temperature profile is presented in Fig. 3.8.
The estimations of the effective thermal conductivity were done for the material without and with
carbon addition as well as the mixtures with expanded graphite. At the moment of the estimation, the

sodium alanate material is a mixture of NaAlH,, Nas;AlHg and Al.
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Figure 3.7: Desorption of NaAlH4 at 5 bar and 125 °C in the thermocell. Initial temperature is
125 °C. For a reaction time of 10 min, the temperature profile was fitted and the desorption rate

was calculated in order to estimate the effective thermal conductivity of the hydride bed.
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Figure 3.8: Example of temperature of the hydride bed with respect to the distance from the centre
corresponding to the indicated data in Fig. 3.7. The fitting was used to estimate the effective

thermal conductivity of the hydride bed.

The estimated thermal conductivities are summarized in Fig. 3.9 for material without and with carbon
addition. The values obtained with these in-situ measurements for the material without carbon and the
values reported in the literature from static measurements at 5 bar hydrogen pressure [41] are in very

good agreement, and range between 0.5 and 0.6 W m" K. The differences between the various
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Figure 3.9: Estimated effective thermal conductivity of hydride bed for NaAIH, with and without
carbon addition during desorption at 5 bar H, in comparison with literature near room temperature

[41]. The temperatures reported are the mean temperatures of the hydride bed.

measurements are within the accuracy of the estimation. In the appendix, the error calculation for this
estimation method for the effective thermal conductivity is shown.

The addition of carbon during milling leads to a roughly 50 % higher thermal conductivity, amounting
to around 0.8 W m™ K'. Nevertheless, the behaviour during the absorptions and desorptions is
qualitatively the same as without carbon, both showing a significant delay between the two steps of
reactions as shown in Fig. 3.10. However, carbon slightly improves the kinetics of both absorption and
desorption. As carbon also acts as an effective milling lubricant, it was decided to continue further
experiments of this investigation with the material preparation method including the addition of 5 wt%
of carbon during the milling. Nevertheless, the improvement of hydrogenation kinetics and thermal
conductivity by this carbon addition is still not sufficient for technical applications. Therefore, further
investigations on the effective mechanisms in sodium alanate with carbon additions are of high
interest.

Inspection of the sorption behaviour of the sodium alanate mixtures in the thermocell shown in Fig.
3.4 reveals achieved enhancement of the effective thermal conductivity by addition of EG. The
enhancement of the thermal conductivity is deduced from the smaller temperature peaks and
temperature profiles measured during the absorptions. For instance, the mixture with 5 wt% of EG
leads to a maximal temperature peak of 160 °C, in contrast to the peak of almost 210 °C for the

material without any EG. Besides, at higher content of EG, this temperature peak lowers and the
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Figure 3.10: (a) Absorption measurements of the material at 100 bar with and without carbon.
Initial temperature is 125 °C. (b) Desorption measurements of the material with and without carbon
addition into vacuum. Initial temperature is 125 °C. T1 is the temperature in the centre of the bed.
As noted also in other investigations, desorption kinetics at 125 °C for the second step is relatively

slow. Therefore on the time scale in (b) only desorption of the first reaction step is visible.

temperature profile inside the bed decreases, as shown from Fig. 3.4a to 3.4d. This effect is mainly due
to the enhancement of the effective thermal conductivity. In Fig. 3.11 the estimated thermal
conductivities of the mixtures with EG flakes are presented. The mixture with 5 wt% of EG has an
estimated thermal conductivity between 1.3 and 1.8 W m™ K', which almost doubles compared to the
material without EG. Higher EG content in the hydride bed leads to higher values of the effective heat
conductivity. Though, the estimation method is only appropriated for low values of thermal

conductivity according to the error calculation (see error bars in Fig. 3.11 and the error calculation in
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3 Experimental sorptions: kinetics and heat transfer

the appendix). At high values of the thermal conductivity (>2 W m™" K™') the temperature profile
developed for the estimation, as the one shown in Fig. 3.7, becomes quite narrow. Due to the error of
the temperature measurement, the associated propagated error in the estimation turns really high.
However, it is clear from both the narrow temperature profile and the lower peaks that the effective
thermal conductivity increases at higher content of EG. In addition, besides the enhancement of the
thermal conductivity, the EG in the hydride bed acts as an extra sink for the heat release during the
absorption and thus reducing the heat generated in the hydride bed per unit of volume. Implementation
of mixtures of sodium alanate with EG must be optimised in practical systems. On one hand the
addition of inert expanded graphite enhances the effective thermal conductivity of the bed allowing
larger bed sizes. On the other hand, it reduces the hydrogen capacity of the hydride bed. Later in
Section 5.2 the optimisation of storage systems based on sodium alanate is analysed and discussed,
evaluating the effect of the amount of expanded graphite among other parameters, like operating

conditions and compaction of the material.
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Figure 3.11: Estimated effective thermal conductivity of hydride bed of sodium alanate material

mixed with different contents of EG. Measured under desorption at 5 bar in the thermocell.

3.2 Empirical kinetic model of sodium alanate reacting

material: hydrogen absorption

Hydrogen storage systems based on metal hydrides require appropriate quantitative kinetic description
for simulations and designs, in particular for the crucial absorption process. This section proposes an

empirical kinetic model for the hydrogen absorption of sodium alanate material doped with
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3.2 Empirical kinetic model of sodium alanate reacting material: hydrogen absorption

aluminium-reduced TiCly, as produced in kg-scale for this work. The model is based on kinetic data
obtained by volumetric titration measurements performed on each of the two absorption steps of
sodium alanate, within a range of experimental conditions varying from 10 bar to 110 bar and from
100 °C to 180 °C.

Previous kinetic models of the absorption of sodium alanate-based material are derived from
experiments in which thermodynamic conditions for both absorption steps are possible [42, 43].
However, they assumed that the second step of hydrogenation occurs only after completion of the first
step. Unlike these previous treatments, this investigation is based on the study of the individual
absorption steps (as done similarly in [44]). A new approach is proposed for the mass balance of the
reactions: one in which the material is described as a mixture composed of different type of reacting
materials. This avoids the use of correction terms for the experimental capacities. The mass balance is
also validated with experiments in which both absorption steps can occur simultaneously. This kinetic
model is planned to be implemented later in this work for numerical simulations of hydrogen storage

systems based on sodium alanate, Section 4.2 and 5.2.

3.2.1 Kinetic equations

The reacting system is modelled as two consecutive absorption steps and only their net rate of reaction
is considered. Equations 3.5 and 3.6 define the stoichiometry of the first and second absorption steps,
respectively. Equation 3.5 includes the additional aluminium and hydrogen required for the second

absorption step, Eq. 3.6.
3NaH +3Al+4.5H, — Na,AlH, + 2Al + 3H, (3.5)

Na,AlH, +2Al+3H, —> 3NaAlH, (3.6)

Three mixtures of defined composition are used to describe the reacting system (Tang et al. [43]

proposed a similar definition)

S, =3NaH + 3Al +4.5H, (3.7)
S; = Na,AlH, +2Al+3H, (3.8)
S,; =3NaAlH, (3.9)
Thus, Eq. 3.5 corresponds to
S, =S, (3.10)
and Eq. 3.6 to
S = Sy, (3.11)

The transformed fraction & will be used to follow the progress of the absorption steps and is

individually considered for each step. It corresponds, among other possible relations, to the ratio of the
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3 Experimental sorptions: kinetics and heat transfer

mass of hydrogen that has been absorbed, m,, , to the maximal mass of hydrogen that can be

absorbed, my; ... Eq. 3.12. Equations 3.13 and 3.14 present an equivalent definition for each

absorption step in terms of the masses of the mixtures of defined composition.

a=—" (3.12)
mH2 max
A s, = S (3.13)
mg +mg
a S I (3.14)
Sp—Si mSH + msm :

The net rate of reaction of each absorption step is defined in terms of the transformed fraction:

da

o kT, p)g(a) (3.15)

The underlying kinetic processes of the absorption, and specially the rate-limiting process, determine
the net rate of reaction and consequently the function g(a). In this investigation the function g(a) is

empirically determined by comparing the transformed fraction during the experiments with the value

predicted by the integrated equation of different kinetic models, Table 3.2. The model equation with
best-fit results defines the most appropriate function g(a). Rudman [45] and Barkhordarian et al. [46]

discuss a detailed explanation about the applied models and the phenomenology behind them.

The rate constant k in Eq. 3.15 is a function of the temperature and the applied hydrogen pressure:

k(T p)= (Ae_’?;jf (p.p.,) (3.16)

The first factor of Eq. 3.16 is the Arrhenius formula, while the second factor reflects the influence of

the equilibrium and applied pressure on the net rate of reaction. This influence is a consequence of the

reversible character of the reaction. The factor f(p, P.,) acts as the driving force of the absorption,

which depends on the deviation of p from p,, . In this work, the factor f(p, p,,) is defined by

trying different functions and selecting the one that best fits the experimental data. Some of the

considered functions are ln(p / peq) (since it defines the change of hydrogen chemical potential of the

sorption process), (p — Do ) / P., (a first order approximation of the logarithm based on its Taylor
series), and combinations of them. However, other empirical functions may be also tried for the

factor f (p, p,,) -
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3.2 Empirical kinetic model of sodium alanate reacting material: hydrogen absorption

Table 3.2: Kinetic models used for fitting the function g(a) to experimental absorption data (see Eq. 3.15)

Model
g(a) Integrated equation
(and possible mechanism)
Surface controlled 1 o=kt
Johnson-Mehl-Avrami (JMA) general " (1 _ a){ln[l /(1 _ a)]}(n—l)/n [_ 1 n(l _ 0()] Vn_ s

equation

IMA, n =3 (e.g. three-dimensional
growth of existing nuclei with 3(1 - ){ln[l/ (1 - )]}2/3 [_ ln(l -a )] P= ket

constant interface velocity)

JMA, n =2 (e.g. two-dimensional
growth of existing nuclei with 2(1 - ){ln[l/ (1 - )]}1/2 [_ ln(l - 0‘)] =kt

constant interface velocity)

IMA, n =1(e.g. one-dimensional
growth of existing nuclei with (1 - ) - ln(l - ) =kt

constant interface velocity)

Contracting Volume (CV) (e.g.

contracting volume, three-dimensional 3(1 B a)z/3 1— (1 _ a)l/3 —
growth with constant interface
velocity)
CV (e.g. contracting volume, two-
. . . 1/2 1/2
dimensional growth with constant 2(1 - 0‘) 1- (l -—a ) = kt

interface velocity)

CV (e.g. contracting volume, three
dimensional growth diffusion 3/2 [(1 3 a)_1/3 B 1]»1 - (2a/3)— (1 3 a)2/3 e

controlled with decreasing interface

velocity)

The procedure to obtain the parameters A4, E,, and the functions g(«) and f(p,p,), from

experimental data is as follows:
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3 Experimental sorptions: kinetics and heat transfer

1. The function g(«) is determined by fitting the experimental data to the integrated equations

of the models in Table 3.2. The model with best-fit results defines g(a). The experiments

must be performed isothermal and isobaric.

2. After a model has been found to define function g(«), the values of the rate constant k for
each experiment are determined, i.e. k(7, p)

3. A function for the factor f(p, peq) is assumed. The parameters 4 and E, are calculated
using the experimental values of & by fitting ln[k/ f (p, Doy )J vs. 1/T (see Eq. 3.16). In a

next step, the correlation fit is evaluated and ln(k/ {Aexp[— Ea/ (RT )]}) vs. f(p,p,,) is

plotted. A perfect fitting of the later relation is a line that crosses the origin and has a slope

equal to 1.

4. Other functions f(p, p, ,) should be considered and the correlation of the plots mentioned

in step 3 of this procedure is compared. The function with best results is the one that best

describes the kinetics.

3.2.2 Experimental approach

Experimental sorption kinetics was characterized using the Sieverts’ apparatus. A cylindrical sample
cell of 2 mm diameter was utilized, see Fig. 2.1. During all the experiments the temperature on the
outer wall of the cell was measured. The mass of material in the cell was between 40 mg and 50 mg in
each of the experiments.

To study the reaction kinetics of each absorption step individually, pressure-temperature (p-T) pairs
for the initial and final states were chosen such that only one reaction step took place. The
measurements were performed with both initial and final states being at the same temperature. At time
t = 0 of the experiment the initial pressure was raised stepwise to the pressure of the final state. Figure
3.12 shows the thermodynamic stable states of the reacting system according to p-T conditions. The
equilibrium lines are calculated using the van ’t Hoff equation and the parameters presented in Table
1.1.

Table 3.3 summarizes initial and final conditions used to study each of the two absorption steps. All
the experimental results for the kinetic analysis correspond to measurements of material that had been
absorbed and desorbed at least 3 times, after which the material shows reproducible kinetics with

respect to cycling.
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Figure 3.12: p-T diagram presenting the most stable state of the sodium alanate reacting system

under H, pressure. At p-T conditions inside zones I, II and I1I, NaH+Al, Na;AlHs+Al, and NaAlH,,

respectively, are the most stable states. The circles () and the stars (*) correspond to p-T

conditions for experiments for the first and second absorption steps, respectively.

Table 3.3: Location of the initial and final states for the absorption experiments according to the zones

on Fig. 3.12.
Initial Final
Absorption step Reaction
State State
First 3NaH +3Al+4.5H, — Na,AlH, + 2Al + 3H, Zone | Zone 11
Second Na,AlH, +2Al+3H, - 3NaAlH, Zone 11 Zone 11

3.2.3 Isobaric and isothermal conditions during measurements

Both pressure and temperature during kinetic measurements must remain constant according to the

quantitative analysis presented. If neither this issue nor the effects of the heat flow and mass flow are

taken into account, kinetic analyses could be invalid and lead to wrong conclusions about the intrinsic

kinetics, as shown in Section 3.1.
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The Sieverts’ type apparatus uses the change of the hydrogen pressure to follow the extent of the
sorption reactions. Therefore, isobaric experiments are impossible to perform with this equipment
[32]. To minimize this pressure change and maintain good resolution in the results, the apparatus
worked with high gaseous reference volumes. The highest pressure change during the absorption
measurements was -0.25 bar, while the pressure level is between 10 and 100 bar. The pressure used in
the analysis was the arithmetic mean during each experiment.

Because of the high enthalpy of reaction of the investigated system, isothermal conditions cannot be
perfectly maintained. It was shown in Section 3.1 that especially in larger cells sorptions lead to
significant changes of temperature of the reacting material during the process. To minimize the
temperature increase or decrease, the kinetic measurements were done in a 2-mm cell, which
maintains almost isothermal behaviour: finite element simulations of the sorption process in the 2-mm
cell demonstrated that the temperature increase of the material is lower than 1 K under the conditions
and rates obtained in the experiments. Figure 3.13 shows the results of the simulation of a
hydrogenation of totally desorbed material at 100 bar and 125 °C. Under these conditions, the process
has a high rate of reaction and, therefore, high rate of heat release and temperature increase are
expected. The simulation of the bed of material applied the standard equation of heat conduction with
a heat source, Eq. 3.17.

oT
cp,bpr:AbVZT—r”pbAHR (3.17)

The heat source is calculated from the experimental hydrogen sorption rate per mass of reacting
material, the bulk density and the enthalpy of reaction derived from PcT-measurements (see Table
1.1). The heat conduction through the cell wall was simulated with the equation of heat conduction
without any heat source term. The surface temperature of the cell wall had a constant temperature of
125 °C as it was measured during the experiments. The properties of the bed of material are as
follows: density: 0.55 gml” (experimental), heat capacity: 1075 Jkg' K" [41], and thermal
conductivity: 0.5 W m™ K [35]. The cell walls are made of stainless steel with a density of 7.9 g ml™,
a heat capacity of 500 J kg K', and a thermal conductivity of 15 W m™ K' [47]. The sensible heat of
the gaseous phase and the kinetic energy of the incoming hydrogen were neglected. Chapter 4 presents
a detailed explanation of finite element simulations of hydrogen absorption process with sodium

alanate.
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Figure 3.13: Simulated temperature development inside the 2-mm cell during an experimental
absorption at 100 bar. Initial temperature is 125 °C. T is the temperature in the centre of the bed of

reacting material.

3.2.4 Hydrogen absorption of NaH+Al to form Na;AlHg: S, —> S,

The absorption experiments were done at p-T pairs with starting state within zone I and final state
within zone II according to Fig. 3.12. To guarantee the starting state of the material within zone I,
desorptions with final conditions within zone I were done until the material was fully desorbed.

Afterwards, the material was put under vacuum at 180 °C for one hour. In this investigation, the

transformed fraction &g 5 considers only the active absorbing material and it is referred to the total

hydrogen absorbed in each experiment after completion and therefore goes always from O to 1. The
experimental hydrogen capacity of the absorption experiments was between 1.5 and 1.6 wt%, which
corresponds to 88 and 94 %, respectively, of the theoretical capacity of 1.7 wt% of the first absorption
step for the mixture of this investigation. The capacities are calculated based on the desorbed material
including all inert species (catalysts and additional carbon).

The effect of temperature on the rate of reaction at constant pressure is shown in Fig. 3.14, which
presents hydrogen absorption curves at 30 bar and temperatures between 130 °C and 180 °C. Clearly,
the rate of absorption increased from 130 °C to 170 °C. At 180 °C, however, only a slight increase in
the reaction rate is observed as compared to 170 °C. The equilibrium temperature at 30 bar for the first
absorption step corresponds to 208 °C according to Eq. 1.3 (see also Fig. 3.12). As the temperature for
the absorption experiments gets close to this equilibrium value, the rate of reaction should decrease

and therefore there is a temperature before equilibrium showing the maximum rate of absorption.
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Figure 3.14: Hydrogen absorptions of NaH+Al at 30 bar and temperatures between 130 °C and
180 °C. The transformed fraction is normalized to the total mass of hydrogen absorbed in each

experiment after completion.

According to the results at 30 bar, the temperature of the maximum rate of absorption should be in the
vicinity of 170 °C and 180 °C. This value will later be compared in subsection 3.2.6.1 by means of the
derived analytical expression of the kinetics model.

Absorption curves measured at 140 °C and pressures between 10 bar and 30 bar are shown in Fig.
3.15. At 10 bar it is already possible to reach 40 % of the hydrogen capacity of the first step of
absorption after only 20 minutes. After 2 hours, the absorption is almost complete. By increasing the
pressure at the same temperature, the rate of absorption gets significantly faster. At 20 bar, the time to
absorb 90 % of the hydrogen capacity is reduced to less than 15 minutes, and at 30 bar it is reduced to

7 minutes only.

3.2.5 Hydrogen absorption of Na;AlH¢+Al to form NaAlH4: S, —> S,

The experiments for this absorption step had p-T starting state within zone Il and final state within
zone III according to Fig. 3.12. Desorptions with final conditions within zone II guaranteed the

starting state of the material. They lasted until the expected hydrogen capacity was reached. As done
for the first absorption step, the reported transformed fraction g g ~ considers only the active
absorbing material during each experiment and therefore goes always from 0 to 1. The experimental
hydrogen capacity of the material for this absorption step was between 2.2 and 2.3 wt%.

Figure 3.16 shows the effect of temperature on the rate of reaction at constant pressure for hydrogen

absorptions at 100 bar and temperatures between 100 °C and 150 °C. The behaviour is similar to the
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Figure 3.16: Hydrogen absorptions of Na;AlHg+Al at 100 bar and temperatures between 100 °C
and 150 °C. The transformed fraction is normalized to the total mass of hydrogen absorbed in each

experiment after completion

first absorption step: the rate of absorption increased from 100 °C to 135 °C, but at 150 °C, however,
there is a slight decrease in the reaction rate. The equilibrium temperature for this absorption step is
169 °C at 100 bar according to Eq. 1.3. At 100 bar, the maximum rate of absorption should be close to
135 °C and 150 °C.

Figure 3.17 shows absorption results at 125 °C and pressures in the range of 80 bar to 110 bar. The
effect of pressure is clear, improving the rate of reaction by increasing the driving force. At 125 °C

and 110 bar it is possible to absorb 90 % of the hydrogen capacity within 7 minutes.
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Figure 3.17: Hydrogen absorptions of Na;AlHg+Al at 125 °C and pressures between 80 bar and
110 bar.

3.2.6 Discussion

3.2.6.1 Hydrogen absorption of NaH+Al to form NazAlHg: S, = S,

The rate of the first absorption step was fitted to the experimental measurements shown in subsection
3.2.4 by applying the procedure explained in subsection 3.2.1. The rate of absorption is best described
by the JMA model with n =1.33.

da 1 0.25
T 133k (—— ){ln( j} (3.18)

t l-«a
Following the procedure, the constant ksI s, Is determined for each experiment. Based on these
values, further fitting of Eq. 3.16 led to the function
Sy, (P2 =P =P, )/ Py (3.19)
with Arrhenius parameters 4=2.28x10°s" and £,=91.7 kJ mol. Figure 3.18 shows the results of

the fitting of the experimental data with these function and parameters.

The exponent value 7=1.33 may suggest spatial or temporal superposition of transformation
mechanisms. For instance, it could be superposition of two and three dimensional growth of constant
number of nuclei at a diffusion controlled transformation. The JMA equation with exponent value
n =1.33 for this absorption step is similar to the kinetic model in [44, 48], which reported an empirical

equation for this absorption step using the JMA equation with # =1.4 and n =1. Kircher and Fichtner
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3.2 Empirical kinetic model of sodium alanate reacting material: hydrogen absorption

[49] applied also the IMA equation to the first absorption step, reporting values of n varying between
0.7 to 0.8 depending on the sample preparation method.
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Figure 3.18: Kinetic fitting of the absorption of NaH+Al to Na;AlHs. Equation 3.16 defines the

fitting relation. The parameters 4 and £, in the right diagram (b) come from the fitting in the left

diagram (a) (A =2.28 10x8 s™" and E, =91.7k] mol™).

To complement the analysis, the rate constant kS[—>Su is calculated and extrapolated for several p-T

conditions by using Eq. 3.16 and parameters of the fitting, and presented in Fig. 3.19. At conditions
with pressures lower than the equilibrium pressure of the first absorption step, NaH-+Al should not
absorb hydrogen and therefore the rate constant for the absorption is set to 0. The constant rate lines of
the contour demonstrate that by changing the conditions it is possible to have the same rate of reaction
at different temperatures by decreasing the pressure, e.g. the absorption at 120 °C and 40 bar and at
154 °C and 20 bar. The contour also indicates that for every pressure there is a maximum value of the
rate of reaction and there are also two temperatures that have the same rate of reaction. One of them is
lower than the temperature of the maximum rate of reaction. The second one is higher but still lower
than the corresponding equilibrium temperature. The temperature of maximum rate of reaction can be
analytically deduced by combining Eqs. 3.16 and 3.19:

- AH,

TOpt =
R| In B —In P - AS;
E,+AH, 1 bar

Equation 3.20 has utility when defining optimal process conditions for hydrogen absorptions. The

(3.20)

dotted line on Fig. 3.19 shows the calculated points of maximum rate of reaction for every pressure. At

30 bar, the optimal temperature corresponds to 180 °C and confirms the experimental results in Fig.
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3.14. Also, because the contour lines are becoming vertical, it is concluded that the effect of pressure
on the rate of reaction is low when p-T conditions are far from the optimal conditions line. Under
conditions close to this line, however, the contour lines become horizontal and the effect of the
pressure on the rate of reaction is thus the highest. When applying the same analysis to the effect of
the temperature on the rate of reaction, it is concluded that far away from the optimal conditions line,

the effect of temperature is great, while at the optimal conditions line its effect is the least.

p |bar]

Figure 3.19: Calculated values of the rate constant kg .o as a function of pressure and

temperature. The lines are contour lines of values having the same rate constant. The dotted line

represents the calculated points of maximum rate of reaction for every pressure.

3.2.6.2 Hydrogen absorption of NazAlHs+Al to form NaAlH4: S, — S,

For this absorption step the experiments yielded a hydrogen capacity of 2.3 wt%, which corresponds
to 68 % of the theoretical capacity of 3.4 wt% of the second absorption step. The reduction of the
capacity is explained by the inhomogeneous distribution of the reacting solid phases [25, 42] and the
consumption of aluminium while reacting with titanium (catalyst) [50]. The inhomogeneous
distribution of NaH and Al for the formation of Na;AlH¢ during the hydrogen absorption, Eq. 1.1,
leads to the first inefficiency of the process. Later, during the hydrogenation of Na;AlHe+Al, Eq. 1.2,
some NazAlHg does not react further with Al and acts as inert species for this reaction. If an efficiency
of 94 % for the first absorption step is considered, the efficiency of the second absorption step
becomes 72 %. The aluminium in excess for the first absorption step, which is actually required for the

second absorption step, explains the higher efficiency of this first step.
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3.2 Empirical kinetic model of sodium alanate reacting material: hydrogen absorption

As for the first absorption step, the JMA model with n =1.33 describes the rate of the second

da 1 0.25
% =1.33k; s, (i- s, s, ){m( j} (3.21)

The fitting procedure of the constant kSn Ls,, Of each experiment led to the function

absorption step.

S, s, (PsPoy) = (p- Doy )/ Doy (3.22)
The fitted Arrhenius parameters are 4=1.52x10"s" and E, =91.5k] mol”'. Franzen [44] and Na

Ranong et al. [48] also found that the second absorption step could be fitted with an empirical equation
using the JMA equation with the same orders n =1.4 and n =1 as they found for the first absorption
step. Kircher and Fichtner [49] reported a JMA ordern of 1.1 and 1.4 for this second absorption step
(depending on the sample preparation method).

The p-T diagram on Fig. 3.20 shows the calculated and extrapolated values of the rate constant

ks“ Ss,, - When the applied pressure is lower than the equilibrium pressure of the second absorption

step, the rate constant is set to 0. Moreover, if the pressure is even lower than the equilibrium pressure
of the first absorption step, Na;AlHs should desorb hydrogen and form NaH+Al. These conditions are,
however, of no interest for the present analysis. The possible zone for the absorption of the second
step is smaller than for the first one and therefore the conditions of the second step of reaction will
have stronger influence on the operation when it is desired to work with both steps simultaneously.
Compared to the first absorption step, the second step is slower under the same applied conditions.
The contour lines of constant reaction rate illustrate the possibility to obtain the same rate of reaction
at different temperatures and pressures e.g. the absorption at 120 °C and 100 bar and at 155 °C and
90 bar. The dotted line on Fig. 3.20, plotted according to Eq. 3.20, shows the points of maximum rate
of reaction for every pressure. At 100 bar the optimum temperature corresponds to 147 °C, which

reflects the result obtained in the experimental measurements given in Fig. 3.16.

3.2.6.3 Empirical kinetic model and validation

The combination of both absorption steps as a model of two consecutive reactions describes the
process when the steps can proceed one after the other and simultaneously because of thermodynamic
conditions. This is the case when changing conditions from zone I to zone III of Fig. 3.12. As soon as
NaH+Al is hydrogenated to Na;AlHs, NazAlHg+Al can react further with hydrogen to form NaAlH,.
The combination of Egs. 3.10 and 3.11 defines the reacting system:

S, —“—>8§,, —2>S§,, (3.23)
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Figure 3.20: Calculated values of the rate constant kSu Ls, @s a function of pressure and

temperature. The lines are contour lines of values having the same rate constant. The dotted line

represents the calculated points of maximum rate of reaction for every pressure.

The mass balance of the two consecutive reactions is summarized in the following equations:

dmg
I (3.24)
dt
dms, (3.25)
=r,—7r .
dt al a2
mSIII (3 26)
— =7 .
dt a2

Thus, the use of this mass balance avoids the approximation of considering that the second absorption
starts only after the first one is completed or the use of empirical correlations for the mass balance.
The instantaneous rates of reaction in terms of masses are derived based on the kinetic equations when

each absorption step independently occurs, Eqs. 3.18 and 3.21. Under this condition the total mass of

the reacting system mg +mg and mg +mg is constant during the first and second absorption

steps, respectively.
From Egs. 3.12-3.14, 3.18 and 3.24-3.26, the instantaneous rate of the first absorption step in term of
masses becomes

0.25

mS, + msn

1, =1.33kg s mg qIn (3.27)

msl

and correspondingly the instantaneous rate of the second absorption step:
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3.2 Empirical kinetic model of sodium alanate reacting material: hydrogen absorption

0.25

_1 33k 1 mSII + mSm
Fia =1.33ks, s, mg, A In) = (3.28)
Si

Finally, the model considers that a mixture of three types of material composes the reacting system:

1. Material that can form NaH+Al, Nas;AlHgs and NaAlH,.

2. Material that can form NaH+Al and Na3;AlHg but not NaAIH,. (inert material for the second

absorption step)

3. Material that does not react at all (inert material for both absorption steps)
This new approach for the material balance eliminates the use of artificial terms in the kinetic
equations to limit the capacities to the experimentally obtained ones as it is done in other kinetic
models for sodium alanate [42-44, 48]. The ratios of these materials are based on the stoichiometry of
the system and on the achieved experimental hydrogen capacities. Table 3.4 shows the mass
composition of the material used in this investigation. These mass fractions are calculated based on the
masses of the initial raw materials, the measured experimental hydrogen capacities and the
stoichiometry of the system (Egs. 1.1 and 1.2).
Figure 3.21 presents some calculated absorption curves based on the presented kinetic model under
various operating conditions. To validate the model, the figure also shows the respective experimental
results. It can be seen from the figure that the model reflects the experimentally determined data
accurately. This validation, which complements the presented results of the individual absorption
steps, ensures reliability of the presented fitting procedure and the empirical kinetic model. The model
can be numerically implemented for simulations, designs and evaluations of hydrogen storage systems
based on sodium alanate material as produced in this work. The proposed fitting procedure and
material balance is also suitable for the development of empirical kinetic models for other metal

hydride systems.

Table 3.4: Mass composition of the different type of materials according to experimental results.

Type of Material Mass fraction in the initial mixture [-]
Active material for both absorption steps 0.58
Active material for the first absorption step only 0.23
Inert material 0.19
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Figure 3.21: Experimental and calculated absorptions of totally desorbed sodium alanate material at

different conditions.

3.3 Empirical kinetic model of sodium alanate reacting

material: hydrogen desorption

This section presents an analogous empirical kinetic model for the two-step hydrogen desorption of
sodium alanate material as produced in this investigation. The model is based on kinetic data obtained
by volumetric titration measurements within a range of experimental conditions varying from 0 bar to
35 bar and from 100 °C to 190 °C. This section complements the model presented in Section 3.2 of the
corresponding hydrogen absorption of sodium alanate material.

Previous experimental investigations determined kinetic expressions for the desorption steps of
sodium alanate doped with TiCl; [42, 51], Ti;3»6THF [52], Ti(OBu"), and Zr(OBu")4 [53]. They
mainly focused on the determination of the energy of activation of the Arrhenius equation. However,
the hydrogen back-pressure in the desorptions and its effect on the kinetics are not reported in most of
these investigations [51-53]. Luo ang Gross [42] studied the effect of hydrogen back-pressure up to
3 bar, Bellosta von Colbe went up to 3.75 bar [54]. This section proposes an empirical kinetic model
supported on experimental desorptions carried out at temperatures from 100 °C to 190 °C under
hydrogen back-pressures from 0 bar up to 35 bar. This interval includes conditions which appear in the
operation of practical applications and at which so far no previous measurements were reported. The
utilized approach allows the independent study of each desorption step of sodium alanate material.
The obtained empirical kinetic equations consider the effect of the temperature and hydrogen back-

pressure as well as the transformed fraction of the material.
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3.3.1 Kinetic equations

In an analogous way as previously done in Section 3.2 on hydrogen absorption, the kinetic equations
of the model are presented for the case of hydrogen desorption. The model consists of two consecutive
desorption steps, and only their net rate of reaction is considered. Equations 3.29 and 3.30 define the
stoichiometry of the first and second desorption steps, respectively. Equation 3.30 includes the

additional aluminium and hydrogen produced in the first desorption step.

3NaAlH, — Na;AlH, +2Al +3H, (3.29)

Na;AlH, +2Al+3H, — 3NaH + 3Al +4.5H, (3.30)

By using the mixtures of defined composition in Egs. 3.7-3.9, Egs. 3.29 and 3.30 correspond to Egs.
3.31 and 3.32, respectively:

S = Sy (3.31)
Sy =S, (3.32)

Equations 3.33 and 3.34 present an equivalent definition for each desorption step in terms of the

masses of the mixtures of defined composition.

S T 3.33
aSIII‘)SII - m + ( : )
SIII S 1
M 3.34
Fsios = me +m (3:39)
S]] S]

The net rate of reaction of each desorption step is defined in terms of the transformed fraction, Eq.
3.15. As done for the absorption analysis, the function g(a) is empirically determined by comparing

the transformed fraction during the experiments with the value predicted by the integrated equation of
different kinetic models, see Table 3.2. Further analysis of the empirical rate constant in Eq. 3.15 and

its fitting procedure is done as for the hydrogen absorption model (see subsection 3.2.1).

3.3.2 Experimental approach

The method of material preparation and the utilized apparatus for the kinetic measurements are as
described in Chapter 2. The apparatus and the geometry of the cell were selected to assure in good
approximation isothermal and isobaric conditions during the experiments (Section 3.2.3). The reaction
kinetics of each desorption step was individually investigated by choosing specific p-T pairs for the
initial and final states. The thermodynamically stable states of the reacting system according to p-T
conditions are presented in Fig. 3.22. Table 3.5 summarizes initial and final conditions used to study

each desorption reaction.
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Figure 3.22: Stable states of the sodium alanate reacting system under hydrogen pressure at

different p-T conditions. At p-T conditions inside zone I, II and III, the most stable solid states are

NaH+Al, Na;AlHg¢+Al, and NaAlH,, respectively. The circles (o) and the stars (%) correspond to

p-T conditions for the final state of experiments for the first and second desorption steps,

respectively.

Table 3.5: Location of the initial and final states for the desorption experiments according to the zones

on Fig. 3.22.
) . Initial Final
Desorption step Reaction State State
First 3NaAlH, — Na,AlH, +2Al +3H, Zone 111 Zone 11
Second Na,AlH, + 2A1+3H, — 3NaH + 3Al + 4.5H, Zone 11 Zone |

3.3.3 Hydrogen desorption of NaAlH, forming Na;AlH¢+Al: S, — S,

Desorption experiments were carried out at different p-T conditions with starting state within zone I11

and final state within zone II (see Fig. 3.22). Previous absorptions with final conditions within zone I1I

guaranteed the starting state of the material within this zone for the subsequent desorption. The

experimental desorptions yielded hydrogen capacities of about 2.3 wt%, agreeing with the obtained

results for the second absorption step.

Figure 3.23 shows hydrogen desorption measurements performed at 5 bar and temperatures between

100 °C and 140 °C. All desorptions start immediately and remain at constant rate without showing an
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incubation period or an inflection. Such a linear behaviour hints at surface reaction limited kinetics. It
changes only when the transformed fraction is close to 1 and the maximal experimental capacity is
almost reached. As expected because of the endothermic nature of the desorption process, the rate of

desorption always increases with the temperature. At 140 °C and 5 bar full desorption is done in less

than 5 minutes.
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Figure 3.23: Desorption measurements of NaAlH, forming Na;AlH¢+Al at 5 bar and temperatures

between 100 °C and 140 °C. The transformed fraction is normalized to the total mass of hydrogen

desorbed in each experiment after completion.

The desorptions at 140 °C under hydrogen back-pressures between 5 bar and 35 bar also start
immediately and their slopes have the same qualitative behaviour, as shown in Figure 3.24. The
hydrogen back-pressure shows a clear effect on the rate of desorption. For example, by reducing the

hydrogen back-pressure from 25 to 5 bar, the rate of desorption approximately doubles.

3.3.4 Hydrogen desorption of Na;AlH,; forming NaH+Al: S, — S,

The desorptions of Na;AlHg, S;; — S, , had a starting state inside zone II and final state inside zone I.

Previous absorptions under conditions inside zone II ensured the starting state in this zone for these

desorptions. The experimental capacities measured for this desorption step were around 1.6 wt%, in
agreement with the measured capacities during the absorption experiments for this step. Figure 3.25
shows the results of the hydrogen desorption measurements at different temperatures under a hydrogen
back-pressure of 0 bar (ca. 50 mbar). The rate of desorption increases with the temperature, at 190 °C
requiring 10 min to desorb more than 97 % of the hydrogen stored. The desorptions start immediately,
and in contrast to the case of NaAlH,, the desorption of Na;AlH4 forming NaH+Al does not present a

linear behaviour. The reaction rate does not stay constant as the desorption proceeds.
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Figure 3.24: Desorption measurements of NaAlH, forming Na;AlH+Al

back-pressures between 5 bar and 35 bar.

at 140 °C and hydrogen
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Figure 3.25: Desorption measurements of Na;AlHg at 0 bar and temperatures between 100 °C and

140 °C.
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Figure 3.26: Desorption measurements of NajAlHg at 180 °C and different hydrogen back-

pressures.

3.3.5 Discussion

3.3.5.1 Hydrogen desorption of NaAlH4 forming NazAlHg+2Al: S, — S

As mentioned before, the rate of desorption of NaAlH4, when transforming to Na;AlH¢+Al and
releasing H,, has a linear behaviour corresponding to a zero-order reaction, which is characteristic of
surface controlled kinetics [46]. The best fitting model for Eq. 3.15 is obtained with the
function g(a) = 1. Thus, Eq. 3.15 for this desorption reaction corresponds to:
dag, s,
T — Asy-sy

This result agrees with the results of Sandrock et al [51], who also reports a constant reaction rate,

(3.35)

independent of the transformed fraction. However, it is in contrast with the first order kinetic equation
reported by Luo and Gross using TiCl; [42] and Kiyobayashi et al. using Ti(OBu")s and Zr(OBu"),
[53] for the desorption of NaAlH, forming NazAlHg.

The fitting procedure of the constant kg g , based on Eq. 3.16, yields as best fitting function:

fo s (po0o) = (P = P)/ P ) +1.04((p,, - P)/p.,) (3.36)

with Arrhenius parameters 4=5.41x10""s" and E, =105.85k] mol™. This function was found to be

most appropriate for the fitting procedure described in Section 3.2.1. The first and second order terms

of the function originate from the Taylor series of the function ln(peq / p), which defines the driving

force of the sorption process. Figure 3.27 shows the results of the fitting of the experimental data by
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use of these function and parameters. An increment of temperature will affect the rate of reaction not

only by the Arrhenius factor but also by the function fg ¢ (p,p,,) through the equilibrium
pressure p, (T ) By increasing the temperature, the value p,, increases and thus the difference

P., — P This makes the driving force represented by me—>Sn (p, peq) larger and consequently the

rate of reaction increases. Figure 3.28 shows calculated desorption curves using the fitting equations at

the conditions of the experimental curves shown in Figs. 3.23 and 3.24.
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Figure 3.27: Kinetic fitting of the desorption of NaAlH, forming Na;AlH¢+Al. Equation 3.16

defines the fitting relation. The parameters 4 and E, in the right diagram (b) are determined in

the fitting presented in the left diagram (a) (4 =5.41x10""s" and E,=105.85 kJ mol™).

The rate constant kSlII s, is calculated for several conditions p-T by using the functions and

parameters determined through the fitting and then plotted in Fig. 3.29. When the hydrogen back-
pressure is higher than the equilibrium pressure of the first desorption step, the rate constant is 0 by
definition. By increasing the temperature as well as by decreasing the hydrogen back-pressure the
value of the rate constant increases, the effect of the temperature being higher than the effect of the
hydrogen back-pressure in the given ranges. The constant rate lines of the contour also demonstrate
that by changing conditions it is possible to have the same reaction rate at different temperatures by
modifying the hydrogen back-pressure e.g. the desorption at 140 °C and 20 bar and at 130 °C and
0 bar.

The minimum value of kSuﬁSu was calculated using Eq. 3.35 and plotted also in Fig. 3.29 (dashed

line), such that the material during the first desorption step fulfils the discharging rate (max) of
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Figure 3.28: Calculated desorptions of NaAlH, forming Na;AlHs+Al at (a) 5 bar and different
temperatures, and at (b) 140 °C and different hydrogen back-pressures. The experimental

conditions of the desorption measurements correspond to the data in (a) Fig. 3.23 and (b) Fig. 3.24.

hydrogen in a fuel cell vehicle. The calculation assumed the conditions defined in [7]: hydrogen

discharging rate of 2 g s and a total storage mass of 6 kg of hydrogen. This minimum value of

s,s, corresponds to 0.034 min”'. Under this condition, temperatures starting from 120 °C can

maintain 6 bar of hydrogen back-pressure. Temperatures lower than 114 °C are not sufficient at any
level of hydrogen back-pressure to fulfil this required discharging rate. This analysis is necessary in
the evaluation and design of hydrogen storage systems based on metal hydrides; for example, for the
determination of p-T working conditions required for the integration of the waste heat from a fuel cell

with the heating system for the desorption of hydrogen from the hydride in a fuel cell powered system.
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Figure 3.29: Calculated values of the rate constant ksm s, s a function of temperature and hydrogen

back-pressure. The contour lines represent points with the same value of rate constant. The dashed line

(---) is the minimum value of kSuﬁSu that fulfils the discharging rate conditions defined in [7].

3.3.5.2 Hydrogen desorption of Na3AlH¢ forming NaH+Al: S, — S,

The fitting procedure for this desorption step gave the JMA equation with 7 =1 as best representing
model, Eq. 3.37, which is equivalent to the expression for a rate of reaction of first order.

% —kg s (1-a ) (3.37)
An equivalent first order kinetic equation is also reported by Luo and Gross [42] and and Kiyobayashi
et al. [53]. However, it is in contrast to the constant reaction rate reported by Sandrock et al. [51].

The effect of the hydrogen back-pressure on desorption of Na3;AlHg is depicted in Fig. 3.26. During
desorption the reaction rate does not always follow a first order behaviour as the hydrogen back-
pressure gets close to the corresponding equilibrium pressure. It is found that only desorption
measurements performed at low hydrogen back-pressures have rates according to first order reactions.
At hydrogen back-pressures which draw near to the equilibrium pressure, the best fitting #» parameter

of the JMA equation for each measurement increases from 1 to 2, indicating a possible change in the

reaction mechanism or in the rate limiting step (e.g. potential nucleation problems). Figure 3.30

illustrates this effect by comparing the relation between the expression (peq - p)/ p., and the best

fitted n parameter of the JMA equation for different experiments. Under conditions far away from

equilibrium (peq >> p), n is close to 1. While approaching equilibrium conditions, the parameter n
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3.3 Empirical kinetic model of sodium alanate reacting material: hydrogen desorption

increases. This indicates that the model with the JMA equation »n=1 is only valid if
(pey = P)/ Py =07
The kinetic constant kg ¢ was fitted by using g(a) = (1 - a) for all the measurements. The fitting
data is best adjusted by using the function:

fors, (Po2.) = (2o, = P)/ 2., f - 046(p, - P)/P.,) (3.38)
The fitted Arrhenius parameters for Eq. 3.16 are 4=3.41x10°s" and E,=91.5 kJ mol”. Figure 3.31

shows the comparison of the experimental data and the calculated desorption based on the model and
fitted parameters. It validates the fitting for low hydrogen back-pressure with good agreement. For
desorptions at hydrogen back-pressures close to the equilibrium, the fitting deviates from the

experimental data, as discussed above, (see e.g. desorption at 180 °C and 8 bar on Fig. 3.31).
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Figure 3.30: Best fitted JMA parameter n plotted against (peq - p)/ p., for the experimental

desorption of Na;AlHg at different p-T conditions.

The calculated values of the rate constant kg s are shown on Fig. 3.32 (as similarly done for the first

desorption step). At p-T conditions when the hydrogen back-pressure is higher than the equilibrium
pressure of the second desorption step, the rate constant takes a value of 0 by definition. The
qualitative behaviour of the rate constant of the first desorption step also applies for the rate constant
of the second one in regard to temperature and pressure. By both increasing the temperature and
decreasing the hydrogen back-pressure the value of the rate constant increases. Again the effect of
varying the temperature is higher than the corresponding effect of the hydrogen back-pressure.
Quantitatively, if compared under the same p-T conditions and using Eq. 3.35 and the fitted
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Figure 3.31: Calculated desorptions of Na3AlHg at (a) 0 bar and different temperatures, and at (b)
180 °C and different hydrogen back-pressures. The experimental conditions of the desorption

measurements correspond to the data in (a) Fig. 3.25 and (b) Fig. 3.26.

parameters, the first desorption step is substantially faster than the second one. For example, at 140°C
and 0 bar (ca. 50 mbar), the calculated initial hydrogen desorption rate of the first step is 10 times
higher than the rate of the second desorption step. The second desorption step needs higher

temperatures in order to obtain the required discharging rate of hydrogen in a fuel cell vehicle [7]. At

the beginning of the desorption step (o _,5 =0), the temperature must be at least 147 °C to obtain the

discharging rate of 2 g s when the hydrogen back-pressure is 0 bar. In case of the partially desorbed

sample, e.g. &g s =0.5and = 0.9, temperatures of 159 °C and 189 °C, respectively, are required to

achieve this fast rate of desorption.
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Figure 3.32: Calculated values of the rate constant ksll s, as a function of temperature and

hydrogen back-pressure. The contour lines represent p-T conditions with the same value of rate

constant. The dashed line (---) is the minimum value of kg s that fulfils the discharging rate

conditions defined in [7] (for totally absorbed material when Qs s, =0).

3.3.5.3 Kinetic model and validation

The desorption steps S;; = S;; and S;; = S, proceed as consecutive reactions, or simultaneously.

This is the case when changing conditions from zone III to I of Fig. 3.22. As soon as NaAlH,4 desorbs
to NasAlHg and Al, Nas;AlHg desorbs further to NaH and Al because it is unstable in zone I.

Desorption steps and material balances are defined in the following equations:

Sy —4— S, —£-8§, (3.39)
dm
S=p, (3.40)
dt
dm
R (3.41)
dt
S
— =y 3.42
dt al (3.42)
rdl = ksmﬁsn (msm + mSII ) (343)
Ty, = ksu—>s,ms“ (3.44)
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3 Experimental sorptions: kinetics and heat transfer

Calculated desorption curves based on the kinetic model are presented in Fig. 3.33. The respective
experimental results are shown for comparison. It must be pointed out that the high sensitivity of the
rate of reaction with respect to the experimental temperature may cause deviations from the
experimentally measured, e.g. the first desorption step at 0 bar and 100 °C in Fig. 3.33 (at these
conditions, a difference of +1 °C in the temperature for the calculation produces a change of £10 % in
the rate of reaction). The calculated desorption at 0 bar and 102 °C is also shown in the figure to
illustrate the sensitivity of the calculated rate of reaction. In general, the agreement between calculated
and experimental results in terms of both the expected capacity and the kinetic behaviour is found to

be very good.
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Figure 3.33: Experimental and calculated desorption curves of NaAlH, at different conditions.

3.4 Scaled-up sorptions

The hydrogen storage of a fuel-cell based car would require 6 kg of hydrogen in order to have a
driving range of 500 km [7]. This value corresponds to a storage system containing more than 100 kg
of sodium alanate material. The hydrogen storage system should fulfil additional defined criteria for
the fuel-cell car, such as refuelling times and delivery rates [7]. It was shown in Section 3.1 that the
sorption behaviour of sodium alanate material strongly depends on the size of the hydride bed. This
result evidences the necessity of study the sorption scaled-up behaviour of the material looking
towards implementation of the material in practical systems. This section shows and discusses the
results of the experimental hydrogenation of larger amounts of material. The experiments were
performed at the tank charging station presented in Section 2.3. First, the evaluation of the tank station

using a conventional metal hydride as reference is presented. Afterwards, measurements of sodium
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3.4 Scaled-up sorptions

alanate material are performed. The section concludes with the evaluation on the sorption behaviour of

mixtures of sodium alanate material with expanded graphite (EG).

3.4.1 Hydrogenation of Hydralloy C5

The constructed tank station was first tested by measuring the hydrogen sorption of 1.3 kg of
Hydralloy C5 (GfE Metalle und Materialien GmbH) filled in a 500 ml stainless-steel tank (see Fig.
2.4). The chemical composition of the used Hydralloy C5 is Tig9sZro 0sMn; 5V4sFeg 1, with molar mass
of 158.39 gmol™, density of 6.4 gml"' and apparent density of 3.5 gml"' [55]. Although it has a
hydrogen absorption capacity of 1.8 wt% according to the manufacturer, experimental sorption
measurements performed in the Sieverts’ apparatus led to 1.25 wt% at 50 bar and 25 °C, see Fig. 3.34.
The loss of capacity of the alloy may have been caused by oxidation of the material during handling
[56]. A thermal activation of the material is necessary to dissolve a possible oxide surface layer [56].
This material without activation was simply used as standard reference material for the evaluation of

the hydrogen tank station with the Sieverts’ apparatus.
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Figure 3.34: Absorption measurements of Hydralloy C5 at the Sieverts’ apparatus. Hydrogen inlet-

pressure was 50 bar, initial temperature was 25 °C.

Figure 3.35 shows the results of hydrogen absorption measurements of the Hydralloy C5 at 50 bar and
20 °C. Prior to these experiments, the material was activated by cycling it two times. The final
hydrogen content measured in the tank station was between 1.3 and 1.4 wt%. Two sets of experiments
are presented in Fig. 3.35: absorption performed with and without heat exchanger. At the beginning of
the absorption measurement without heat exchanger, the temperature in the hydride bed increased
from 20 °C up to 75 °C, and then it was cooled down very slowly by natural convection to the

surroundings. After one hour the temperature is still high (approx. 60 °C). In contrast, the absorption
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3 Experimental sorptions: kinetics and heat transfer

performed with heat exchanger at 20 °C was clearly faster. The increase of temperature of the hydride
bed was 15 °C lower. After only 10 minutes the temperature decreased to 30 °C and after 20 minutes
already down to around 20 °C. In comparison, while it took 3 hours without heat exchanger to reach
90 % of the capacity (not shown in Fig. 3.35), the same capacity is reached within 12 min if the
absorption is carried out with heat exchanger. The experiments are presented with their duplicates in
order to show the reproducibility of these results.

Desorption was carried out in a set of experiments with and without heat exchanger also, shown in
Fig. 3.36. In case of the desorption without heat exchanger the temperature of the hydride bed dropped
from the initial 20 °C down to -10 °C in less than a minute. Natural convection to the surroundings
increased the temperature to -6 °C after almost three hours. Only after 6 hours (not shown in the Fig.
3.36), 90 % of the final capacity is desorbed. In the case of desorption performed with heat exchanger,
90 % of the final capacity is reached in less than 40 minutes. The deepest measured temperature was -
6 °C, and after 10 and 20 minutes the temperature in the hydride bed was 10 °C and 20 °C,

respectively.

100 T T T T 1.6
Absorptions with heat exchanger (20 °C)

eree0tOeteeeeeeeetteeeeiiiiieeeeeeeeee
et

T[°C]

0 10 20 y [r’j;"i)in] 40 50 60
Figure 3.35: Absorption measurements of Hydralloy C5 at the tank station. Hydrogen inlet-pressure was
50 bar, initial temperature 20 °C. Circles (o) and stars (%) correspond to experiments performed
without heat exchanger. Triangles (A) and diamonds () correspond to experiments performed with
heat exchanger at 20 °C. Dark-filled symbols correspond to hydrogen contents [wt%], empty symbols

are bed temperatures [°C].
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Figure 3.36: Desorption measurements of Hydralloy C5 at the tank station. Initial temperature was
20 °C, initial pressure in the tank 50 bar. Diamonds (#) correspond to experiments with heat
exchanger at 20 °C and stars (%) to experiments performed without heat exchanger. Dark-filled

symbols are hydrogen contents [wt%], empty symbols are bed temperatures [°C].

3.4.2 Hydrogenation of sodium alanate material

For the measurements of the sodium alanate material, a tank with thicker walls and consequently less
volume was used because of the higher temperature and pressure conditions in comparison to the
sorption conditions of the Hydralloy C5. A 300 ml stainless-steel tank (see Fig. 2.4) was filled with
186 g of sodium alanate material prepared as explained in Section 2.1. The material included the
additional 5 wt% of carbon during milling. The intern volume of the empty tank was determined with

water at room temperature ( o =1.00 g ml™"). Intern empty volume was 300 ml. Thus, the experimental

apparent density of the hydride bed inside the tank was 0.62 g¢ ml™. Before starting the absorption
measurements, the filled tank is set under vacuum and heated up to the temperature of the experiment.
Figure 3.37 shows the hydrogen content and the temperature inside the tank during the first and
second absorption measurements. The maximum hydrogen inlet flow through the flow meters was set
to 10 In min" during the first and the second absorption measurements. After the second absorption
measurement the maximum inlet hydrogen flow was set to 20 In min™. The maximum hydrogen flow
is set specifically for the period of time when the pressure increases from its initial value up to the
nominal pressure of the experiment. Afterwards, the nominal pressure is regulated 1 bar using an
algorithm from the software application of the tank station. After the first absorption measurement ran
for several hours without further detectable increase of the hydrogen content, the material was

desorbed at 120 °C and vacuum for several days. In order to guarantee full absorption of the material,
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further hydrogenations were left to run for several hours as well. After each absorption measurement,
the material was desorbed under vacuum also for several hours. Fig. 3.38 summarizes the five

performed absorptions with sodium alanate material in the 300-ml tank.
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Figure 3.37: (a) First and (b) second absorption measurements of sodium alanate material at the tank
station. Initial temperature was 115 °C. Hydrogen inlet-pressure is 100 bar. TT-3 and TT-2 are the
temperatures in the centre of the hydride bed and in a non-defined position in the bed of material,

respectively (see Fig. 2.4)
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Figure 3.38: (a) Hydrogen content and (b) temperature profiles of the 1% to 5™ absorption
measurements of sodium alanate material performed at the tank station. Initial temperatures were
between 115 °C and 125 °C. Hydrogen inlet-pressure is 100 bar. TT-3 is the temperature in the centre
of the hydride bed (see Fig. 2.4).
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3.4.3 Addition of expanded graphite

It was shown in Section 3.1 how the addition of expanded graphite (EG) enhances the effective
thermal conductivity of sodium alanate material. Using this beneficial effect in the hydrogenations of
systems with larger bed sizes, sodium alanate material was mixed with 10 wt% of EG (flakes, particle
size 500 um, SGL Technologies GmbH, Meitingen, Germany) and then filled in a 300 ml stainless-
steel tank. A total mass of 160 g of mixture was weighed into the tank, corresponding to an apparent
density of the hydride bed inside the tank of 0.53 g ml". Figure 3.39 summarizes the results of the
performed absorptions (13 in total). All the measured absorptions shown in the figure were performed
with heat exchanger set to 125 °C and a maximum inlet hydrogen flow of 20 In min™. The absorption
measurements were let to run for 3 hours, after which the pressure was released and the system
evacuated under vacuum at 160 °C for 16 hours. Desorption at these conditions guaranteed full
desorption for the following absorption measurement. Fig. 3.40 shows the results of a desorption
measurement. For further comparison, first to fifth absorption measurements of the sodium alanate

material with EG and the material without EG are presented in Fig. 3.41.

3.4.4 Discussion

As it is shown in Fig. 3.35 and 3.36, the tank station was successfully tested during the hydrogenation
of Hydralloy C5. The self-developed LabView application for on-line measuring and control of the

experiments was as well satisfactorily proved. In respect to the quantitative results, there is very good
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Figure 3.39: Absorption measurements of sodium alanate material mixed with 10 wt% EG
performed at the tank station. Initial temperature was around 115 °C and 125 °C. Hydrogen inlet-

pressure was 100 bar. TT-3 is the temperature in the centre of the hydride bed (see Fig. 2.4).
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Figure 3.40: Desorption measurement of sodium alanate material mixed with 10 wt% EG
performed at the tank station. Initial temperature was 155 °C and initial pressure was 87 bar. TT-3
and TT-2 are the temperatures in the centre of the hydride bed and in a non-defined position in the

bed of material (see Fig. 2.4).

agreement of the hydrogen content of the material measured at the tank station (1.3 wt%, see Fig.
3.35) in comparison to the obtained at the Sieverts’ apparatus (1.25 wt%, see Fig. 3.34). The duplicate
of the experiments shown in Fig. 3.35 demonstrates very good measurement reproducibility. In the
case of desorption, measurements shown in Fig. 3.36 had a total hydrogen capacity around 1.25 wt%,
in good agreement with the achieved capacities in the absorption measurements of Fig. 3.35.

Both Figs. 3.35 and 3.36 show the clear effect of heat transfer on the sorption behaviour of the
Hydralloy C5. The set of absorption experiments without heat exchanger require longer times in order
to achieve the same hydrogen content compared to the measurements with heat exchanger. This is due
to the higher temperature during the absorption measurements without heat exchanger, which reduces
the thermodynamic driving force. The rate of absorption is in this case limited by heat exchange by
natural convection to the surroundings, which is quite low. The effect of the heat exchanger is also
clear in desorption measurements. Desorption with heat exchanger is substantially faster due to the
higher temperature in the hydride bed maintained during the experiments.

The saw-tooth shaped lines, like the bed temperatures in Figs. 3.35 and 3.36, are due to the algorithm
employed to control the pressure inside the tank during the measurements. In order to improve the
accuracy of the flow meter measurements at low flow rates, it was operated in cycles by opening and
closing the inlet or outlet flows. Cycling was controlled by pressure measurements. The saw-tooth
shape is a consequence of the alternate temperature decrease (e.g. during desorption due to the

hydrogen outflow) and the temperature increase (e.g. during desorption due to the pressure increase
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Figure 3.41: Comparison of the (a) 1%, (b) 2™, (c) 3 and (d) 4™ absorption measurements of sodium
alanate material with and without addition of expanded graphite. The material was filled in a 300 ml
tank performed at the tank station. Initial temperature was around 115 °C and 125 °C. Initial pressure
was 0 bar. Hydrogen inlet-pressure was 100 bar. TT-3 is the temperature in the centre of the hydride

bed (see Fig. 2.4). The maximum hydrogen inlet-flow was 20 In min™.

inside the tank when no outflow is allowed). A similar algorithm was used to regulate the pressure
during both absorption and desorption experiments. In spite of this, smooth hydrogen content curves
were obtained thanks to the mass balance equation, which considers not only hydrogen inlet and outlet
flows but the change hydrogen in the gaseous phase contained in the void volume of the tank (see Eq.
2.2)

In the first absorption measurement of sodium alanate material (Fig. 3.37a), the two steps of the
absorption are directly distinguished both from the hydrogen content and the temperature profiles. The
temperature increase is caused by the fast exothermic hydrogenation of the material coupled with the
hydrogen heating upon expansion from the pressure of the inlet line (>100 bar) to the final pressure
inside the tank. The temperature in the centre of the hydride bed increases from the initial 115 °C to a
maximum of 175 °C during the first five minutes. This corresponds to the first absorption step.

Approximately 1.4 wt% of hydrogen is absorbed at this step (after 5 min). The temperature behaviour
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with respect to time agrees very well with the slope of the hydrogen content curve: on one hand, when
the slope of the hydrogen absorption is high enough, the temperature increases. On the other hand,
when the slope of the hydrogen absorption is low, the material cools down towards the temperature of
the external cooling fluid.

The second absorption measurement (Fig. 3.37b) is faster compared to the first one, mainly due to the
activation of the material during the first cycle. Especially the second absorption step is significantly
faster in the second absorption measurement: after the first temperature peak being 175 °C, the
temperature does not fall drastically as it happens in the first absorption measurement after the first
step. In the second absorption measurement, the temperature falls down to around 150 °C only and the
second absorption step proceeds. In fact, in the second absorption measurement 90 % of the hydrogen
capacity is reached within 14 minutes, while for the first absorption measurement less than 50 % of the
capacity is reached in the same time period. In further absorption measurements, summarized in Fig.
3.38, the hydrogen content and temperature profiles are qualitatively very similar. Though, the highest
measured temperature in absorptions 3™ to 5" is higher (190 °C), when compared to the first two
absorptions (170 °C). This effect is related to the initial temperature of the system as the experiments
started. While the initial temperature of the first and second absorptions was 115 °C, further
absorptions started at 125 °C. In respect to the reached hydrogen content in the different absorptions, a
maximum of 3.4 wt% 2" and 3" absorptions is observed. In further absorptions, however, a slight
decrement of the capacity is seen. One cause may be the physical separation of the constituents of the
composites in the hydride bed after the time, which is as well an explanation of the lower practical
hydrogen capacity in comparison to the theoretical capacity of the material, as discussed previously in
Section 3.2. Another possible explanation is the melting and/or sintering of reacting material in the
hydride bed. This may happen since the melting point of NaAlH, is 183 °C [57] only and temperatures
over this value were measured during the absorptions (Figs. 3.37 and 3.38). NaAlH, could already
have been formed at those temperatures higher than its melting point. Additionally, conditions for
sintering are also present later since the temperature remains close to the melting point of NaAlH,.
Melting and/or sintering negatively affect the surface area of the particle as well as the catalyst
activity, which brings a decrease in the fraction of material that finally reacts. Thus, the measured
hydrogen capacity of the material decreases as well.

Hydrogen absorption measurements of sodium alanate material with additional 10 wt% EG, as shown
in Figs. 3.39 and 3.41, present a similar behaviour as the material without EG: hydrogen capacities
between 3 and 3.5 wt% are obtained, two-step behaviour of the hydrogenation is observed in the
hydrogen content and temperature curves, and after the first absorption the material is activated,
exhibiting faster kinetics. During the first absorption measurements (Fig. 3.41a), the higher peak of
temperature of the material with EG in the first absorption step is explained by the higher initial
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temperature and higher hydrogen flow allowed. However, inspection of absorption kinetics in Fig.
3.41 reveals faster absorption kinetics of the material with EG. Because of the EG content, the hydride
bed has higher effective thermal conductivity and thus the heat released during hydrogenation can be
faster removed. The temperature of the hydride bed decreases in shorter time into conditions of fast
kinetics. This is favourable especially for the kinetics of the second absorption step, where the optimal
temperature for absorption at 100 bar is 147 °C (see Fig. 3.20). The faster heat transfer is also reflected
by shorter cooling times of the hydride bed in case of the absorptions of the sodium alanate material
with EG (Fig. 3.41). As for the sodium alanate material without EG, the hydrogen capacity is also
reduced by cycling of the material with EG (Fig. 3.39), and may be also due to high temperature that
result into melting, sintering and/or agglomeration of the material.

It could be expected, that due to a cooling effect of the incoming hydrogen during absorptions, the
temperature close to the centre (TT-3) should be lowest in the tank. Interestingly, the temperature
profiles in Figs. 3.37a and 3.37b indicate that the highest temperature inside the hydride bed during
absorptions may actually be located in the centre (TT-3) or close to it. In all performed absorption
experiments, the temperature measured in other position of the hydride bed (TT-2) was always lower.
At the wall, the temperature of the material should be closer to the temperature of the cooling fluid.
This observation is determining when defining the heat transfer boundary conditions for numerical
simulations of the system. Analogously for desorption, Fig. 3.40, the deepest temperature is measured
close to the sinter filter in the centre of the hydride bed, while the highest must be close to the wall of
the tank, at which externally the heating fluid flows.
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4 Modelling and simulation: hydrogen
sorption in practical systems based
on metal hydrides

This chapter discusses the different sub-processes that occur during the hydrogen sorption of practical
systems based on metal hydrides, i.e. intrinsic reaction and transport phenomena. It starts with the
description of the model equations of the sorption sub-processes in a hydride bed. Derived from these
model equations, a comparative analysis is developed to quantify how strongly each sub-process
affects the overall sorption kinetics in the hydride bed and thereby the sorption-rate limiting sub-
process can be identified. The last section of the chapter presents the results of finite element
simulations of practical systems based on sodium alanate reactive material. The simulations are
conceived to predict the hydrogen sorption behaviour in practical systems based on metal hydrides, in
particular on sodium alanate material. For simplicity and clearness, the case of hydrogen absorption is
selected for the explanations. The description of the sub-processes and the model equations are valid

for the case of hydrogen desorption as well.

4.1 Model equations of a hydride bed and analysis of

sorption rate limiting sub-process

In every hydrogen storage system based on metal hydrides, no matter the size or scale, three sub-
processes occur in the hydride bed during hydrogen absorption:

1. Hydrogen transport

2. Chemical reaction

3. Heat transfer

4.1.1 Hydrogen transport

Hydrogen flows from its initial storage source, at certain pressure, to the surface of the material to be
hydrogenated. This flow is possible if a difference between the pressure at the initial source and the
pressure at the surface of the material exists. This difference is the driving force of the hydrogen

transport sub-process (influence of gravitational and any other external fields are neglected). The
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pressure drop in the hydrogen pipeline of an apparatus is in most cases negligible. For instance,
through a 1 m pipe with 6 mm inner diameter the calculated hydrogen pressure drop using correlations
[58] would be 0.017 bar (hydrogen flow of 0.5 kg min™ at 100 bar). However, the resistance to the
flow of hydrogen through the hydride bed may have bigger influence on the hydrogen transport. The
flow of hydrogen through the hydride bed, considered a porous media, follows Darcy’s law as

momentum balance equation [59, 60]:

ii,=—=Vp (4.1)

4

The differential mass balance of the flow of hydrogen through the hydride bed is:

8(pgg) 5
ot

V(p,ii, )=~ 4.2)

In Eq. 4.2, the first term of the left side is the accumulation of hydrogen in the void volume and the
second term is the mass flow of hydrogen. The right hand side is a source term of hydrogen mass,

corresponding to the hydrogen being absorbed by the material per unit of volume and time.

4.1.2 Chemical reaction

Following hydrogen transport, hydrogen is absorbed by the material in a chemical reaction. The

driving force of this sub-process, the change of free energy, depends on the deviation between the

applied hydrogen pressure p and the corresponding equilibrium pressure p, . As discussed in detail

in subsection 3.2.1, the rate of reaction is a function of the reacted fraction, the temperature and the

deviation of p from p, .

da —Ea
E = (Ae RT Jf(p,peq )g(a) 4.3)
The hydrogen absorption rate per unit of volume corresponds to:
r o= da w yo, 4.4)
abs d t max,H, /b :

The function f (p, peq) in Eq. 4.3 is in many cases (p — Do, ) / P., » ©-g. In kinetic expressions for
LaNi; [61], MgH, [62], NaAlH, (Sections 3.2 and 3.3 of this work). This function is a first order
approximation of the Taylor series of ln(p/ peq), which defines the change of free energy of the

sorption process. Substituting this function into Eq. 4.3, and combining this latter equation with Eq.

4.4 yields:

P e = (p-p,, (7)) 4.5)
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4.1 Model equations of a hydride bed and analysis of sorption rate limiting sub-process

4.1.3 Heat transfer

Heat transfer is the third sub-process that occurs in the hydride bed during hydrogen absorption. The
previous sub-process, chemical hydrogen absorption, is a highly exothermal process. The term
“highly” is applied since the enthalpy of reaction is able to increment the temperature of the hydride
bed several hundreds K. For instance, the temperature can theoretically increase more than 1000 K
during the first absorption step in the sodium alanate system (calculated by comparing the energy
dissipated due to the enthalpy of reaction and the specific heat of the material). In fact, what actually
happens is that the temperature increases up to the corresponding equilibrium temperature of the
applied hydrogen pressure. Thus, without proper heat management, the driving force of the chemical
reaction is reduced and heat transfer becomes the rate limiting sub-process of the overall sorption
process. Proper heat management guarantees that the heat of reaction is transferred through the system
to a final sink, e.g. by external convection to a heat oil. The driving force for the heat transfer sub-
process is the difference between the temperature of the hydride bed and the temperature of the sink.

Heat transfer in the hydride bed is described by the following thermal energy balance:

se,p), +1-0ey) T 2,977+ e,0), 1, 97)= (}4 A;;] 46

H,

In the left hand side of Eq. 4.6, the first term is the increment of temperature of the hydride bed (gas
and solid phases), the second term is the effective heat conduction (Fourier’s law) and the third term is
the heat being transported by the stream of gas (convection). The right hand side is the heat source-
term, corresponding to the enthalpy of reaction being released during the chemical reaction. Equation
4.6 is an averaged (homogeneous) formulation, which assumes that the temperatures of the solid phase

and the gas phase are equal at any point of the hydride bed [44, 59, 63].

4.1.4 Sorption-rate limiting sub-process in a hydride bed

The three described sub-processes occur consecutive and simultaneously in the hydride bed, with
mostly different rates that depend on the spatial location inside the bed. The final observed overall
hydrogen absorption rate is affected by the interaction of the three sub-processes. It is desired, by
means of the model equations presented in the previous subsections, to identify the driving forces of
the hydrogen absorption sub-processes, define their resistances, and finally compare the sub-processes
by means of these resistances. The analysis of this section makes several simplifications, which will be
clarified throughout the explanation. For instance, quasi-steady-state conditions are assumed for the
hydrogen absorption. A more rigorous treatment of the model equations is given when solving them

by the finite element method, Section 4.2.
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4 Modelling and simulation: hydrogen sorption in practical systems based on metal hydrides

If there is no hydrogen accumulation in the gas phase, or if it is neglected in comparison with the
magnitude of the other two terms in Eq. 4.2, the integration of Eq. 4.2 with combination of Eq. 4.1 in a

one dimensional simple geometry yields:

2p K

rabs = 52 (pin _p) (47)
LHZ—T H

If there is no thermal energy accumulation and convection is neglected, the respective integration of

Eq. 4.6 yields:

2% MW
P gy = (#j(T -T,) (4.8)
LHT (_ AHR)

Eq. 4.8 will be modified in order to compare the sub-processes with pressure differences as driving

force expressions. By using the van ’t Hoff equilibrium relation,

of 2T _AH (11 49)
peq (TO ) R T TO
The differences (T - To) and (peq (T )— Doy (T 0 )) may be roughly simplified,
AHy (1 1) AH(T-T,) (4.10)
R \T T, RT) '

4.11)

h{ peq(T)j _2,(1)-p,(T,)
P, (T)) P, (T,)

Finally, by combining Eqgs. 4.8, 4.9, 4.10 and 4.11:

, 20y MW, T} R
abs = 2 2
Ly Py (T 0 )AH R

Equations 4.5, 4.7 and 4.12 are used to compare the effect of each sub-process on the overall rate of

](peq (T)-p,,(T,)) (4.12)

absorption. It is particularly interesting that these equations suggest an analogy to electrical conduction
circuits or heat transfer [64]. Figure 4.1 represents the three sub-processes as three resistances in series
analogous to Ohm’s law or heat conduction resistances analysis. The analogy is summarized in Egs.

4.13 to 4.15, and in Table 4.1.

v = Tll (4.13)
- T
gy = D Leal0) A0 (4.14)
Rabs
R, = RHZ—T + Ry + Ry (4.15)
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pin RHz—T p RIK peq (T) RHT peq (TE) )

A —— A —— AN —

Hydrogen Intrinsic Heat
Transport Kinetics Transfer

Figure 4.1: Hydrogen sorption sub-processes as a concept of 3 resistances in series where the driving
forces are pressure gradients expressions. The intensity of the flow corresponds to the volumetric rate
of sorption. Equations 4.5, 4.7 and 4.12 present the relations for the hydrogen transport, chemical

reaction and heat transfer, respectively.

Table 4.1: Expressions for driving forces and resistances for the hydrogen absorption sub-

processes.
Hydrogen
Expression Intrinsic kinetics Heat transfer
transport
- i 2 T 2 2
Sub-process resistance, Ly . u - peq( ) Ly p., (To )AI:IR
Ri ZpgK Ae kT g(a)vaax,H2 pb,m 2leﬂMWH2 TO R
Driving Force (in terms
of pressure gradients), | p, ~ p p=p,(T) Pu(1)= 1, (1)
Ap;

According to Eq. 4.14, the overall driving force of the hydrogen absorption process is the difference
between the applied hydrogen pressure and the equilibrium pressure at the temperature of the heat
transfer medium. The overall resistance is the sum of the three individual resistances, Eq. 4.15. If the
order of magnitude of one of the resistances is several times higher than the other two, the overall
resistance is defined by this value. Thus, this sub-process would become the absorption-rate limiting
sub-process. Important remarks on the resistances:

o Resistance for hydrogen transport. On one hand, this resistance is highly dependent on the
geometry of the system since it is proportional to the square of the characteristic length for
hydrogen transport. On the other hand, the permeability of the hydride bed and this resistance vary
inversely. The permeability of the hydride bed can be affected, for instance, by compacting
processes, which reduce the void volume for hydrogen transport and decrease therefore the

permeability.
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4 Modelling and simulation: hydrogen sorption in practical systems based on metal hydrides

« Resistance for intrinsic kinetics. This resistance is dependent on the temperature of the system
through the Arrhenius factors and the equilibrium pressure. The function g(a’), which depends on

the transformed fraction « , is the most influential parameter. At low values of the function, e.g.
when the transformed fraction approaches one in reactions of first or higher orders, this resistance
increases drastically and the absorption process is basically limited by this sub-process.

« Resistance for heat transfer. Analogous to the resistance for hydrogen transport, this resistance is
proportional to the square of the characteristic length for heat transport. Thus, it is highly
dependent upon the geometry and the size of the system. Two other parameters define this
resistance: the enthalpy of the reaction and the effective thermal conductivity of the hydride bed.

In system scale-up, as the size of the system increases, the resistances for hydrogen transport and heat
transfer become rapidly more influential. Optimised designs, constrained by fast charging times, must
focus on maintaining these two transport resistances as low as possible, such that rather intrinsic
kinetics define the overall resistance. Furthermore, in investigations on intrinsic kinetics, the
resistances of heat transfer and heat transfer must be negligible. This kind of investigations is normally
done in cells of small size.

The resistances are calculated for the case of the first absorption step of sodium alanate reacting

material at 100 bar H, and 125 °C, Fig. 4.2. Three different geometries are evaluated: a) a small cell of

diameter of 2 mm, b) the thermocell (15 mm) and the tank (48 mm), see Figs. 2.1, 2.2 and 2.4. The

parameters for the calculation are summarized in Table 4.2.

M Hydrogen transport M Intrinsic kinetics M Heat transfer

% of total resistanc

Case 1: Small Cell Case 2: Big Cell Case 3: Tank
(92mm) (@15mm) (©48mm)

Figure 4.2: Comparison of hydrogen absorption resistances for the first absorption step of sodium

alanate reacting material at 100 bar H, and 125 °C
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4.1 Model equations of a hydride bed and analysis of sorption rate limiting sub-process

Table 4.2: Parameters used for the comparison of hydrogen absorption resistances for the first

absorption step of sodium alanate reacting material at 100 bar H, and 125 °C

Parameter Value Reference
L, , Small Cell: 0.004 m (geometries, see
Big Cell: 0.04 m Sections 2.2 and 2.3)
Tank: 0.04 m
L, Small Cell: 0.001 m (geometries, see
Big Cell: 0.0072 m Sections 2.2 and 2.3)
Tank: 0.04 m
U 1.08x10° kgm™ s [10]
P, 5.81 kgm® [10]
K 3.78x10™"° m’ [44]
T, 125 °C -
Peq (1;) 2.60 bar Eq. 1.3
A 2.28E+08 s Section 3.2
E, 91.7 kJ mol™ Section 3.2
g(a) 0.133 Section 3.2, Eq. 3.18
a=0
AH, -47 kJ mol H,™ [23]
ﬂeff 0.8 Wm'K' Subsection 3.1.3

The comparison shown in Fig. 4.2 demonstrates that for the hydrogen absorption of sodium alanate
material the heat transfer resistance is the dominant and rate limiting sub-process, with the exception
of small geometries (<2 mm). It is also found that the resistance due to hydrogen transport is
negligible in comparison to the overall absorption resistance. This is mainly due to the high
permeability of sodium alanate material as loose powder. As consequence, simulations and designs of
scaled-up systems based on sodium alanate material require always heat transfer considerations.
Hydrogen transport, on the other hand, may not be necessarily included. Using a similar approach and
simplifications, Chaise et al. suggested a criterion to quantify the error when hydrogen transport is
neglected, and proved it for different magnesium hydride tanks [63]. This might be not the case when

the material is compacted and the porosity reduces and thus the permeability (see Section 5.1)
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4 Modelling and simulation: hydrogen sorption in practical systems based on metal hydrides

This is the first time that a resistance analysis is done for the hydrogen absorption sub-processes, and it
is not limited to the sodium alanate system. It can be used as tool for a first evaluation of hydrogen
transport and heat transfer during scale-up of any hydrogen storage system based on any metal

hydride.

4.2 Finite element simulation of the hydrogen sorption of

sodium alanate material

As previously shown, pressure, temperature and composition depend upon the spatial location in a

hydride bed during a hydrogen sorption process as a consequence of the coupled transport phenomena

(heat transfer and hydrogen transport) with chemical reaction. Pressure and temperature spatial

profiles inside a hydride bed of sodium alanate material may be neglected and homogeneously

assumed only in small geometries, as it was shown in subsection 4.1.4. Since this is not the case in

practical systems (Fig. 4.2), numerical simulations are required to solve the model equations that

describe the coupled sub-processes of hydrogen transport, intrinsic kinetics and heat transfer in

physical geometries. The simulations are mainly conceived to predict the hydrogen sorption behaviour

in practical systems based on metal hydrides, in particular on sodium alanate material.

Previously, Franzen developed a numerical simulation for the absorption of sodium alanate [44],

which was further extended by Na Ranong for the development of a prototype tank based on sodium

alanate [48, 59, 65]. Based on these works, a numerical simulation for the present investigation was

further developed. It has the following new features:

« Implementation of the desorption simulation

o New empirical kinetic model for both hydrogen absorption and desorption (see Sections 3.2 and
3.3)

« New approach for the material balance (see 4.2.2 and 4.2.3), which eliminates the use of artificial
terms in the kinetic equations (as done in other kinetic models [42-44, 48])

o Experimental validation of the model with the results of the tank station

The numerical simulation of the coupled sub-processes is implemented and solved in COMSOL, a

software package that solves partial differential equations by the finite element method [66].

The geometry selected for the simulations is a tubular reactor, like the one used in the experimental

investigation of this work (see Figs. 2.4 and 2.5). The cross section of the reactor will be simulated,

neglecting possible profiles in the axial direction (2D-Simulation). Figure 4.3 shows the geometric

components of the reactor to be simulated, as well as the internal and external boundaries. It must be

pointed out, that the developed simulation is not restricted to this geometry and new geometries may
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4.2 Finite element simulation of the hydrogen sorption of sodium alanate material

be implemented as well. For instance, different possible configurations of metal hydride systems are

well sketched in [67].

B 1;
B2

BS

B6 !

Sintered Coupled tubular

metal filter

Hydride bed Tank wall
reactor

Figure 4.3: Cross-section of a tubular reactor filled with sodium alanate material. Internal and

external boundaries are indicated (B1-B6), after [65].

4.2.1 Procedure of the simulation

The simulation of the tubular reactor proceeds according to the following general steps for finite

element simulations:

1.

Geometry. The geometry, i.e. system components, to be simulated must be defined. This can
be done directly in the software package or by importing it from standard CAD software.
Governing equations. The balance equations that describe the physical phenomena to be
simulated in the different subdomains are selected or defined.

Initial conditions and boundary conditions. The initial conditions of the variables and the
required parameters in every system component are specified. Boundary conditions are
specified for all boundaries of the system components. How these initial and boundary
conditions are defined is crucial since the solution of the equations depends strongly on them.
Solution. The program proceeds to solve the coupled equations in the geometry by using
special numerical algorithms. The subdomains are previously discretised by a meshing
procedure.

Post-processing. After the solution is found, further treatment of the solution may be desired

for further analysis. For instance, system components and boundary integrations.

For the simulation of the tubular reactor filled with sodium alanate material, the geometry is presented

in Fig. 4.3. The physical phenomena to be simulated are hydrogen transport, intrinsic kinetics and heat

transfer. The corresponding describing equations of these physical phenomena are summarized in

Table 4.3 for the different system components. The boundary conditions are presented in Table 4.4.

77



4 Modelling and simulation: hydrogen sorption in practical systems based on metal hydrides

Table 4.3: Summary of model equations of the different components of a tubular reactor based on

metal hydrides, see Fig. 4.3.

System

component

Hydrogen Transport
Variable:

Hydrogen Pressure

Intrinsic Kinetics
Variables: Reactant

mass concentrations

Heat transfer
Variable:

Temperature

Sintered metal

filter

Darcy’s Law
(momentum balance,

Egs. 4.1 and 4.2,
r'abs :O)

- do not apply -

Heat conduction and

convection

(Eq. 4.6, 1, =0)

Hydride bed

Darcy’s Law
(momentum balance,

Egs. 4.1 and 4.2)

Kinetic models (see
Sections 4.2.2 and
4.2.3,Eqs. 4.17-4.19
and 4.32-4.34)

Heat conduction and
convection, with heat
generation

(Eq. 4.6)

Tank wall

- do not apply -

- do not apply --

Heat conduction

(Eq. 4.6: u, =0, ', =0)

Table 4.4: Boundary conditions for the different physical phenomena defined for a metal hydride

tubular reactor, see Fig. 4.3.

Hydrogen
Intrinsic Kinetics
Transport ; Heat transfer
Boundary ; Variables: Reactant ;
Variable: Hydrogen ; Variable: Temperature
mass concentrations
Pressure
Heat convection
Inlet pressure —
B donotapply- | (7)), =
p|Bl = Pintes (t) — ( ) (_.
—/le/fVT‘Bl +\¢,oT , ung
Pressure continuity Insulation Temperature continuity
B2-B3
p|B2 :p|B3 V}/|B3 = 0 T|B2 = T|B3
Insulation Insulation Temperature continuity
B4-B5
vp|B4—B5 = O v}/|B4 = O T|B4 = T|B5
Heat convection to thermal oil
B6 - do not apply - - do not apply -
~AVT| =a(T-T,,)

78




4.2 Finite element simulation of the hydrogen sorption of sodium alanate material

Final results of the simulation are presented in the subsection 4.2.4. Before presenting the final results,
the new approach developed during this work for the intrinsic kinetics is in detailed described in the
following two subsections. Later on, the simulation will be used to optimise a tubular configuration as

the experimental used, see Section 5.2.

4.2.2 Intrinsic kinetics: absorption model

Intrinsic kinetics determines the local rate of reaction in which the chemical transformation proceeds,
depending on the local hydrogen pressure, temperature and composition in the hydride bed. To
describe and follow this transformation, a new approach is proposed in this investigation, in which the
hydride bed of sodium alanate is considered as a mixture of three types of material that composes the
reacting system (see subsection 3.2.6.3). Their mass concentrations are used to follow the physical
phenomena in the simulation. The mass concentration of a component in the mixture corresponds to its
mass divided by the volume of the mixture [68]. Equation 4.16 represents the absorption reacting
system as defined in Egs. 3.7, 3.8 and 3.9. The stoichiometry for the numerical simulation is followed
per unit of volume, e.g. in terms of mass concentrations of the materials. It is assumed that the bulk
volume of the hydride bed is constant. Equations 4.17 to 4.19 are the fundamental model equations for
the finite element absorption simulation. Equations 4.20 and 4.21 are expressions of the instantaneous

rate of absorptions in terms of mass concentrations, derived from Egs. 3.27 and 3.28.

S, —La S, —L2 58S (4.16)
dys
R :—]/" 417
dt al ( )
dy
— L=y 7 4.18
dt al a2 ( )
dys
1 :7"' 419
dt a2 *-19)
0.25
_l_
r =133k s 75, {In 75 s (4.20)
Vs,
0.25
_l’_
r 2 =133ks s s, 1n[7sy—7SJ (4.21)
SII
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4 Modelling and simulation: hydrogen sorption in practical systems based on metal hydrides

From the stoichiometry of the system, the volumetric rate of hydrogen absorption is calculated using
Eq. 4.22. The volumetric heat of reaction is calculated using Eq. 4.23, which corresponds to the right
hand side of Eq. 4.6:

' ' AmHz ' An/le , .
P =Ta1 TN —0.0187/",+0.0374+" (4.22)
Amy s
17818 /8-S
Am —AH Am —AH
r|a1 —Hz R,Slﬁsu + rvaz HZ R,Suﬁsm (423)
Amy MW, Amy MW,
I /8-8y 2 /S-S 2

The model equations of intrinsic kinetics are implemented in the simulation for the active material for
both absorption steps, and for the active material for the first absorption step only. As indicated in
Section 3.2, some fraction of the reacting material is inert during the second absorption step. Table 4.5
shows the mass fraction of the material used in this investigation according to the obtained
experimental results in Section (see Section 3.2 and Table 3.4). The mass concentrations of each type
of material are also presented, which are calculated from their mass fractions and the experimental
bulk density of the loose material (0.6 gml™). It is assumed that in the initial conditions of the
absorption simulation all material is in the desorbed state S, .

For material active during the two absorptions steps Eqgs. 4.17 and 4.18 are solved. The mass

concentration g  for this type of material is calculated on the basis of the mass conservation:

(7’51 +7s, t7s, )t = (751 +7s, +7/Sm) = Constant (4.24)

ly
For material active during the first step of absorption, but inert to the second one, only Eq. 4.17 is

solved. For this material, the relation yg =0 is valid at any time. Therefore, the concentration

Vs, can be calculated directly from the mass conservation equation (Eq. 4.24).

Table 4.5: Mass fraction and mass concentration of the different type of materials that compose the initial sodium
alanate material mixture according to experimental results (see Table 3.4). Bulk density of the initial sodium

alanate material mixture is 0.6 g ml™".

Mass concentration
Type of Material Mass fraction [-]
kg m”|
Active material for both absorption steps 0.5805 348.3
Active material for the first absorption step only 0.2271 136.3
Inert material 0.1924 115.4
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4.2 Finite element simulation of the hydrogen sorption of sodium alanate material

The solid density, p,, bulk density (also called apparent density), p, , and porosity of the material, ¢,
are calculated from the mass concentrations as shown in Eqs. 4.25 to 4.27. The hydrogen-free mass
concentrations, »°, are based on the stoichiometry definitions of S,, S, and S,;, see Egs. 4.28 to

4.30

0 0 0
751 +7SH +ySm +7Inerts

= (4.25)
S 0 0 0

LSOI + 75011 + ]/SOIII + ylnerts

Ps,  Ps, Ps; Phews
Po=7s s, + 73, +Vinens (4.26)
g=1-2> 4.27)

o)

7s =0.9439y¢ (4.28)
yg’“ =0.9626y (4.29)
Vs =su (4.30)

4.2.3 Intrinsic kinetics: desorption model

The simulation of the hydrogen desorption model implements the empirical kinetic model for the
hydrogen desorption of sodium alanate material, see Section 3.3. The hydrogen transport and heat
transfer equations are the same as for the hydrogen absorption. As done in the absorption model, the
new approach proposed for the material composition is used. Mass concentrations are as well used to
follow the physical phenomena in the simulation. Equation 4.31 represents the reacting system as
defined in Egs. 3.7, 3.8 and 3.9. Equations 4.32 to 4.34 are the model equations for the finite element
desorption simulation. Equations 4.35 and 4.36 are expressions of the instantaneous rate of desorption

in terms of mass concentrations, derived from Egs. 3.43 and 3.44.

Sy — 4S8, —le 58 (4.31)
% _— (4.32)
dZ, j = -, (4.33)
d;/ : =r, (4.34)
Foa=ks s (rs, +7s. ) (4.35)
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r'dz - kS”—>S[7S” (436)
From the stoichiometry of the system, the volumetric rate of hydrogen desorption is calculated using

Eq. 4.37. The volumetric heat of reaction is calculated using Eq. 4.38, which corresponds to the right

hand side of Eq. 4.6:

Am Am
P =1 (A L j +r, (A it J =0.03747',,+0.01877" , (4.37)
Sm Si—Sy ms“ Su—S;
Am - AH Am - AH
rvdl H, RS>>8Sy + r'dz H, RSy —8; (438)
Amy MW, Am MW,
/8-Sy 2 /Sy —-8 2

The hydrogen desorption model equations are also implemented for two types of material in an

analogous way as done in the absorption model. The material that was active for both absorption steps
is all initially in the absorbed state S, . The mass conservation, Eq. 4.24, is also used as mass balance
equation. On the other hand, the material that was active only for the first step of absorption is present

as the intermediate state S,;. For this material, only Eq. 4.33 is solved in the implemented application,

having 75 =0 kg m” at any time.

4.2.4 Simulation predictions

The central result of the developed simulation is the prediction of the sorption behaviour of the storage
system, which must be validated on the basis of experimental results. The comparison of simulation
results and experiments supports the determination of suitable assumptions of parameters and
conditions for reliable simulations. The boundary condition of the energy equation at the interior of the
sintered metal filter (B1, see Fig.4.3) is taken as example to illustrate the effect of different
assumptions on the simulation results. In particular, the definition of this boundary condition may be
ambiguous, and the validation should hint at the most suitable assumption. The predictions from the
simulation and the experimental results obtained in the tank station are plotted in Fig. 4.4. The
assumptions of the simulations in Fig. 4.4 are described in Table 4.6. A further feature of the
simulation is the prediction of the porosity of the hydride bed. Figure 4.5 shows the profile of the
predicted porosity of the hydride bed during the absorption.
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4.2 Finite element simulation of the hydrogen sorption of sodium alanate material

Table 4.6: Assumptions for the evaluated simulations presented in Fig. 4.4

Simulation Boundary condition assumption for heat transfer at B1 (see Fig. 4.3)
Heat flux
SIM-1 - = ~
(cppT)g (ug jmlm =— ﬂ,eﬁ.VT‘Bl + (cppT)g (ugL1

Convective flux

SIM-2 -
—n-(/l ,VT‘ ):0
eff Bl
Constant temperature
SIM-3
J— . — [e]
T|B1 - inlet ’ inlet 80 C

q 40 T . .

P - == Exp.

33 0 —#— SIM-|

3.04 - mmTTTTTTTTTT —6—SIM-2 |
23 - —A—SIM-3 ]
=) -
>
= 2.5 1 ]
=2 2.0 l
8 J
g 154 - - - Exp. _ 1
S —*— SIM-1 1

a1.04 —e— SIM-2

E —aA— SIM-3 4

0.5 B

0.0 T T T T T 1 1

0 10 20 30 40 50 60 40 50 60

t [min]

Figure 4.4: Experimental and predicted absorption behaviour in the tubular reactor filled with sodium

alanate material: (a) absorbed hydrogen content and (b) course of temperature evolution close to the

sintered metal filter
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Figure 4.5: Evolution of the porosity according to absorption simulation results

The simulation results of desorption are shown in Fig. 4.6. Boundary condition for the heat transfer at
the interior of the sintered metal filter, interface B1 in Fig. 4.3, is redefined for desorption, since in this
case the temperature of the hydrogen flowing out corresponds to the same temperature as at this
interface (in the case of absorption the temperature of the hydrogen flowing into the sintered filter was

different as the temperature at this interface).

i)

H, content [wt%]

0 10 20 30 40 50 60 0 10 20 30 40 50 60
t [min] t [min]

Figure 4.6: Experimental and predicted desorption behaviour in the tubular reactor filled with sodium
alanate material: (a) total hydrogen content and (b) course of temperature evolution close to the

sintered metal filter
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4.2.5 Discussion

Figure 4.4 reveals that best predictions of the experimental results are obtained with the assumptions
of simulation SIM-1, in terms of hydrogen sorption behaviour and achieved hydrogen contents, and
specifically the profile of the temperature close to the sintered metal filter. SIM-2, in which the
cooling effect of the hydrogen inlet-flow is neglected, predicts higher temperature levels. SIM-3, on
the other hand, overestimates this cooling effect. The boundary condition of SIM-1 for the energy
transport is called Danckwerts condition and was theoretically proposed for the inlet interface of metal
hydride storage tanks by Na Ranong [65]. The present results validate the suitable boundary
conditions of SIM-1 and therefore it is chosen as the final valid simulation for further analysis. On its
basis, the predicted temperature field of the tubular tank during absorption is presented in Fig. 4.7.
Initially the hydride bed is isothermal, Fig. 4.7a. When the absorption proceeds, Fig. 4.7b and 4.7¢, the
released heat of reaction increases the temperature of the bed of hydride and its hottest region is
located at a middle radius between the tank wall and the sintered filter. The lower temperature level
close to the sintered filter is explained by the convective cooling effect of the hydrogen inlet-flow at
the beginning of the absorption. Later on during the absorption, Fig. 4.7d and Fig. 4.7e, the hottest
region shifts inwards to the sintered metal filter, because the total hydrogen inlet-flow diminishes and
consequently its cooling effect. On the other hand, the coldest region in the hydride bed is close to the
tank wall. Although at some moment the temperature in some part of the hydride bed is higher than
the equilibrium value for the second absorption step, further reaction is predicted. This can happen
since in some other regions of the hydride bed the temperature does not increase beyond this
equilibrium value. The temperature of the tank wall remains practically constant and almost identical
to the temperature of the heat transfer oil in this example. In contrast to the hydride bed, the thermal
conductivity of the tank wall is higher and does not have any heat source. As expected from the
resistance analysis of Fig. 4.2, heat transfer through the bed has a strong effect on the sorption
performance of the hydride bed. The simulation confirms the resistance analysis also by the predicted
pressure gradients in the hydride bed. The analysis predicted a negligible resistance due to hydrogen
transport, confirmed by the extremely low pressure gradient in the reactor in the results of the
simulated sorption. Nevertheless, it must be stressed that simulation of the hydrogen transport is
required due to the heat convection from hydrogen flow, with stronger effect at the beginning of the
sorption process. The determined most suitable boundary condition of heat transfer in the inner

boundary (B1 in Fig. 4.3) of the simulation strengthens this requirement.
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Figure 4.7: Temperature profile of the tubular reactor at different times according to simulation

SIM-1: (a) 0.1 min, (b) 1 min, (c) 1.5 min, (d) 2 min, (e) 3 min, (f) 10 min

The porosity of the hydride bed changes as the absorption proceeds, Figure 4.5. The simulation does
not assume constant bulk density and thus neither constant porosity of the hydride bed. The porosity
depends on the mass concentrations and solid densities of the materials, as shown in Egs. 4.25 to 4.27.
The porosity changes from 70 %, initial state of the hydride bed, to 59 %, final state of the hydride
bed. This is due to the lower solid density of the material at the desorbed state in comparison to the
absorbed state, also enhanced by the higher total solid mass of the system at the desorbed state.

The simulation results of desorption, Fig. 4.6, show that both predicted temperature profiles and
hydrogen content are in good agreement with the experimental results. Heat transfer is not decisive, as
desorption is not expected to occur in short time periods. A temperature decrease of only 30 °C during
the first part of desorption is predicted, even by high rates of desorption. As desorption proceeds, e.g.
after 10 minutes, no noticeable temperature decrease is observed. In other applications at which
desorption proceed at a constant rate, smaller temperature decreases may be expected that actually do
not influence the overall rate of hydrogen desorption. Further implementation of desorption
simulations are e.g. simulations of system integrations of the hydrogen storage tanks being heated-up

by the waste heat coming out of hydrogen-based fuel cells.
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with sodium alanate material

The use of sodium alanate in a practical hydrogen storage system requires the highest gravimetric
capacity and volumetric capacity as possible. This chapter presents combined approaches that optimise
hydrogen storage systems based on sodium alanate material. In the first Section of the Chapter,
optimisation of the volumetric hydrogen storage capacity is experimentally demonstrated by powder
compaction. In the second part, a tubular tank filled with sodium alanate material is theoretically
optimised towards its gravimetric hydrogen storage capacity using the obtained experimental results

throughout this investigation and the developed simulation tool of Section 4.2.

5.1 Optimising  volumetric hydrogen density by

compaction

As hydrogen storage option, the major advantage of metal hydrides over compressed hydrogen, even
at high pressures, is their greater volumetric hydrogen density. When metal hydrides are handled as
powder in a bed, however, the effective volumetric hydrogen density is reduced due to the void
volume present inside the bed. For instance, loose sodium alanate material of this investigation has a
porosity of more than 60 % (experimental density of the alanate bed is 0.6 gml"' while the solid
density of desorbed initial material is 1.8 g ml™), i.e. less than half of the volume of the hydride bed is
actually occupied by the hydrogen absorbing material. Fortunately, the effective volumetric hydrogen
density in a bed can be enhanced by powder densification, i.e. compaction of the material. Compacts
of metal hydrides have several advantages over loose powder in a hydride bed. Besides the greater
volumetric hydrogen density, compacts are much easier to handle, and their effective thermal
conductivity should increase since the particles are closer to each other, facilitating heat conduction
through the solid phase. Thus, the heat transfer resistance to sorption is decreased and faster sorption
kinetics may be expected. Nevertheless, it should be stressed that the lower porosity of a compact may
result in higher resistance to the hydrogen flow and it could become the rate limiting sub-process of

the overall hydrogen sorption.



5 Optimised hydrogen storage systems with sodium alanate material

This section presents and discusses the results of the absorption and desorption behaviour of compacts
of sodium alanate material which were prepared under different levels of compaction pressure. It is
shown that even at high levels of compaction and low porosity, absorption and desorption proceed
fast. It is demonstrated that the cycling behaviour is directly related to volumetric expansion of the

compact. Important scale-up relevant results, like safety and mechanical stability, are also discussed.

5.1.1 Compacts manufacture

Sodium alanate material in the desorbed state was used for the compacts manufacture, prepared as
explained in Section 2.1, including the additional 5 wt% of carbon during milling. All preparation was
carried out inside a glove box with purified argon atmosphere. The material was uniaxial compacted
and shaped into cylindrical moulds of 4 and 8 mm diameter, using a hydraulic axial press (Enerpac).
The compaction pressure was gradually varied from compact to compact, such that different apparent
densities and porosities were obtained. The compaction procedure began by filling the loose sodium
alanate material in the cavity of the mould. Afterwards, the material was compacted under the desired
level of pressure for two minutes. The pressure was subsequently released for a minute. A second
consolidation is performed at the same level of compaction pressure for another 2 minutes and the
compact is then finally ejected out of the mould.

After manufacture, the apparent density of the compacts was determined by measuring their mass (mg
precision scale), and their diameter as well as their thickness (10 mm precision calliper). The mass of
the 4-mm and 8-mm compacts was around 50 mg and 400 mg, respectively. Figure 5.1 summarizes
the apparent densities of several manufactured compacts as a function of the applied compaction
pressure. The surface of the compacts after preparation and prior to sorption experiments was smooth
and even shiny.

A test was done in order to compare pyrophoric behaviour of the compacts in comparison of the
powder. First, unconsolidated sodium alanate powder (ca. 30 mg) and 4-mm compacts were exposed
to air. As second test, unconsolidated power and compacts were put in contact with water. The tests
were carried-out three times, showing the same results. While unconsolidated sodium alanate powder
was found to be readily pyrophoric when exposed to air (lot of sparks were observed), compacts did
not react at all. In the test with water, the compacts do react but in a quite and calm manner, in contrast

to the strong and agitated reaction of the unconsolidated powder.
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Figure 5.1: Apparent density and porosity of 4-mm and 8-mm compacts of sodium alanate material

(desorbed state)

5.1.2 Sorption kinetics

Sorption kinetics of compacts manufactured under different pressures was measured in the Sieverts’
apparatus. Hydrogen absorption and desorption of several 4-mm compacts were successfully measured
[69]. Figures 5.2 and 5.3 summarize the sorption behaviour of compacts of different apparent
densities. One set of was compacted to a still rather low density of 1.3 g ml”, under a compaction
pressure of 200 MPa. The second set was compacted to high density, 1.65 g ml”', under 700 MPa.
Each set consisted of three 4-mm compacts and three 8-mm compacts. Fig. 5.2 shows that the
hydrogen absorption of the low density compacts proceeds faster during the first three absorption
measurements in comparison to the high density ones. Interestingly, the 5" absorption of the high
density compacts proceeds as fast as the low density compacts after the 3™ absorption. Analogous
results are found in the hydrogen desorptions, Fig. 5.3. After the second desorption, the low density
compacts present already a fast desorption. The second desorption of the high density compacts is still
sluggish, but after the 3™ desorption the kinetics are as fast as the 3™ desorption of the low density
ones, and the kinetics seems to maintain the same profile in the subsequent desorptions. In addition,
the total hydrogen capacity of both types of compacts is surprisingly higher than 4.5 wt%. This value
is higher than the total capacity observed during hydrogenation of loose powder and even closer to the

theoretical capacity of the material of this investigation, 5.0 wt%.
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Figure 5.2: Absorptions of sodium alanate compacts at 100 bar and 125 C. (a) Compacts of initial low

density (1.3 g mI™"). (b) Compacts of initial high density (1.6 g ml™).
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Figure 5.3: Desorptions of sodium alanate compacts at 0 bar and 160 C. (a) Compacts of initial low

density (1.3 g mI™). (b) Compacts of initial high density (1.6 g ml™).

5.1.3 Apparent density through cycling

After each sorption shown in Figs. 5.2 and 5.3, the cell of the Sieverts’ apparatus was dismounted in
order to inspect the compacts and to determine their apparent density. Figure 5.4 shows the determined
apparent densities of the 4-mm and 8-mm compacts, of both initial low and high density (the low
density ones were cycled only 3 times). The apparent densities in Fig. 5.4 correspond to the arithmetic
mean of values of the three compacts of the same type. The apparent density measured after the
manufacture of the compacts is reported as the initial value. After attaching the cell with the compacts

for the first time at the Sieverts’ apparatus, they were put under vacuum at 160 °C for 2 hours. The
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5.1 Optimising volumetric hydrogen density by compaction

apparent density after these 2 hours is reported in Fig. 5.4 as 0" desorption. Later on, the apparent
densities are reported as the cycling was carried out (absorption-desorption). It is observed that by
cycling, the apparent density of the compacts diminishes for both low and high density compacts. This
decrease is due to the expansion of the compacts during the sorptions. After several cycles, the
apparent density of both low and high density compacts tends to the same value, approx. 1 to
1.1 g ml™, which corresponds to a porosity of around 45 %. It was also observed in the inspection of
compacts that after cycling their surface is neither smooth nor shiny. Marked fissures were also found
on the surface of the compacts compacted to high density. This was not observed in the low density

compacts.
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Figure 5.4: Apparent densities of compacts after hydrogen absorptions and desorptions. Compacts

were manufactured to low density (1.3 g ml™") and high density (1.6 g mI™).

5.1.4 Discussion

Figure 5.1 shows that after consolidation under different pressures, the apparent density of the sodium
alanate material compacts can be increased from 0.6 g ml" to over 1.8 g ml™. Thus, consolidation can
triplicate the effective volumetric hydrogen storage density of the desorbed material. Powder
compaction promotes a better packing of the solid particles by rearrangement and further deformation
of the particles [70], such that the void interparticulate volume decreases and thus the porosity. It is
clearly seen, that the applied compaction pressure has an effect on the apparent density of the
manufactured compacts, possibly independent of the size of the compact. Under pressures from 0 MPa

up to 700 MPa, the apparent density increases rapidly. At compaction pressures greater than
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1400 MPa, the apparent density further increases although slower, asymptotically tending to the
theoretical density of the desorbed material (1.88 g ml™).

The enhancement of sorption kinetics and hydrogen capacity by cycling the compacts of low and high
density, shown in Figs. 5.2 and 5.3, is explained by changes of the internal packing arrangement and
expansion of the compacts, as well as the increase of the interface area. This is reflected in the
evolution of the apparent density, Fig. 5.4. First, it is noted that just the first heating up to 160 °C does
not change the apparent density of the compacts. Later, it could be expected that the first hydrogen
absorption of the material would decrease the apparent density to a value lower than the theoretical
density of NaAlH,4, 1.2 g mI”. However, what really happens is that the material does not fully react.
The low porosity of the compact may have had an associated low permeability for hydrogen flow,
which caused the lower hydrogen uptake obtained and that the apparent densities stayed over
1.2 gml™. After some cycles the apparent density diminishes and the porosity increases: hydrogen
reacts with the compacts during absorption and is released during desorption, expanding and fracturing
the compact, creating thereby new pathways of flow and thus increasing the permeability and particle
interfaces. This resulted in higher hydrogen uptake and faster kinetics. This effect happens in earlier
cycles in the low density compacts, since they started with higher porosities than the high density
ones. In both cases the apparent density tends to the same value (approx. 1 to 1.1 g ml™), indicating
that the final particle arrangement of the compacts should be quite similar. Nevertheless, the higher
expansion of the high density compacts caused fragmentation, which may be an undesired effect if
steady shape and integrity of the compacts is desired.

Interestingly, it is during hydrogen desorption when the compact expansion is stronger observed. In
order to show this in a clear manner, the dimensional change of the compacts through cycling is shown
in Fig. 5.5. Inspection of the change of the volume after the first desorption in comparison to the
volume after the first absorption, reveals that during desorption the compacts expand the most. For
instance, in Fig. 5.5b the larger change of volume occurs after the first desorption and after the second
desorption. In contrast, the expansion during absorptions is less and the compact rather slightly
shrinks. These observations may be explained by tensile stresses during hydrogen desorption
promoting crack formation by which the particle arrangement in the compact expands. Hydrogen
desorption is even used to foam metals (e.g. aluminium and zinc alloys), in which small amounts of
metal hydrides (e.g. TiH,, MgH,) are mixed with metal powders and afterwards compacted [71]. It is
found that when the melting point of the metal is far above than the desorption temperature of the
metal hydride, as it is the case of the sodium alanate material, the compact expands in the solid state
during hydrogen desorption, yielding crack-like pores [71]. In the case of hydrogen absorption,
compressive stress occurs and leads to smaller crack and pore volume fraction in the compact,

resulting into the shrinkage of the compact.
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5.2 Optimisation of tubular storage tanks based on sodium alanate material

Compaction of the powder brings advantages for the storage capacity and safety. Higher hydrogen
uptake by the compacts is obtained in comparison to unconsolidated powder. This may be due to
narrower pathways for the solid reaction and the lower particle segregation in the compact. Compacts
also proved to be safer to handle in contact with air and water compared to the unconsolidated power.
The diminished porosity and thus less surface area and lower permeability impede the pyrophoric
reaction with air and the strong and agitated reaction with water. All these crucial advantages give the
compacts of sodium alanate material great potential for its use in practical hydrogen storage systems.
Nevertheless, it must be noted that the expansion of the compact must be considered when
determining the internal storage cavity for the compacts. If not additional space is considered, high
pressures of the compact against the wall are produced and may damage the container and even cause
an explosion. In this sense, the information of the dimensional change can guide the dimensional
design of the system. Carefully handled, the radial expansion could be use to reduce the heat transfer

resistance to the wall, considering the volume change by means of the height of the compacts.
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Figure 5.5: Dimensional change of diameter, height and volume of the compacts after different
sorptions. (a) Compacts of initial low density (1.3 gml™). (b) Compacts of initial high density
(1.6 gml™).

5.2 Optimisation of tubular storage tanks based on sodium

alanate material

Design of practical hydrogen storage systems aims at minimizing their volume and weight while
fulfilling defined criteria such as driving ranges in automobile applications and total storage capacities

[7, 8]. This section presents the determination of an optimal tubular storage tank design based on
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5 Optimised hydrogen storage systems with sodium alanate material

Table 5.1: Optimisation definition for a tubular tank based on sodium alanate material

Issue Definition

Function to be

minimized Weight of the hydrogen storage system

1. Internal diameter of the tubular tank
Variables 2. Compaction level

3. Addition of expanded graphite

1. The basic configuration of the tubular tank is as presented in Fig. 4.3

Conditions and . Time to charge 4.5 kg Hy: 10 min

constraints . Total hydrogen capacity of the storage system > 5 kg H,

. Tank wall thickness must be calculated to hold 100 bar and 250 °C

AW

sodium alanate material for the crucial hydrogen absorption process. The optimisation is carried out on
the basis of the predictions of the developed simulation tool for the hydrogen absorption, Section 4.2,
supported by the experimental results obtained throughout this investigation.

The optimisation is performed for the case of a tubular tank as presented in Fig. 4.3. Optimisations of
tubular tanks filled with loose powder and with compacted material are compared. Compacted
material has the advantage over loose powder of higher volumetric hydrogen density and higher
thermal conductivity. Nevertheless, the permeability to flow decreases and the volumetric heat release
from the hydrogenation is higher. Beyond the possible improvement by compaction, the addition of
expanded graphite (EG) is also evaluated in the optimisations. This addition enhances the effective
thermal conductivity of the hydride bed, although increasing the amount of inert mass in the system

and thus diminishing the total hydrogen storage capacity.

5.2.1 Definition of the tubular tank optimisation

An optimisation is the process of finding the maximum (or minimum) value of a function, by changing
the values of a set of variables. Simultaneously, predefined criteria (constraints and conditions) must
be fulfilled. Table 5.1 summarizes how the optimisation of a tubular storage tank based on sodium
alanate is defined for the present analysis.

The total weight of the hydrogen storage system is composed of the weights of the tank wall, the
hydride bed and the sintered filter (Fig. 4.3). The length of the tubular tank is calculated in order to
satisfy both conditions 2 and 3 of Table 5.1. The calculation is based on the bulk density of the
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5.2 Optimisation of tubular storage tanks based on sodium alanate material

hydride bed, p,, and the hydrogen content after 10 minutes that is predicted by the simulation tool.

The thickness of the tank wall is calculated according to the temperature and pressure design
conditions, see subsection 5.2.1.1. The physical and transport properties of loose powder, compacted
material and compacted material with the addition of sodium alanate are discussed in subsection

5.2.1.2.

5.2.1.1 Calculation of the tank wall thickness

The thickness of the tubular tank must hold the stresses due to the hydrogen pressure. The tank wall
thickness is calculated according to the technical specifications of the codes of practice on pressure
vessels AD 2000 [72] and the norm DIN 17458 [73]. The material of the wall is the standard stainless-
steel 1.4571 for hydrogen applications. Equation 5.1 is the basis of the wall thickness calculation for
cylinders:

D
s=— 2l Loie 5.1)

K
20—v+
g p

In Eq. 5.1, s is the required wall thickness [mm], D, the external diameter of the cylinder [mm], p

the design pressure [bar], K the strength coefficient of the wall material [N mm?], S the design
safety factor [-], v a factor of the utilization of the allowable design stress[-], ¢, and ¢, additional

thickness tolerances [mm]. Further details of the calculation procedure and the values of the
parameters can be found in the cited references [72, 73]. Table 5.2 presents the values of wall

thickness for different tank diameters.

5.2.1.2 Physical and transport properties of the hydride bed

The physical and transport properties of the hydride bed, such as bulk density, thermal conductivity
and flow permeability, define the hydrogen sorption resistances (see e.g. Table 4.1) and thus have a
main role in the optimisation of the storage system. This subsection summarizes the values assumed
for these properties in the simulations and how they are affected by the compaction process and the
addition of expanded graphite.
Loose sodium alanate material used in this investigation has an apparent density of 600 kg m~ and a
thermal conductivity of 0.8 W m™ K™, estimated in Section 3.1.3. According to the experimental
results on the kinetics of the loose sodium alanate material, Section 3.2, its total hydrogen storage
2

capacity is 3.9 wt%. The flow permeability of the loose powder is 3.17x10™"° m?,
Franzen [44].

as reported by
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Table 5.2: Calculated wall thickness for different tubular tank diameters. The design pressure and
temperature are 100 bar and 250 °C, respectively. The material is the austenitic stainless-steel

1.4571. Design safety factor S=1.5.

Internal diameter | Calculated wall thickness External diameter
[mm] [mm] [mm]
20 1.3 22.6
40 2.6 45.2
60 3.9 67.7
80 52 90.3
100 6.4 112.9

Compaction of loose powder beds leads to a significant improvement of their effective thermal
conductivity [74, 75]. From the results of compaction of magnesium hydride [75], in which the
thermal conductivity is multiplied by a factor of 3 when compared to that unconsolidated material, a
thermal conductivity of 2 W m™ K™ is expected for the compacts of sodium alanate material. Higher
enhancement of compaction is even reported for compacts of conventional metal hydrides [76].
According to the results of Section 5.1, the apparent density of the compacts after cycling is
1100 kg m™ and its total hydrogen storage capacity 4.5 wt%. In order to estimate the change of the

flow permeability by compaction and reduction of the porosity, the Blake-Kozeny equation is

3 2
K, =K, &1z (5.2)
g ) \1-g,

Expanded graphite addition to metal hydride material leads to a significantly improved thermal

implemented:

conductivity, as shown in Section 3.1.4 for loose sodium alanate powder and reported in the literature
for metal hydrides compacts [74-77]. Compacts of magnesium hydride with of 5 wt% of expanded
graphite have a thermal conductivity of 4 W m™ K" and with 10 wt% the thermal conductivity goes up
to a value of 7W m™ K' [75]. These effective thermal conductivities are taken for the simulation
predictions of sodium alanate compacts with expanded graphite. The additional inert expanded
graphite in the compacts reduces the total hydrogen storage capacity of the material: from 4.5 wt% to

4.3 wt% if 5 wt% of expanded graphite is added, and to 4.05 wt% with an addition of 10 wt% of
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expanded graphite. Changes of the bulk density and flow permeability by the addition of expanded

graphite are neglected.

5.2.2 Results

The absorption behaviour of tubular tanks of different internal diameters was simulated for loose
powder, compacts and compacts with addition of expanded graphite, Fig. 5.6. In the simulations both
initial temperature and thermal oil temperature were 110 °C. A constant heat transfer coefficient of
500 W m> K" is assumed at the external tank surface. The total system weight according to the
conditions of the optimisation is calculated and plotted against the tank internal diameter, Figure 5.7. It
is observed that there is a diameter which has a minimum weight of system for each type of material.
For loose powder, the minimum total system weight is 640 kg for a tubular tank with an internal
diameter of 35 mm. In the case of compacts, with and without EG addition, the minimum system

weight is around 350 and 400 kg.
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Figure 5.6: Predicted profiles of hydrogen content (a) and temperature close to the sintered filter (b) of

a tubular storage tank with D,=35mm filled with sodium alanate material. The conditions and

constraints are presented in Table 5.1. The initial and oil temperature is 110 °C and the heat transfer

coefficient of the oil side is 500 W m™ K
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Figure 5.7: Calculated system weight of a tubular storage tank filled with sodium alanate material
as a function of the inner diameter. The conditions and constraints are presented in Table 5.1. The

initial and oil temperature is 110 °C and the heat transfer coefficient of the oil side is 500 W m™ K™

5.2.3 Discussion
There are two contrary effects that explain that optimal diameters with minimum total system weight
occur for each material in Fig. 5.7. First, as the internal tank diameter is increased, the ratio of mass of

hydride bed to mass of tank wall, ;4. ped / My wan » also increases. Consequently, less inert

material (tank wall) per mass of active material is added to the system. The ratio 7y 4,4 pea / My Wall

can be calculated from Eq. 5.1, the cross sectional area of the tank, and the densities of the wall and
the material. Figure 5.8 shows the calculated ratio 1y ;4. peq / My wan  fOr loose material and
compacted material as a function of the internal tank diameter. The ratio is 0 when there is not space
for the hydride material (when the internal tank diameter is equal to the diameter of the sintered filter,
6 mm). The ratio increases quite fast for internal diameters from 10 mm to 40 mm. For larger
diameters the ratio tends asymptotically to a constant value. No noticeable enhancement is noted for

internal diameters larger than 70mm, e.g. less than 1% enhancement in the ratio

My dride Bed / My wan 18 Obtained if the diameter goes up to 500 mm. There is an opposed effect when

the internal diameter is increased: the resistance to heat transfer and hydrogen transport becomes

larger, as shown in Section 4.1.4. As a result, the hydrogen content in the hydride bed after 10 minutes
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5.2 Optimisation of tubular storage tanks based on sodium alanate material

may be diminished at larger diameters. These two contrary effects lead to an optimal tank diameter,
which for the present analysis is around 40 mm according to Fig. 5.7.

Figure 5.8 clarifies why the total weight of system for compacted material is quite lower than for loose
material in Fig 5.7. The lower weight of the storage system filled with compacts is explained by the
larger bulk density of the compacted material, which causes a larger ratio mass of hydride bed to mass
of tank wall in comparison to the loose powder. In addition, as experimentally shown in this
investigation, the hydrogen content of loose powder (3.9 wt%) is lower than the one of compacted
material (4.5 wt%). Compaction of sodium alanate material causes a total reduction of almost 45 % of
the weight of a tubular storage tank, when compared to loose powder. The effect of the lower
permeability of the compacted material did not cause any detrimental effect in the absorption
behaviour. The predicted pressure gradients that were developed in the hydride bed were quite low for

all types of material.
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Figure 5.8: Ratio of mass of hydride bed to mass of tank wall as a function of the internal diameter of the

tubular tank. The ratio for compacts refers to material with and without addition of expanded graphite.

The additional expanded graphite in the compacted material did not achieve lower optimal system
weights (Fig. 5.7). It was expected that the enhanced thermal conductivity through the additional
expanded graphite would lead to optimal diameters with less total system weight, since the heat
transfer resistance is decreased. The enhancement of the thermal conduction throughout the hydride
bed is reflected in the temperature profiles of Fig. 5.6b, with lower and shorter temperature peaks for
the material with the addition of expanded graphite. Although it is not considered in the present
optimisation, lower levels and peaks of temperature would bring the advantage of possible tank design
with thinner walls and options to selection of other lighter wall materials with higher strength (which

have a better performance and are more suitable at lower temperatures).
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Only at diameters > 40 mm it is observed that the weight of the system is the lowest for compacted

material with 5 or 10 wt% of EG. Nevertheless, the overall minimal total system weight is obtained

with the compacted material without any addition of EG in a tubular tank of D,=35 mm. The

additional graphite reduces the active material in the tank and therefore more weight is added to the
system (see the final hydrogen contents achieved in Fig. 5.6a). Moreover, larger diameters do not
enhance the ratio mass of hydride to wall mass enough to compensate the additional inert expanded
graphite (Fig. 5.8).

Further optimisations were performed by changing the operating conditions, Figs. 5.9 and 5.10. The
initial temperature and the thermal oil temperature is set to 130 °C. In addition, the heat transfer
coefficient is changed to 5000 W m? K. No big change is obtained in the minimum total system
weights: minimum total system weight is still around 640 kg for loose powder and around 350 and
400 kg for compacted material with and without expanded graphite. Further enhancement of the heat
transfer coefficient does not diminish the total weight of the system.

Nevertheless, it must me strengthen that the calculated optimal alanate hydrogen storage system has a
higher energy density (2MJkg>, 6 MJ1"), when compared to lead-acid batteries (0.1 MJ kg™,
0.4 MJI""), nickel-metal hydride batteries (0.4 MJkg>, 1.6MJI") and Lithium-ion batteries
(0.6 MJ kg™, 1 MIT™") [78]. Achieving lighter storage systems should concentrate on improving the

1atio My e pe / My wan and the hydrogen storage capacity of the hydride bed. For instance, the

hydrogen capacity of the sodium alanate material of this work could be enhanced and optimised by
eliminating the carbon addition during milling, which may be not crucial for kinetics but is adding
inert material of the system. The excess aluminium in the material (see Table 8.1 in the Appendix),
which is adding inert mass to the reacting system as well, can be also optimised: using the exact
stoichiometric amount or different aluminium-excess amounts (e.g. considering the possible
consumption of aluminium by reacting with titanium), which should bring benefit for hydrogenation
kinetics and hydrogen capacity of the material [79]. Another feasible option for lighter storage systems
is the evaluation of lighter and hydrogen resistant materials for the tank wall other than the heavy
stainless steel (e.g. aluminium alloys, titanium alloys). Materials compatibility studies of sodium
alanate with aluminium pressure tanks [80] showed that the integrity of the tank is compromised by
the interaction of the tank material with the alanate during cycling (aluminium is consumed in the
reverse hydride-formation reactions). A potential material for the pressure tank are light titanium
alloys, e.g. TisAl, sSn, which have been employed as hydrogen tanks and pressure vessels [81]. Since
there are not known results with alanate, material compatibility analysis should be done in order to
prove that there is not interaction of the material and the alanate.

Furthermore, hydrogen storage materials exhibiting both higher gravimetric and volumetric storage

capacity are required in order to achieve lighter storage systems.
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Figure 5.9: Calculated system weight of a tubular storage tank filled with sodium alanate material
as a function of the internal diameter. The conditions and constraints are presented in Table 5.1.
The initial and oil temperature is 130 °C. The heat transfer coefficient at the oil side of the tubular
tank is set to 5000 W m™” K'
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Figure 5.10: Predicted hydrogen content (a) and temperature profiles (b) of a tubular storage tank with

D, =35 mm filled with sodium alanate material. The conditions and constraints are presented in Table

5.1. The initial and oil temperature is 130 °C. The heat transfer coefficient at the oil side of the tubular

tank is set to 5000 W m? K
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6 Summary

In this work, hydrogen storage systems based on sodium alanate were studied, modelled and
optimised, using both experimental and theoretical approaches. The experimental approach covered
investigations of the material from mg scale up to kg scale in demonstration test tanks, while the
theoretical approach discussed modelling and simulation of the hydrogen sorption process in a hydride
bed. Both approaches demonstrated the strong effect of heat transfer on the sorption behaviour of the
hydride bed and led to feasible methods to improve and optimise the volumetric and gravimetric
capacities of hydrogen storage systems. The applied approaches aimed at an optimal integration of
sodium alanate material in practical hydrogen storage systems.

First, it was experimentally shown that the size of the hydride bed influences the hydrogen sorption
behaviour of the material. This is explained by the different temperature profiles that are developed
inside the hydride bed during the sorptions. In addition, in a self-constructed cell it was possible to
follow the hydrogen sorptions and the developed temperature profiles within the bed. Moreover, the
effective thermal conductivity of the material was estimated in-situ in this cell, given very good
agreement with reported values of ex-situ measurements. It was demonstrated that the effective
thermal conductivity of the hydride bed can be enhanced by the addition of expanded graphite. This
enhancement promotes lower temperature peaks during the sorptions due to faster heat conduction
through the bed, which in addition allows faster heat transfer during sorption.

Looking towards simulations and further evaluations, empirical kinetic models for both hydrogen
absorption and desorption of doped sodium alanate were developed. Based on the results of the model,
the optimal theoretical pressure-temperature conditions for hydrogen sorptions were determined. A
new approach is proposed for the mass balance of the reactions when implementing the model for
numerical predictions. This approach describes the material as a mixture composed of different types
of reacting materials, which avoids the use of correction terms for the experimental capacities, as it is
commonly done in other empirical sorption models for metal hydrides.

To study cycling, kinetics and heat transfer in hydride tanks up to kg scale, a hydrogen tank station
was designed and constructed. The sorption behaviour of sodium alanate storage tanks was evaluated,
and it was confirmed, that the addition of expanded graphite improves the heat transfer resulting in

faster hydrogenation kinetics.



6 Summary

The hydrogen sorption process of practical systems based on hydride beds was modelled for the
simultaneous sub-processes of hydrogen transport, intrinsic reaction and heat transfer. Based on the
modelling equations, a comparative resistance analysis was developed in order to quantify the effect of
each sub-process on the overall sorption kinetics in sodium alanate beds. It was found that large size
systems are mainly heat transfer limited. Moreover, on the basis of the modelling equations, a
numerical simulation was developed. The simulation was validated with the experimental results
obtained in this work.

Optimisation of the volumetric hydrogen storage capacity of sodium alanate based hydrogen storage
tanks is experimentally demonstrated by powder compaction. Quite interesting results are discovered
on the sorption behaviour of these manufactured compacts: sorption improvement and volumetric
expansion of the pellets through cycling as well as enhanced volumetric and gravimetric hydrogen
storage capacity of the material. To conclude the work, a tubular tank filled with sodium alanate
material was theoretically optimised towards its gravimetric hydrogen storage capacity using the
developed simulation and the results obtained during this investigation. The optimisation process
includes the evaluation of compaction, the addition of expanded graphite and different tank diameters.
It was found that compaction of the material is the most influential factor to optimise the hydrogen

capacity of the storage system. Achieving lighter systems should concentrate on improving the ratio

My dride Bed / My wan  and the hydrogen storage capacity of the hydride bed. For instance, the

hydrogen capacity of the sodium alanate material of this work could be enhanced by eliminating the
carbon addition during milling and the excess aluminium in the material. Another feasible option is to
evaluate lighter and hydrogen resistant materials for the tank wall other than the heavy stainless steel.
Furthermore, hydrogen storage materials exhibiting both higher gravimetric and volumetric storage
capacity are required in order to achieve lighter storage systems.

The scale-up strategy and findings of this work are not limited to the sodium alanate reacting system

and may be easily extended to other metal hydride reacting systems.
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8 Appendix

8.1 Material balance and hydrogen capacity

The mass composition of the initial sodium alanate material in the desorbed state is based on the

reaction in Eq. 8.1, which is expected to occur during milling (as prepared in this investigation). The

results of the material balance are shown in Table 8.1, including the addition of 5 wt% of carbon and

the excess of aluminium coming from the catalyst precursor. In the calculations for the material

balance, the possible consumption of aluminium by the reaction with titanium was not considered.
1.08NaH + Al + 0.02(TiCl, + { AIClL,)

8.1
— NaH +1.0067A1 + 0.08NaCl + 0.02Ti + 0.04H , &0

Table 8.1: Material balance of the initial sodium alanate material of this work in the desorbed state

after milling, according to Eq. 8.1. Basis of calculation is 1 mol of NaH.

Molar
Amount Mass Mass fraction
Compound mass
1 [mol] [gl] [-]
[g mol']
NaH 24.00 1 24.00 0.402
Al 26.98 1 26.98 0.453
Inerts:

Al (excess) 26.98 0.0067 0.18 0.003
NaCl 58.44 0.08 4.68 0.078
Ti 47.88 0.02 0.96 0.016
C (5 wt%) 12.01 0.237 2.85 0.048
Total Inerts - - 8.66 0.145
Total - - 59.64 1.000

The absorption equations of the sodium alanate material are written including inert solid material, Egs.
8.2 and 8.3. Table 8.2 summarizes the hydrogen capacities of both hydrogenation steps according to

the material balance presented in Table 8.1 and Egs. 8.2 and 8.3.
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NaH + Al + Inerts + $ H, <>+ Na,AlH + 3 Al + Inerts

+Na;AlH  + 3 Al + Inerts + H, <> NaAlH, + Inerts

(8.2)

(8.3)

Table 8.2: Hydrogen capacities of the sodium alanate material of this work including inert material.

H, capacity

H, capacity

H
’ [Wt%] [Wt%]
Step reaction absorbed
(el (based on the (based on the
g
desorbed state) | absorbed state)
First step 1.01 1.69 1.67
Second step 2.02 3.33 3.22
Both Steps 3.03 5.08 4.89
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8.2 Interface and diagrams of the tank station

8.2 Interface and diagrams of the tank station

B! GUI H2 Beladungsstation.vi - |ﬁ'|§|
File Edit Yiew Project Operate Tools Window Help
» 2] [®[n] -

=

WTN - H2 Beladungstation

Flow Diagram | Muain Chart | Flow Balance | Chart Hydragen Balance | TrickBronkhorst

FV-8
FV-1 FV-3

ExpTime 154 s

Hydrogen Balance

Inital Mass of Hydride 0 aq
FV-4

Hydrogen Absorbed {Desorbed)

0,00 g
! Mah wh%
Fv.a hﬁ Flow Control Unit 1: FCU-1
— BN °C Set Paint o Ifmnin
@' i RealFlow 0 1/min
PL1 L "
17 bera @ T Flow Control Unit 2 - FCU-2
n Set Point 90 I/min
L Real Flow 1] 1/min

- EMERGENCY
Finish STOP!

4 | of

Figure 8.1: Snap-shot of the GUI (graphical user interface) of the software application of the

hydrogen tank station.
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8.2 Interface and diagrams of the tank station

Figure 8.3: General view of the hydrogen tank station. Measurement, control, monitoring and
regulation of the tank station were on-line performed by a computer-based application (a). For safety
reasons the gas lines and accessories (c) as well as the storage tank (d) were placed inside a suction
unit (b). A high temperature thermostat (e) pumped oil in an external circuit for heat management

during the sorption measurements.
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8.3 Error analysis for the estimation method of the

effective thermal conductivity

The effective thermal conductivity of the hydride bed is estimated upon in-situ measurements in the

thermocell (see subsection 3.1.3). The estimation is done using the following equation:

2

1,01
1 —__ 9P 8.4

Due to the propagation of error from the measured variables, the estimated thermal conductivity has an

associated uncertainty. The propagated uncertainty (error) is calculated using the absolute error

formula:

+

|8f Ax, +...

Y= f(xl’xz’x3""):> Ay = %aaf A ‘ax
2

X

+|8f Ax
‘8x3 ’

The formula is applied considering the errors due to the radius, the density of the hydride bed and that

of the temperature measurements during the measurements:

2 2

4 Ar-T)
AT -T)

(8.5)

—| 4pr Ar‘+| qr Ap|+

Ao ar-T) | |AT-T)

The error of the radius comes from uncertainty of the position of the thermocouple inside the
thermocell, around +0.5 mm. The error of the bed density is around +10 kg m™, based on several
experimental measurements. The error in the temperature measurements is around +0.12 K and the
temperature difference £0.25 K, based on the dispersion of experimental measurements.

The error of the estimation calculation depends on the experimental conditions. Direct inspection of

Eq. 8.5 shows that the error depends strongly on the value of (7' —7,,) . For instance, for small values

of (I'—T,), the error of the estimation method is extremely high, which is the case of hydride beds

with high thermal conductivity.
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9 Nomenclature

o

<

S 5

i)

~ I

SIS

[s7]

[mm]
[mm]
[Tke' K]

[ kg' K]

pre-exponential factor of Arrhenius formula

first additional thickness tolerance, see Eq. 5.1

second additional thickness tolerance, see Eq. 5.1
specific heat capacity at constant pressure

specific heat capacity at constant volume

external diameter of a tubular tank, see Eq. 5.1

internal diameter of a tubular tank

energy of activation

function of p and p,, that acts as driving force for the

hydrogen sorption reaction

function that defines the rate of reaction

rate constant

strength coefficient of the wall material, see Eq. 5.1.
characteristic length

normal litre: a litre under normal conditions (1.01325 bar,
0°C)

mass

fitting coefficient for thermal conductivity estimations
mass flow

molar mass

normal spatial vector

kinetic order of the JIMA equation

pressure

equilibrium pressure

inlet pressure



9 Nomenclature

Pe

120

[-]

[W kg']
[m]
[kgs']
[kgs']
[kgs]
[kgs]
[kgs']
kg ms"]
[kgm®s]

[kg m?s™]

[kg m™s™]

[kg m?s™]

[mol H, kg™ s7]
8.314 [J mol’ K]
[bar m® s kg™']
[mm]

[-]

[-]

[-]

[-]

[-]

[-]

[-]

[s]

(K]

(K]

Peclet number
heat generation per unit of mass

radius

rate of reaction

net rate of the first absorption step
net rate of the second absorption step
net rate of the first desorption step
net rate of the second desorption step

hydrogen sorption rate per bulk volume of reacting material
net rate of the first absorption step per bulk volume of reacting
material

net rate of the second absorption step per bulk volume of

reacting material
net rate of the first desorption step per bulk volume of reacting

material

net rate of the second desorption step per bulk volume of

reacting material

hydrogen sorption rate per mass of reacting material
universal gas constant

resistance to hydrogen sorption

required wall thickness, see Eq. 5.1

design safety factor, see Eq. 5.1
mixture of 3 mol NaH, 3 mol Al, and 9/2 mol H,

mixture of 1 mol Nas;AlHg, 3 mol Al, and 3 mol H,

3 mol NaAlH,

simulation number 1 according to Table 4.6
simulation number 2 according to Table 4.6
simulation number 3 according to Table 4.6
time

temperature

temperature in the axis (centre) of a cylinder



Opt

Greek

Subindixes

abs

[-]
[kg m”]

[kg m™]

[J mol H,]

optimal temperature

effective gas velocity
volume

mass of hydrogen per mass of material

transformed fraction

mass concentration
hydrogen-free mass concentration

enthalpy of reaction per mol of hydrogen

[J mol H," K™'] entropy of reaction per mol of hydrogen

[-]

[m’]
[Wm'K"]
[Pa s]

[kg m™]
[kg m”]
[kg m™]
[kg m™]

(-]

porosity of the hydride bed

flow permeability of the hydride bed
thermal conductivity

dynamic viscosity

density

hydrogen-free density

bulk density (apparent density)

solid density

9 Nomenclature

factor of the utilization of the allowable design stress, see Eq. 5.1

absorption (hydrogenation)
hydride bed

desorption (dehydrogenation)
effective

thermodynamic equilibrium

gas phase
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9 Nomenclature

HT
H,-T
IK
min
max

s

sorp

Accents

Abbreviations

Ccv
CAD
EG

IMA
p-T
P&ID

122

heat transfer
hydrogen transport
intrinsic kinetics
minimum
maximum

solid phase

sorption (absorption and/or desorption)

mean value
change of a variable with respect to time

vector

argon
contracting volume model
computer aided design
expanded graphite
molecular hydrogen

Johnson-Mehl-Avrami model
pressure-temperature

piping and instrumentation diagram



