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ABSTRACT  

The highly increasing energy demand and reduction of available fossil energy 

sources have made it important to develop a new technique for energy storage, 

being hydrogen a good alternative for the future. That is the reason why within 

this project, the storage of hydrogen as an absorbed element in metal hydride 

bottles has been studied. 

To this end, a three-dimensional model of a charging process in a metal hydride 

container that is able to faithfully represent the system’s behavior has been 

developed. This mathematical model has been implemented in a finite element 

program that allows obtaining results on the charging variables at different 

studied scenarios. 

Besides that, the work has also been focused on experimental tests performed 

on a set-up and its acquisition system, designed and assembled for this purpose. 

These experiments have been executed for both charge and discharge situations 

in different circumstances, for example changing the bottle and exterior air 

contact conditions, or immersing the bottle inside a calorimeter filled with water. 

The simulation results and the experimental data has been compared and 

contrasted in order to validate experimentally the numerical simulation. And 

finally, a suggestion on a metal hydride state of charge estimator based on the 

work done has been presented. 

RESUMEN  

El gran aumento en la demanda energética y la reducción de las fuentes de 

energía fósil disponibles han hecho que sea importante desarrollar una nueva 

técnica para almacenar energía, siendo el hidrógeno una buena alternativa para 

el futuro. Esa es la razón por la que en este proyecto se ha estudiado el 

almacenamiento de hidrógeno como elemento absorbido dentro de botellas de 

hidruro metálico. 

Con esta finalidad se ha desarrollado un modelo tridimensional del proceso de 

carga en el recipiente de hidruro metálico que es capaz de representar fielmente 

el comportamiento del sistema. Este modelo matemático ha sido implementado 

en un programa de elementos finitos que permite obtener resultados de las 

variables de carga para distintos escenarios. 

Además, el trabajo también ha estado centrado en ensayos experimentales 

realizados sobre un montaje de sensores y su sistema de adquisición de datos, 

diseñados y configurados para ese propósito. Estos experimentos se han 

ejecutado para las situaciones de carga y descarga en distintas circunstancias, 

por ejemplo cambiando las condiciones exteriores.  
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Los resultados de la simulación y los datos experimentales se han comparado y 

contrastado para validar experimentalmente la simulación numérica. Finalmente, 

también se ha presentado una propuesta para un estimador del estado de carga 

de hidruro metálico basada en el trabajo hecho. 

RESUM 

El gran augment en la demanda energètica i la reducció de les fonts d’energia 

fòssil disponibles han fet que sigui important desenvolupar una nova tècnica per 

a emmagatzemar energia, sent l’hidrogen una bona alternativa pel futur. 

Aquesta és la raó per la qual en aquest projecte s’ha estudiat l’emmagatzematge 

d’hidrogen com a element absorbit dins d’ampolles d’hidrur metàl·lic. 

Amb aquesta finalitat s’ha desenvolupat un model tridimensional del procés de 

càrrega en el recipient d’hidrur metàl·lic que és capaç de representar fidelment el 

comportament del sistema. Aquest model matemàtic ha sigut implementat en un 

programa d’elements finits que permet obtenir resultats de les variables de 

càrrega per diferents escenaris. 

A més a més, el treball també ha estat centrat en assajos experimentals 

realitzats sobre un muntatge de sensors i el seu sistema d’adquisició de dades, 

dissenyats i configurats per a aquest propòsit. Aquests experiments s’han 

executat per les situacions de càrrega i descàrrega en diferents circumstàncies, 

per exemple canviant les condicions exteriors. 

Els resultats de la simulació i les dades experimentals s’han comparat i 

contrastat per a validar experimentalment la simulació numèrica. Finalment 

també s’ha presentat una proposta per un estimador de l’estat de càrrega de 

l’hidrur metàl·lic basada en el treball realitzat. 
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NOMENCLATURE 

𝑐 Specific heat [𝐽 𝑘𝑔−1𝐾−1]  Greek letters 

𝐶 
Heat capacity of 

the calorimeter 
[𝐽 𝐾−1] 

 
Δ𝐻 Reaction enthalpy [𝑘𝐽 𝑚𝑜𝑙−1] 

𝐶𝑎 
Absorption rate 

constant 
[𝑠−1] 

 
Δ𝑆 Entropy [𝐽 𝑚𝑜𝑙−1𝐾−1] 

𝐸𝑎 Activation Energy [𝑘𝐽 𝑚𝑜𝑙−1]  𝜀 Porosity 𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 

�⃗� Gravity [𝑚 𝑠−2] 
 

𝜃 
Absorbed 
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CHAPTER 1:  

INTRODUCTION AND 

OBJECTIVE 

1.1. Introduction 

The highly increasing energy demand and reduction of available fossil energy 

sources have made it important to develop a new technique for energy storage. 

Due to its calorific value and being environmentally friendly, hydrogen energy 

appears to be the best alternative for the future to replace fossil fuels.  As 

hydrogen is present in the form of water and in combination with various 

hydrocarbons, it can be easily produced by utilizing various renewable energy 

sources such as wind, solar, etc. Hence, it can facilitate transition from the 

present fossil fuel energy economy to a future green energy based economy 

(Muthukumar, Singhal, and Bansal 2012)(Dhaou, Mellouli, et al. 2007).  

A major concern that needs to be addressed for making this so called green 

hydrogen technology economically feasible is the safe storage of hydrogen with 

the desirable storage capacity targets. 

Hydrogen has the particularity to have a very low energetic density per unit of 

volume, so it is needed a lot of volume to obtain a certain amount of energy. 

This is a problem when hydrogen storage has to be done in limited spaces, for 

example in automotive applications. 

Hydrogen can be stored in many ways, for example as a compressed gas inside 

high pressure tanks. In order to satisfy space limitations and energy 

requirements depending on the application, pressures may go up to 700bar. 

These levels of pressure cause security issues and a high energy consumption so 

as to be able to fill tanks at 700bar. 
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Another technique is to store hydrogen as a liquid in cryogenic tanks. The 

problem is that it would require extremely low temperatures and also a cooling 

system which would have high energy consumption as well. 

Hydrogen can be also stored as an absorbed element in a solid porous material 

(metal hydride) and kept inside reduced size bottles. The disadvantage is that it 

offers low energetic density per unit of mass because of the weight of the metal 

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

metal hydride based hydrogen storage offers certain advantages compared to 

high pressure gaseous or cryogenic liquid storage systems in terms of 

compactness, storage at ambient conditions, possibility of tailoring metal 

hydrides to suit different temperature-pressure requirements of the storage 

system, etc. (Patil and Ram Gopal 2013). 

A primary application of metal hydride hydrogen storage device is proton 

exchange membrane fuel cells (PEMFCs), which use hydrogen as the fuel. 

The study and improvement of control systems for electrical energy generation 

through PEM fuel cells is one of the research areas of the control group of the 

Institut de Robòtica i Informàtica Industrial (IRI). This project is a contribution to 

their work by means of studying charge and discharge processes on a hydrogen 

storage system based on the metal hydride technology and also make an input 

to a bigger project which is to create a metal hydride state of charge estimator. 

It is also important to mention that this project has been carried out thanks to a 

fellowship given by the Consejo Superior de Investigaciones Científicas (CSIC). 

In order to characterize, understand and manipulate the metal hydride 

containers, experimental work is needed as well as a mathematical model that 

describes the occurring physical phenomena. 

The structure followed in this project is the following. First a brief introduction to 

transport in porous media, as well as an explanation of the absorption 

mechanism of hydrogen into the metal hydride is presented in Chapter 2. Next, 

in Chapter 3, there is a description of the mathematical model implemented and 

also the theoretical results, including the sensibility of the model to certain 

parameters. As said, these results have to be validated experimentally so, in 

Chapter 4, a definition of the experimental set-up implemented, as well as its 

acquisition system and the results of the calorimetry are explained. And finally in 

Chapter 5 all the results, the experimental validation of the model and the 

proposal on how to obtain the state of charge estimator is presented. 

1.2. Objective and hypothesis 

The objective of this project is to study hydrogen charge and discharge processes 

both experimentally and numerically in order to understand how they work and 

what parameters can be modified to obtain the desired metal hydride behavior. 

The sensibility of the model to certain parameters is a really important point of 

this project, as the metal inside the metal hydride bottles is completely unknown 

and so two different mechanisms to overcome this problem will be tried, which 

are preparing series of parametric studies using different material properties and 

then, try to adjust the simulation results to experimental data, and also perform 
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a calorimetry to obtain the reaction enthalpy of the material and deduce which 

metal is inside the canister. 

The amount of hydrogen that can be charged or discharged depends on 

temperature and pressure among other conditions. For that reason, it is 

important to analyze the effect of bottle temperature or ambient temperature, 

for example, on charge and discharge rates. 

The proposed hypothesis is the following. During charge, the metal hydride 

bottles are filled with hydrogen through an absorption process. In this process, it 

is important to determine the amount of hydrogen stored inside the metal 

hydride bottle and also the charging time. For these reasons, hydrogen flow that 

will enter the bottles will be measured through a Mass Flow Controller (MFC). As 

a result it is expected to be able to create a graph similar to Fig. 1, in which, as 

time goes by, it is more difficult to charge the metal hydride bottle with 

hydrogen, being impossible to fill it completely. 

 

During discharge, hydrogen will come out of the metal hydride bottle and be 

used as a fuel in a PEM Fuel Cell. For the development of this project a fuel cell 

will be emulated instead of using a real PEMFC. 

A fuel cell represents hydrogen consumption for the metal hydride bottle, so a 

Mass Flow Controller will be needed to emulate that. The pressure at the inlet of 

the fuel cell needs to be 0.5bars and so a Forward Pressure Regulator (FPR) will 

be implemented to diminish the bottle pressure and keep it constant at a value 

of 0.5bars. 

As well as in charge process, first the bottle will release hydrogen at a relatively 

high rate but, as time goes by, it would get slower being impossible to empty the 

container completely. 

Fig. 1 Percentage of hydrogen going through the MFC over 

charging time 
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Charge and discharge processes can be accelerated modifying exterior 

conditions, for example lowering the bottle temperature (while charging) or 

increasing it (while discharging), or changing the metal inside the bottle. 

For that purpose, some computational simulations, as well as some experiments 

will be performed to establish the effect and consequences of different 

parameters on the model and on the real metal hydride based hydrogen storage 

system. 

Finally, once all these simulation and experiments are done, a suggestion on how 

to determine the state of charge of the bottles, that is to say, a mechanism that 

allows the user to find out the amount of hydrogen left inside the metal hydride 

bottle, will be presented. 
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CHAPTER 2:  

TRANSPORT IN POROUS 

MEDIA AND METAL 

HYDRIDES 

 

2.1. Transport in porous medium 

Porous media are solid materials with internal pore structures. These pores can 

be either empty or filled with fluids.  

2.1.1. Porosity, tortuosity and available volume fraction 

Porous media can be characterized by their specific surface and porosity, which 

are defined as: 

𝑠 =
𝑡𝑜𝑡𝑎𝑙 𝑖𝑛𝑡𝑒𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎

𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
 (1) 

Where the interface is the border between solid and void spaces. 

𝜀 =
𝑣𝑜𝑖𝑑 𝑣𝑜𝑙𝑢𝑚𝑒

𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
 (2) 

Where the void volume is the total volume of the void penetrable space in a 

porous medium. 

Porosity may vary both spatially and temporally as material deformation can 

change its spatial distribution. If a porous material is homogeneous, its porosity 
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can be easily calculated. Otherwise, if it is heterogeneous, the porosity is equal 

to the volume fraction of local interstitial fluid. 

Porosity is only a measure of the average void volume fraction in a specific 

region of porous medium. It does not provide any information on how different 

pores are connected or on how many pores are available for fluid transport. 

The path length between two arbitrary points A and B in a porous medium is 

measured by the distance between these points through connected pores. The 

shortest path length Lmin can be characterized by the geometric tortuosity. 

𝑇 = (
𝐿𝑚𝑖𝑛
𝐿
)
2

 (3) 

Where L is the straight-line distance between two arbitrary points A and B. By 

definition, T is always greater than or equal to unity. 

Not all penetrable pores are accessible to solutes. Such accessibility will depend 

on the molecular properties of the solutes. For example, a pore will be 

inaccessible to a solute if the solute molecule is larger than the pore or if the 

pore is surrounded by other pores that are smaller than the solute molecule. The 

portion of accessible volume that can be occupied by the solute is called the 

available volume. For a solute, the ratio of the available volume to the total 

volume is defined as the available volume fraction. 

𝐾𝐴𝑉 =
𝑎𝑣𝑎𝑖𝑙𝑎𝑏𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒

𝑡𝑜𝑡𝑎𝑙 𝑣𝑜𝑙𝑢𝑚𝑒
 (4) 

By definition, KAV is molecule-dependent and always smaller than the porosity ε. 

The ratio of the available volume to the void volume is defined as the partition 

coefficient 𝛷 of the solutes. By definition, the partition coefficient in porous 

media is related to KAV and ε via the formula: 

𝛷 =
𝐾𝐴𝑉
𝜀

 (5) 

2.1.2. Fluid flow in porous media 

 

2.1.2.1. Darcy’s Law 

The interaction between solid and liquid phases in porous media was first 

quantified by Darcy in 1856. Darcy discovered that the flow rate was proportional 

to the pressure gradient. This relationship is valid in many porous media, but is 

invalid for non-Newtonian fluids, for Newtonian liquids at high velocity, and for 

gases at very low and very high velocities. Darcy’s Law also neglects the friction 

within the fluid and the exchange of momentum between fluid and solid phases. 

The movement of fluid molecules in porous media follows tortuous pathways in 

the void space. To describe the fluid flow in porous media two approaches can be 

used (Truskey, Yuan, and Katz 2004). 

One is to numerically solve the governing equations for fluid flow in individual 

pores if the structures of pore networks are known. The other, called the 
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continuum approach, is to assume that a porous medium is a uniform material. 

In that case, the volume fraction of the void space is then the volumetric 

porosity ε, and the volume fraction of the solid phase is (1-ε). 

The equation for momentum balance in porous media is Darcy’s Law, which in a 

homogeneous and isotropic medium can be written as: 

𝑢 = −𝐾𝛻𝑝 (6) 

Where ∇ p is the gradient of the hydrostatic pressure and K is a constant defined 

as the hydraulic conductivity. For non-isotropic and heterogeneous media, K is a 

tensor and it depends upon the location in the medium. 

If the gravitational force is not negligible, Darcy’s law must be modified as shown 

below:  

𝑢 = −𝐾(𝛻𝑝 − 𝜌𝑔) (7) 

Where ρ is the density of the fluid and g is the acceleration due to gravity. 

The hydraulic conductivity is inversely proportional to the viscosity of the fluid 

(μ), and the product of K and μ is defined as the specific hydraulic permeability 

(k) and depends only on microscopic structures of the porous medium. 

𝑘 = 𝐾 · 𝜇 (8) 

 

2.1.2.2. Brinkman Equation 

The interstitial space can be considered a network of channels filled with porous 

media. Fluid flow in such channels may not be correctly modeled by Darcy’s law 

because, from the physical point of view, Darcy’s law assumes that the viscous 

resistance at the fluid solid interface is much larger than that within the fluid. 

That condition implies a high fiber concentration in a fiber matrix, and therefore 

a low specific permeability (k). The viscous stress within the fluid may not be 

negligible when k is large. In this case, the new momentum equation is called 

the Brinkman equation: 

𝜇𝛻2𝑢 −
1

𝐾
𝑢 − 𝛻𝑝 = 0 (9) 

Darcy’s law equation can be considered a special case of the Brinkman equation 

where the first term can be neglected. 
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2.1.2.3. Navier-Stokes Equation 

Another possibility would be to directly use the Navier-Stokes equation, which is 

a much more complex expression, shown in equation (10). This expression takes 

into account all the geometry details by means of pores and narrow channels 

where the fluid would flow through.  

𝜌 ·
𝜕𝒖

𝜕𝑡
= ∇ · [−𝑝𝑰 + 𝜇(∇𝒖 + (∇𝒖)𝑇) −

2

3
𝜇(∇ · 𝒖)𝑰] + 𝑭 (10) 

This approach would require having the exact geometry that is being considered 

in order to be able to obtain results regarding on how the fluid moves inside the 

interstices of the geometry, and the velocity in every single point of the domain. 

The other two methods, Darcy’s Law and Brinkman Equation, are approximations 

of the Navier-Stokes equation adapted to porous media and considering the 

material properties as constant parameters applied to the bulk. 

2.2. Basics of hydrogen storage in metal 

hydrides 

Many metals and alloys can form metal hydrides with hydrogen leading to solid-

state which can be used as a storage system under moderate temperature and 

pressure. 

Metal hydrides can be formed reversibly according to the following reaction: 

𝑀+
𝑥

2
𝐻2 ↔ 𝑀𝐻𝑥 + 𝛥𝐻 

Where M represents the metal, MHx is the respective hydride and x the ratio of 

hydrogen to metal. Finally 𝛥𝐻 is the heat of reaction. 

Since entropy of the hydride is lowered in comparison to the metal and the 

gaseous hydrogen phase, the hydride formation is an exothermic reaction. 

Consequently the reverse reaction is endothermic and therefore heat is required 

for hydrogen release. 

Metals can be charged with hydrogen using molecular hydrogen gas which will 

suffer different reaction stages in order to form the hydride. 

Firstly, hydrogen molecules approach the metal surface (Fig. 2, a) and then they 

are attracted through Van der Waals forces, which are attractive interactions 

between molecules, leading to a physisorbed state (Fig. 2, b). During this 

process, a hydrogen molecule interacts with several atoms at the surface of the 

solid. 

Next, hydrogen has to overcome an activation barrier for dissociation and for the 

formation of the hydrogen-metal bond (Fig. 2, c). This process is called 

dissociation and chemisorption. 
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After dissociation on the metal surface, hydrogen atoms have to diffuse into the 

bulk to form a metal hydride solid solution, commonly referred as to 𝛼-phase 

(Fig. 2, d). Usually, hydrogen occupies interstitial sites in the metal. 

 

The process (Fig. 2, from a-c) is called adsorption which can be described as the 

adhesion of atoms, molecules or ions from a gas, liquid or dissolved solid to a 

surface. 

This process is usually confused with absorption but they are not the same. The 

difference is that during absorption molecules are taken up by volume not by the 

surface, as in the case for adsorption. Adsorption is a surface-based process 

while absorption involves the whole volume of the material. 

Fig. 2 Reaction of H2 molecule with a storage material. (Dornheim 2011) 
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CHAPTER 3:  

MODEL DESCRIPTION 

 

For this project modeling is an essential part due to the complexity of the metal 

hydride storage system. There are numerous parameters and several 

interactions of physical and chemical phenomena occurring within the metal 

hydride bottle. Moreover, all these processes are linked creating a sophisticated 

model that has to be solved. Through modeling it is possible to find features in 

complex domains. 

There are two types of model, the mathematical or analytical model and the 

numerical model. 

A mathematical model attempts to find analytical solutions to the equations that 

govern a physical or chemical phenomenon of interest, through initial and 

boundary conditions and other properties. Instead, a numerical model is a 

reduction of the mathematical model into algebraic equations that are solvable. 

Modeling is a required process in the development of this project as the system 

that will be studied, i.e. the bottle, is sealed and therefore it is impossible to get 

inside to see the phenomena that are occurring. However, through computer 

simulation that is not a problem, as the necessary equations can be implemented 

in order to observe, in a clear and visual way, velocity, temperature or 

concentration distributions, for example. The results can then be compared with 

experimental values taken from laboratory tests. 

Moreover, simulation is a versatile process, meaning that once created the model 

it can be easily extrapolated to other work conditions. For example, it could be 

seen how results change if exterior temperature increases or decreases. But not 

only work conditions could be changed, but also the dimensions of the bottle. All 

these changes can be easily implemented through a parametric study. 
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3.1. Overview of the model 

3.1.1. Model assumptions 

 

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

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

porous medium. 

3. Local thermal equilibrium is assumed between the solid metal and the 

hydrogen gas. That means that the gas temperature and the metal 

temperature inside the vessel will be the same. 

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

neglected. 

5. Metal hydride properties such as porosity, permeability and thermal 

conductivity will remain constant during the absorption process. 

3.1.2. Geometry 

 

A rather cylindrical metal hydride tank is considered in this study. Because of the 

symmetrical geometry it will be simulated a 2D axisymmetric domain. 

During charge, hydrogen gas is supplied at the inlet 

which will flow through the void region into the metal 

hydride bed, which is a porous medium. Hydrogen in 

the porous region can be absorbed by the particles 

following the reaction: 

𝑀+
𝑥

2
𝐻2 ↔ 𝑀𝐻𝑥 + 𝛥𝐻 

Then, the domain has two differentiated parts. The 

top part is smaller than the bottom part and is a void 

region that acts as a buffer for the hydrogen 

particles. Next there is the larger porous part which 

contains the metal and is where the reaction is 

taking place. 

To simplify as much as possible the creation of the 

model, first it will be simulated a completely 

cylindrical domain and later on the geometry will be 

upgraded to make it similar to the real metal hydride 

bottle shape. 

 

 

 

 

Fig. 3 Geometry domains 
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3.1.3. Material 

 

Regarding the metal inside the bottle, most of the literature reviewed, such as 

(Nam, Ko, and Ju 2012) or (Jiao et al. 2012) use LaNi5 as the hydride forming 

metal. The reaction then is: 

𝐿𝑎𝑁𝑖5 + 3𝐻2 ↔ 𝐿𝑎𝑁𝑖5𝐻6 + ∆𝐻 

 

So, in order to simplify the simulations, the same metal will be adopted, this way 

the results can be easily compared with the ones presented in other works. 

In parallel, a calorimetry (detailed in section 4.3) will be done so as to determine 

the reaction enthalpy of the metal inside the bottle and hopefully deduce which 

metal is on the container and so, reproduce the exact metal hydride bottle that 

there is available in the laboratory. A part from that, some parametric 

simulations (section 3.7) will be performed as well in order to identify the 

material parameters with the most influence on the model and then try to adjust 

them to match the real experimental results. 

 

3.2.  Charge model 

3.2.1. Governing equations and source terms 

 

Under these assumptions, the metal hydride container is governed by the 

conservation of mass, momentum and thermal energy. 

 

3.2.1.1. Mass conservation 

The equation governing mass conservation is the continuity equation, which is 

the following: 

𝜀
𝜕𝜌𝑔

𝜕𝑡
+∇ · (𝜌𝑔 �⃗⃗�)⏟      
𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑏𝑙𝑒

𝑓𝑙𝑜𝑤

= ɸ𝑠𝑜𝑢𝑟𝑐𝑒 − ɸ𝑠𝑖𝑛𝑘 
(11) 

During hydrogen absorption the mass source term of the equation is zero, as 

there only is a consumption of hydrogen which is being absorbed into the metal. 

Sink term of the equation will be called 𝑆𝑚, so the final equation for hydrogen is: 

𝜀
𝜕𝜌𝑔

𝜕𝑡
+ ∇ · (𝜌𝑔 �⃗⃗�) = −𝑆𝑚 (12) 
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Where the gas density, 𝜌𝑔, can be described by the ideal gas law: 

𝜌𝑔 =
𝑝𝑔𝑀𝑔

𝑅𝑇
 (13) 

For the metal hydride, the equation is the following: 

(1 − 𝜀)
𝜕𝜌𝑚

𝜕𝑡
= 𝑆𝑚 (14) 

It can be noticed that in equations (12) and (14) there is 𝜀, which indicates the 

porosity of the metal hydride container. On the other hand, 𝑆𝑚 is a sink term 

which represents the local hydrogen absorption rate per volume unit. 

Mass and energy source terms are based on the Arrhenius expression which is a 

simple formula for the temperature dependence of reaction rates. The Arrhenius 

expression is the following: 

𝑘 = 𝐴 · 𝑒−
𝐸𝑎
𝑅𝑇 (15) 

Where: 𝑘 is the rate constant of a chemical reaction, 𝐴 is the pre-exponential 

factor, 𝐸𝑎 is the activation energy and 𝑅 is the universal gas constant. 

Based upon that expression, mass and energy source terms can be deduced so 

𝑆𝑚 can be expressed following an Arrhenius based equation: 

𝑆𝑚 = 𝐶𝑎 · exp (−
𝐸𝑎
𝑅𝑇
) (
𝑝𝑔

𝑝𝑒𝑞
) (𝜌𝑠𝑎𝑡

𝑚 − 𝜌𝑚) (16) 

Where, 𝐶𝑎 is the rate constant for absorption, 𝐸𝑎 the activation energy for 
absorption, 𝜌𝑠𝑎𝑡

𝑚  the saturation density of the metal hydride powder due to 

hydrogen absorption, and 𝑝𝑒𝑞 is the equilibrium pressure for hydrogen 

absorption.  

It is also important to take into account that 𝑝𝑔 has to be an absolute pressure, 

as 𝑝𝑒𝑞 is also an absolute pressure. 

The equilibrium pressure indicates the direction of the chemical reaction. If the 

hydrogen gas pressure is above the equilibrium pressure, the reaction proceeds 

to the right to form a metal hydride. If the gas pressure is below the equilibrium 

pressure, hydrogen is liberated and the metal returns to its original state. The 

equilibrium pressure itself depends on temperature; it increases with increasing 

temperature and vice versa. 

The equilibrium pressure is based on the Van’t Hoff equation which can be 

written in many forms. One of the ways is known as the linear form and is stated 

below. 

ln(𝐾𝑒𝑞) = −
∆𝐻

𝑅𝑇
+
∆𝑆

𝑅
 (17) 

Provided that ∆𝐻 and ∆𝑆 are constant, the preceding equation gives ln (𝐾𝑒𝑞) as a 

linear function of 1/𝑇 and is known as the linear form of the Van’t Hoff equation. 



METAL HYDRIDE STATE OF CHARGE ESTIMATOR: 

 Development and experimental validation of the hydrogen storage system model 

 - 15 - 

Based on that expression, the equilibrium pressure expression can be deduced as 

follows: 

𝑝𝑒𝑞 = 𝑝𝑟𝑒𝑓 · 𝑒
(−
∆𝐻
𝑅𝑇
+
∆𝑆
𝑅
)
 (18) 

Some authors have studied the behavior of equilibrium pressure for hydrogen 

absorption on different metals, and have simplified the above exposed equation 

gathering the constant parameters into two new constants A and B, as follows: 

𝑝𝑒𝑞 = 𝑝𝑒𝑞
𝑟𝑒𝑓

· 𝑒𝐴−
𝐵
𝑇 (19) 

For example, for LaNi5: A=10,7 and B=3704,6K. 

Where 𝑝𝑒𝑞
𝑟𝑒𝑓

 (bar) is equilibrium pressure at reference temperature 𝑇𝑟𝑒𝑓 (K). 𝑝𝑒𝑞
𝑟𝑒𝑓

 is 

correlated with experimental data at reference temperature of 303K: 

−0.34863 + 10.1059 · (
𝐻

𝑀
) − 14.2442 · (

𝐻

𝑀
)
2

+ 10.3535 · (
𝐻

𝑀
)
3

− 4.20646 · (
𝐻

𝑀
)
4

+ 0.962371 · (
𝐻

𝑀
)
5

− 0.115468 · (
𝐻

𝑀
)
6

+ 0.00563776 · (
𝐻

𝑀
)
7

 
(20) 

(
𝐻

𝑀
) in Eq. (20) is the absorbed hydrogen to metal atomic ratio and is defined as: 

(
𝐻

𝑀
) =

2 ·
𝜌𝑚 − 𝜌𝑒𝑚𝑝

𝑚

𝑀𝐻2
𝜌𝑚

𝑀𝑚

 (21) 

The absorbed hydrogen to metal atomic ratio can be put in a dimensionless way 

following the next equation, where θ is defined as the absorbed hydrogen 

fraction. 

𝜃 =
(
𝐻
𝑀
)

(
𝐻
𝑀
)
𝑠𝑎𝑡

 (22) 

 

3.2.1.2. Momentum conservation 

At this point, the model could follow two different approaches: Navier-Stokes 

equation or Brinkman equation. 

Navier-Stokes equation (23) would take into account the geometry of the metal 

hydride by means of pores and narrow channels where hydrogen would flow 

through. Using this approach would require taking a photograph (a tomography 

or similar, example on Fig. 4) of the inside geometry so that it can be 

implemented into COMSOL to solve Navier-Stokes equations inside the bottle. 

𝜌 ·
𝜕𝒖

𝜕𝑡
= ∇ · [−𝑝𝑰 + 𝜇(∇𝒖 + (∇𝒖)𝑇) −

2

3
𝜇(∇ · 𝒖)𝑰] + 𝑭 (23) 
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This method would provide information on how the hydrogen moves inside the 

metal and the velocity in every single point of the domain, as can be seen in the 

example on Fig. 4. 

On porous media it is typical to represent fluid flow as a continuum process using 

average properties for the bulk rather than detailing the shape and orientation of 

each solid particle within a porous medium. Inserting the bulk properties into an 

equation, such as Brinkman equations, gives an average flow rate for the total 

volume. Bulk approximations typically produce excellent estimates, sufficient for 

considering flow over large areas, like the one that is being considered in this 

project (COMSOL 2012).  

Taking this into account, momentum conservation will be governed by the 

Brinkman equation: 

𝜌

𝜀
·
𝜕�⃗⃗�

𝜕𝑡
+

𝜌

𝜀
· �⃗⃗�∇�⃗⃗�

⏟    
𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑡𝑒𝑟𝑚

= − ∇𝑝⏟
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒
𝑔𝑟𝑎𝑑𝑖𝑒𝑛𝑡

+ ∇ [
𝜇

𝜀
(∇�⃗⃗� + (∇�⃗⃗�)𝑇) −

2𝜇

3𝜀
∇�⃗⃗�𝐼]

⏟                  
𝐷𝑒𝑣𝑖𝑎𝑡𝑜𝑟𝑖𝑐 𝑠𝑡𝑟𝑒𝑠𝑠 𝑡𝑒𝑛𝑠𝑜𝑟

−
𝜇

𝐾
�⃗⃗�

⏟  
𝑆𝑜𝑢𝑟𝑐𝑒
𝑡𝑒𝑟𝑚

− 𝛽𝐹|�⃗⃗�|�⃗⃗�⏟    
𝐹𝑜𝑟𝑐ℎℎ𝑒𝑖𝑚𝑒𝑟

𝑑𝑟𝑎𝑔

−
𝑆𝑚
𝜀2
�⃗⃗�

⏟
𝑀𝑎𝑠𝑠 𝑠𝑜𝑢𝑟𝑐𝑒

𝑡𝑒𝑟𝑚

+ 𝜌�⃗�⏟
𝐺𝑟𝑎𝑣𝑖𝑡𝑎𝑡𝑖𝑜𝑛𝑎𝑙

𝑡𝑒𝑟𝑚

 

(24) 

Brinkman equation can be simplified and re-written so that it is easier to 

understand. 

First of all, hydrogen will move through the metal in a creeping flow (or Stokes 

flow), which is a type of fluid flow where advective inertial forces are small 

Fig. 4 Left: Scanning electron microscope image of the repeat pattern in the silicon 

wafer (Auset and Keller 2004). Right: Surface and arrow plots of the velocity field 

calculated by the Creeping Flow interface (COMSOL 2012). 
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compared with viscous forces. That happens when the Reynolds number is low 

(𝑅𝑒 ≪ 1), which is a typical situation in flows where the fluid velocity is very slow. 

Taking that into account, we can neglect the inertial term as it will be small 

compared with the viscous forces. 

Next there are the terms regarding the effect of stress in the fluid, represented 

by the pressure gradient and the deviatoric stress tensor. 

∇𝑝 is called pressure gradient and appears due to the isotropic part of Cauchy 

stress tensor. This means that pressure gradient depends on normal stresses 

that intervene in almost all situations. 

The anisotropic part of the stress tensor is represented by ∇𝜏, which is called 

deviatoric stress tensor (𝜏) and usually describes viscous forces. ∇𝜏 corresponds 

to the following expression: 

∇τ = ∇ [
𝜇

𝜀
(∇�⃗⃗� + (∇�⃗⃗�)𝑇) −

2𝜇

3𝜀
∇�⃗⃗�𝐼] (25) 

The next term in the equation is the source term. For the porous metal hydride 

region, the source term follows Darcy’s law and so it can be expressed as 

function of permeability (K) and dynamic viscosity (𝜇). 

The Forchheimer drag term represents the kinetic energy of the fluid. 

Forchheimer observed that as the flow velocity increases, the inertial effects start 

dominating the flow. The parameter 𝛽𝐹 is called the Forchheimer coefficient, and 

although in most cases the parameter is obtained from best fit to experimental 

data, Ergun proposed an expression for 𝛽𝐹 which is: 

𝛽𝑓 =
𝐶𝐸

√𝐾
 (26) 

The Ergun coefficient 𝐶𝐸 is strongly dependent on the flow regime and for slow 

flows 𝐶𝐸 is very small. 

Taking into account all being said about the Forchheimer drag, as hydrogen 

velocity inside the canister is very small, the effect of Forchheimer drag can be 

neglected (𝛽𝐹 = 0). 

The mass source term, in this case mass sink, accounts for mass deposit and 

mass creation in domains. The mass exchange is assumed to occur at zero 

velocity. 

Finally, the last term represents body forces which in this case consist of only 

gravity forces, but may include others, such as electromagnetic forces. The 

vector field of body forces is called 𝑓, which in this case is: 

𝑓 = 𝜌�⃗� (27) 

In conclusion, the simplified and re-written equation for momentum conservation 

is: 

𝜌𝑔

𝜀

𝜕�⃗⃗�

𝜕𝑡
= −∇𝑝 + ∇ · 𝜏 −

𝜇

𝐾
�⃗⃗� −

𝑆𝑚
𝜀2
�⃗⃗� + 𝜌𝑔�⃗� (28) 
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3.2.1.3. Thermal energy conservation 

Regarding the temperature field, it has been assumed local thermal equilibrium 

between the gas phase and the solid metal hydride; so, the energy equation can 

be expressed with a single temperature variable as follows: 

𝜌𝑐𝑝̅̅ ̅̅ ̅
𝜕𝑇

𝜕𝑡
+ 𝜌𝑔𝑐𝑝

𝑔
�⃗⃗�∇𝑇⏟      

𝐶𝑜𝑛𝑣𝑒𝑐𝑡𝑖𝑣𝑒
𝑡𝑒𝑟𝑚

= ∇(𝑘𝑒𝑓𝑓∇𝑇)⏟      
𝐶𝑜𝑛𝑑𝑢𝑐𝑡𝑖𝑣𝑒

𝑡𝑒𝑟𝑚

+ 𝜏: 𝑆⏟
𝑉𝑖𝑠𝑐𝑜𝑢𝑠
ℎ𝑒𝑎𝑡𝑖𝑛𝑔

−
𝑇

𝜌

𝜕𝜌

𝜕𝑇
|
𝑝
(
𝜕𝑝

𝜕𝑡
+ (�⃗⃗�∇)𝑝)

⏟              
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 𝑤𝑜𝑟𝑘

 + 𝑆𝑇⏟
𝑆𝑜𝑢𝑟𝑐𝑒
𝑡𝑒𝑟𝑚

 
(29) 

First off there is an evolutionary term, which obviously depends on time, and 

also depends on the effective heat capacity 𝜌𝑐𝑝̅̅ ̅̅ ̅, which is a function of porosity: 

𝜌𝑐𝑝̅̅ ̅̅ ̅ = (1 − 𝜀)𝜌
𝑚𝑐𝑝

𝑚 + 𝜀𝜌𝑔𝑐𝑝
𝑔
 (30) 

Next there is a convective term, which transports the heat content in a fluid 

through the fluid’s own velocity. 

The conductive term is represented through Fourier’s law, which states that the 

conductive heat flux (q) is proportional to the temperature gradient: 

𝑞𝑖 = −𝑘 ·
𝜕𝑇

𝜕𝑥𝑖
 (31) 

Where 𝑘 is the thermal conductivity which can be anisotropic. If that’s the case 𝑘 

would become a tensor. It will be assumed that the metal hydride inside the 

bottle is isotropic and so the thermal conductivity is constant, and depends on 

the porosity and the thermal conductivities of hydrogen and the metal itself, 

following the expression: 

𝑘𝑒𝑓𝑓 = (1 − 𝜀)𝑘𝑚 + 𝜀𝑘𝑔 (32) 

The second term on the right of equation (29) represents viscous heating of the 

fluid and the third term represents pressure work and is responsible for the 

heating of a fluid under adiabatic compression. It is generally small for low Mach 

number flows. So in this case, as the Mach number will be small, pressure work 

can be neglected. 

Finally, 𝑆𝑇 is the volumetric energy source term, which represents the release of 

heat through the exothermic hydrogen absorption reaction, accordingly it is 

positive in the porous metal bed. 

In the current project viscous heating and pressure work are ignored, and 

therefore the heat equation can be written as: 

𝜕𝜌𝑐𝑝̅̅ ̅̅ ̅𝑇

𝜕𝑡
+ ∇ · (𝜌𝑔𝑐𝑝

𝑔
�⃗⃗�𝑇) = ∇ · (𝑘𝑒𝑓𝑓∇𝑇) + 𝑆𝑇 (33) 

To deduce the energy source term it has to be considered that 𝑆𝑇 represents the 

release of heat through the exothermic hydrogen absorption reaction.  
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𝑆𝑇 can be expressed as the product of the enthalpy change during hydrogen 

absorption and the volumetric hydrogen absorption rate (𝑆𝑚) as follows: 

𝑆𝑇 = 𝑆𝑚[∆𝐻 − 𝑇(𝑐𝑝
𝑔
− 𝑐𝑝

𝑚)] (34) 

 

3.2.1.4. Initial and boundary conditions 

 

Initial conditions 

At first, the metal hydride container is assumed to be in thermodynamic 

equilibrium, so the initial conditions are the following: 

𝑇 = 𝑇0       𝑝 = 𝑝0       𝜌
𝑚 = 𝜌0

𝑚 (35) 

Where 𝜌0
𝑚 represents the initial hydrogen-empty metal hydride density. 

As hydrogen gas is initially absent in the metal hydride vessel, the initial velocity 

of hydrogen gas is zero. 

�⃗⃗� = 0 (36) 

 

Boundary conditions 

As for boundary conditions, boundary walls are assumed to be impermeable so, 

no-slip velocity and no-flux conditions are valid. 

For the energy equation a convection boundary condition is applied between the 

bottle walls and exterior air. 

𝑘𝑒𝑓𝑓
𝜕𝑇

𝜕�⃗⃗�
= ℎ(𝑇𝑒𝑥𝑡 − 𝑇) (37) 

Where �⃗⃗� is the normal unit vector out of the vessel wall and 𝑇𝑒𝑥𝑡 is the exterior 

air temperature. 

Inlet conditions are applied to the inlet region of computational domain according 

to specified temperature and pressure. 
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3.3. Implementation process into COMSOL 

Multiphysics 

 

The objective of the computational simulation is to obtain the behavior of the 

metal hydride vessel when it is being charged with hydrogen. That means that 

through computational simulation the evolution of temperature, pressure and 

also hydrogen flux, for example, will be determined.  

The metal hydride is governed by conservation of mass, momentum and thermal 

energy. That means that the equations implied in the process are: the continuity 

equation, Brinkman equations and the equation of thermal energy conservation. 

Before jumping into the whole extension of the equations, some simplifications 

were made, in order to make as easy as possible the formulation of the 

phenomena occurring inside the metal hydride bottle. This way it would be easier 

to understand the evolution of thermodynamic properties, such as temperature 

or velocity.  

Prior to accomplishing the final and most detailed model, some steps have been 

followed, beginning with simpler equations and approximations and slowly 

increasing the complexity of the physics that describe the phenomena happening 

within the metal hydride canister. 

3.3.1. Darcy’s Law 

 

As said before, momentum conservation is governed by Brinkman equation, but 

given its complexity it is necessary to use an approximation as a first attempt to 

model the velocity field. 

As the metal hydride is a porous medium, Darcy’s law will be used as a first 

guess. As stated in a previous section, Darcy’s law is the following: 

𝑢 = −
𝑘

𝜇
(𝛻𝑝 − 𝜌𝑔) (38) 

Where 𝑘 is the specific hydraulic permeability, which depends only on 

microscopic structures of the porous medium, and 𝜇 is the viscosity of the fluid, 

in this case, hydrogen. Finally 𝜌𝑔 is due to the gravitational force. 

To make it even simpler, gravitational forces will be neglected, so the expression 

for momentum conservation is: 

𝑢 = −
𝑘

𝜇
∇𝑝 (39) 

When introducing this expression into COMSOL Multiphysics, along with the other 

conservation equations, the results obtained differ from the reality. 

Darcy’s law gives an approximation of the velocity field which works just fine 

when pressure gradients are low, the problem is that metal hydride bottles work 

with a high pressure gradient (from 0 to 20 or 30bar), according to Darcy’s law, 
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that will mean great velocities too, when in reality the movement of hydrogen 

through the metal hydride is very slow. 

All that being said, it has been determined that Darcy’s law is not a good 

approximation of the Brinkman equation in the case of the metal hydride 

canisters, so a more complex expression will be used. In fact, Brinkman 

equations will be used simplifying all the terms that are negligible for the metal 

hydride bottle that is being studied. All the simplifications were explained in the 

previous section. 

3.3.2. Source terms 

 

There are two source terms that have to be taken into consideration while 

modeling: mass source term and energy source term.  

As seen in previous sections, mass source term follows an Arrhenius based 

expression: 

𝑆𝑚 = 𝐶𝑎 · exp (−
𝐸𝑎
𝑅𝑇
) (
𝑝𝑔

𝑝𝑒𝑞
) (𝜌𝑠𝑎𝑡

𝑚 − 𝜌𝑚) (40) 

This expression describes hydrogen consumption, in other words, the absorption 

of hydrogen inside the metal hydride. 

There is also an energy source term which indicates the generation of heat due 

to the chemical absorption reaction. The energy source term is the following: 

𝑆𝑇 = 𝑆𝑚[∆𝐻 − 𝑇(𝑐𝑝
𝑔
− 𝑐𝑝

𝑚)] (41) 

Instead of using the expressions written above, some approximations and 

hypothesis will be made to start with a simpler model. 

 

A. First step: Neglect energy source term and consider mass source 

term as an Arrhenius expression 

First, the energy source term will be neglected. That means that no heat should 

be generated and so the bottle should not increase its temperature but only 

gradually decrease it because of the convection of air surrounding the canister. 

To make it even easier, the mass source term will be simplified to an Arrhenius 

expression only, as follows: 

𝑆𝑚 = 𝐶𝑎 · exp (−
𝐸𝑎
𝑅𝑇
) (42) 

Introducing these changes, all along with the other equations (mass, momentum 

and thermal energy conservation) into COMSOL Multiphysics, the results in Fig. 

5, Fig. 6 and Fig. 7 are obtained. 
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Fig. 5 Temperature over time, using equation (42) and 𝑺𝑻 = 𝟎 

 

As said before, the graph shows a decrease in temperature due to the convection 

with air surrounding the bottle, which is at a lower temperature. There is no heat 

generated as it has been forced 𝑆𝑇 to be zero. 

Regarding mass consumption, at the beginning of the process a lot of hydrogen 

is being absorbed and gradually hydrogen consumption is being decreased, as 

there are fewer void spaces available for hydrogen to fill. Eventually mass 

consumption should be zero, which can be seen in the next graph: 

 

Along with the previous graph, if hydrogen absorption into the metal is occurring, 

an increase in the value of the metal hydride density should be noticed, which 

can be observed in Fig. 7. 

 

Fig. 6 Mass sink term (𝑺𝒎) over time, using equation (42) and 𝑺𝑻 = 𝟎 
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B. Second step: Include energy source term and consider mass 

source term as an Arrhenius expression 

Next step is to consider the energy source term and see if temperature arises 

due to the chemical reaction that is occurring inside the metal hydride canister. 

So for this simulation, equations (42) and (41) will be taken into account. The 

evolution of temperature through time is the following: 

In the previous graph there is an outstanding increase in temperature due to the 

chemical reaction, in other words, because of the presence of 𝑆𝑇. 

  

Fig. 8 Temperature over time, using equations (41) and (42) 

Fig. 7 Metal hydride density (𝝆𝒎) over time, using equation (42) and 𝑺𝑻 = 𝟎 
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C. Final step: Include energy source term and consider the whole 

mass source term 

The next step forward in order to get to the final model is to apply the whole 𝑆𝑚 

expression, which is equation (40). 

Using 𝑆𝑚 and 𝑆𝑇 along with the other equations (conservation of mass, 

momentum and thermal energy), the graphs in Fig. 9 and Fig. 10 are obtained. 

 

 

Fig. 9  Metal hydride density over time, using equations (40) and (41)  

In the previous plot there is an increase on the metal hydride density due to the 

incorporation of hydrogen atoms inside the metal. At first, this increase is fairly 

quick as there are a lot of void spaces that can be filled with hydrogen. 

Gradually, hydrogen absorption becomes slower until there are no more empty 

spaces and so the metal is saturated with hydrogen atoms. That is when metal 

hydride saturation density (𝜌𝑠𝑎𝑡
𝑚 ) will be reached. 

 

  

Fig. 10 Temperature over time, using equations (40) and (41) 
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Regarding temperature, an increase due to the exothermal chemical reaction is 

observed, as depicted in Fig. 10. Then, the bottle begins to cool because of the 

convection of air that is surrounding it. 

 

3.3.3. Equilibrium pressure 

 

Finally, once the conservation equations and source term expressions are 

correctly implemented, it is time to focus on the equilibrium pressure. 

Throughout the whole implementation process of the model into the software, 

the simplified version of the equilibrium pressure has been used, considering that 

𝑝𝑟𝑒𝑓 is a constant value. The Van’t Hoff expression for the simplified equilibrium 

pressure is the following: 

𝑝𝑒𝑞 = 𝑝𝑟𝑒𝑓 · 𝑒
(−
∆𝐻
𝑅𝑇
+
∆𝑆
𝑅
)
 (43) 

The previous equation can be made even simpler by joining the terms into 

constants, so it is obtained: 

𝑝𝑒𝑞 = 𝑝𝑟𝑒𝑓 · 𝑒
𝐴−
𝐵
𝑇 (44) 

Where A and B are material dependent constants, which for LaNi5 are A=10,7 

and B=3704,6K. 

The equilibrium pressure for hydrogen absorption on LaNi5 has been also 

measured experimentally as a function of the H/M and temperature and 

presented in the literature (Dhaou, Askri, et al. 2007).These studies have been 

focusing on the determination of the equilibrium reference pressure, and have 

concluded with a seventh-order polynomial function for hydrogen absorption on 

LaNi5 as follows: 

𝑝𝑒𝑞
𝑟𝑒𝑓 = −0.34863 + 10.1059 · (

𝐻

𝑀
) − 14.2442 · (

𝐻

𝑀
)
2

+ 10.3535 · (
𝐻

𝑀
)
3

− 4.20646

· (
𝐻

𝑀
)
4

+ 0.962371 · (
𝐻

𝑀
)
5

− 0.115468 · (
𝐻

𝑀
)
6

+ 0.00563776 · (
𝐻

𝑀
)
7

 
(45) 

 

Besides that, it is also important to bear in mind that equilibrium reference 

pressures are relative, so it is necessary to transform them into absolute 

pressures to introduce them into the simulation. 

Both equations have been introduced into COMSOL Multiphysics software and the 

results are shown in Fig. 11. 
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As it can be seen in the previous plot, the equilibrium pressure in the plateau 

region is very similar but quite different at the beginning and at the end. The 

experimental approximation increases sharply at the end, which will mean that 

the equilibrium pressure is getting similar to the gas pressure inside the bottle. 

Once equilibrium pressure overpasses the gas pressure inside the bottle, the 

reaction will proceed backwards, undoing the metal hydride and releasing 

hydrogen. 

Comparing Fig. 11 and Fig. 12 it can be observed that model in this project can 

faithfully reproduce the behavior of the equilibrium pressure throughout the 

charging process compared with the works of (Nam, Ko, and Ju 2012) and 

(Dhaou, Askri, et al. 2007). 

In conclusion, a better approach to the real behavior of the chemical reaction is 

observed using the semi-empirical expression rather than the simplified Van’t 

Hoff equation. 

  

Fig. 11 Equilibrium pressure according to equations (44) and (45) 
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3.3.4. Geometry 

 

As said before, all the previous simulations have been carried out considering a 

completely cylindrical geometry, this way the simulation domain is a rectangle 

and therefore there are no complications on the numerical resolution apart from 

the implemented physics. 

Having said that, it is important to take into account that the real metal hydride 

bottle is not entirely cylindrical and that will obviously have a great influence on 

the results of the simulation. 

That is the reason why, at this point, the real container geometry and 

dimensions will be implemented, which can be seen in Fig. 13. This new 

geometry is divided in three domains. The upper ones are the buffer and the 

bottom one is the metal hydride itself. 

The mesh created for this geometry is slightly different as well, as there are 

curved parts now. The straight parts will still be meshed using a grid but the 

curve part (second half of the buffer) will be meshed using a free triangular 

mesh. 

  

Fig. 12 Equilibrium pressure as function of (H/M) and temperature for hydrogen 

absorption on LaNi5: symbols measured by (Dhaou, Askri, et al. 2007); solid lines 

calculated by equations (43)(45); dashed lines calculated by eq. (44). Solid and 

dashed lines calculated by (Nam, Ko, and Ju 2012) 
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3.3.5. Material 

 

Deciding which metal to simulate with is the tricky part. As said before, all the 

previous simulations have been done considering that the metal inside the bottle 

is LaNi5, as this is the most usual metal used in the literature and this way the 

results obtained through the mathematical model of this project can be 

compared with published articles. 

The challenge now is to know exactly what metal is inside the bottle in the lab, 

as there is not any available information about it. 

The thing is that this lack of information represents a bump in the road of getting 

a close match between experimental data and simulation results but does not 

affect the fact that the simulations and the experimental data have the same 

tendency. 

Having said all that, some proposals have been suggested in order to have a 

better approach of the material inside the metal hydride bottle. First, a 

calorimetry (detailed in section 4.3) will be performed so that, hopefully, the 

reaction enthalpy can be determined and therefore the metal can be identified. 

And finally a whole lot of parametric simulations (explained in section 3.7) will be 

generated in order to identify what parameters influence the most on the 

charging process and also in what range of values the simulation matches best 

with the experimental results. 

  

Fig. 13 Real geometry with a detail of the mesh 
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3.4. Sensitivity analysis of the mesh 

 

A grid independence test is carried out by analyzing the effect of grid size on the 

variation of temperature and density over time (Muthukumar, Singhal, and 

Bansal 2012).  

For this purpose, a cylindrical container, the same that has been used in the 

previous section, will be used. Simulation is carried out for hydriding reaction 

using LaNi5. All the parametric studies have been done considering the cylindrical 

container as it is easier and in consequence faster to solve, and also because 

results can be compared with the ones obtained by other researchers as they use 

the same geometry. 

All meshes are formed by squares, creating a grid. The idea is to start with an 

extremely coarse mesh and refine it gradually in order to get a rather fine mesh. 

Then, the computational simulation will be run using all the generated meshes 

and then decide the optimum mesh for the absorption process. 

 

Mesh 1 

The first mesh is defined as an extremely coarse mesh and has the following 

characteristics: 

Table 1 Characteristics of extremely coarse mesh 

Mesh statistics 

 

Fig. 14 Extremely coarse mesh 

 

Quadrilateral elements 75 

Edge elements 45 

Vertex elements 6 

Element size parameters 

Maximum element size 0.0055 

Minimum element size 1.75e-4 

Maximum element growth rate 1.4 

Resolution of curvature 1 

Resolution of narrow regions 0.9 
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Mesh 2 

The second mesh is defined as a coarser mesh and has the following 

characteristics: 

Table 2 Characteristics of coarser mesh 

Mesh statistics 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 15 Coarser mesh 

 

Quadrilateral elements 456 

Edge elements 112 

Vertex elements 6 

Element size parameters 

Maximum element size 0.00218 

Minimum element size 1e-4 

Maximum element growth rate 1.25 

Resolution of curvature 0.6 

Resolution of narrow regions 1 

 

Mesh 3 

The third mesh is defined as a normal mesh and has the following 

characteristics: 

Table 3 Characteristics of normal mesh 

Mesh statistics  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 16 Normal mesh 

Quadrilateral elements 1656 

Edge elements 213 

Vertex elements 6 

Element size parameters 

Maximum element size 0.00113 

Minimum element size 5e-5 

Maximum element growth rate 1.15 

Resolution of curvature 0.3 

Resolution of narrow regions 1 
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Mesh 4 

The fourth mesh is defined as a finer mesh and has the following characteristics: 

Table 4 Characteristics of finer mesh 

Mesh statistics 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 17 Finer mesh 

Quadrilateral elements 4140 

Edge elements 338 

Vertex elements 6 

Element size parameters 

Maximum element size 7e-4 

Minimum element size 1e-5 

Maximum element growth rate 1.1 

Resolution of curvature 0.25 

Resolution of narrow regions 1 

 

Mesh 5 

The first mesh is defined as an extremely fine mesh and has the following 

characteristics: 

Table 5 Characteristics of extremely fine mesh 

Mesh statistics  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 18 Extremely fine mesh 

Quadrilateral elements 71222 

Edge elements 1403 

Vertex elements 6 

Element size parameters 

Maximum element size 1.68e-4 

Minimum element size 5e-7 

Maximum element growth rate 1.05 

Resolution of curvature 0.2 

Resolution of narrow regions 1 
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Once all the meshes are built, the absorption simulation is run using each of the 

meshes prepared, and here are the results of temperature in a point located 

r=15mm and z=25mm, and density in r=0 and z=0. 

 

 

Fig. 19 Detail of temperature over time using different meshes. Point located r=15mm, 

z=25mm  

 

 
 

 

Fig. 20 Detail of metal hydride density over time using different meshes. Point located 

r=0, z=0 
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As it can be seen in the previous plots, the results obtained from the normal grid, 

the finer and the extremely finer grid match closely. 

It can be also studied the solving time for each of the simulations run twice, in 
different computers with similar specifications. 

 

Table 6 Solving time using each of the meshes 

Grid size Solving time (s) 

Extremely coarse mesh 47 52 

Coarser mesh 31 32 

Normal mesh 226 70 

Finer mesh 379 496 

Extremely fine mesh 3546 3917 

 

Therefore, analyzing the results in the previous graphs and also the time it takes 
to solve the problem using the different meshes, it has been decided that the 

further analysis will be carried out using the normal grid size. 

 

3.5. CFD modeling results and theoretical 

validation 

3.5.1. CFD charging process 

 

Finally, after all the steps detailed in the previous sections, a charging model has 

been elaborated. Said model has been created using COMSOL Multiphysics 4.3a 

software and in particular, Brinkman equations, Heat transfer in fluids and 

Domain ODEs and DAEs modules, as will be explained in depth in Appendix A. 

In order to compare more easily the results obtained with the ones published in 

the literature, the geometry has been kept cylindrical and the metal has been 

simulated as LaNi5. The other parameters used in the simulation are the ones 

used on the published articles as well and are detailed in Table 7. 
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Table 7 Parameters used in the simulation 

Parameter Designation Value 

Dynamic viscosity of hydrogen 𝜇 8.411 · 10−6 [𝑃𝑎 · 𝑠] 

Porosity 𝜀 0.63 

Permeability of the metal hydride 𝐾 1 · 10−8 [𝑚2] 

Thermal conductivity of hydrogen 𝑘𝑔  0.1672 [𝑊/(𝑚 · 𝐾)] 

Thermal conductivity of the metal 𝑘𝑚  3.18 [𝑊/(𝑚 · 𝐾)] 

Empty metal hydride density 𝜌𝑒𝑚𝑝
𝑚  4200 [𝑘𝑔/𝑚3] 

Saturated metal hydride density 𝜌𝑠𝑎𝑡
𝑚  4264 [𝑘𝑔/𝑚3] 

Hydrogen heat capacity 𝑐𝑝
𝑔

 14.89 [𝑘𝐽/(𝑘𝑔 · 𝐾)] 

Metal heat capacity 𝑐𝑝
𝑚  0.419 [𝑘𝐽/(𝑘𝑔 · 𝐾)] 

Universal gas constant 𝑅 8.314 [𝐽/(𝑚𝑜𝑙 · 𝐾)] 

Molar weight of the metal 𝑀𝑚  432 [𝑔/𝑚𝑜𝑙] 

Molar weight of H2 𝑀𝐻2 2 [𝑘𝑔/𝑘𝑚𝑜𝑙] 

Atmospheric pressure 𝑝𝑎𝑡𝑚 1 [𝑏𝑎𝑟] 

Reference pressure 𝑝𝑟𝑒𝑓  10 [𝑏𝑎𝑟] 

Reference temperature 𝑇𝑟𝑒𝑓  303 [𝐾] 

Inlet pressure 𝑝𝑖𝑛 10 [𝑏𝑎𝑟] 

Ambient temperature 𝑇𝑎𝑚𝑏  293 [𝐾] 

Hydrogen absorption constant on LaNi5 𝐶𝑎  59.187 [𝑠−1] 

Hydrogen activation energy 𝐸𝑎 21179.6 [𝐽/𝑚𝑜𝑙] 

Reaction enthalpy ∆𝐻 29879 [𝐽/𝑚𝑜𝑙] 

Reaction entropy ∆𝑆 108 [𝐽/(𝑚𝑜𝑙 · 𝐾)] 

Saturated hydrogen to metal ratio (
𝐻

𝑀
)
𝑠𝑎𝑡

 6.5 

Convection coefficient ℎ 1652 [𝑊/(𝑚2 · 𝐾)] 

 

 

3.5.1.1. Pressure and velocity 

In the following graph it has been plotted the gas pressure inside the bottle. 

First, the gas relative pressure is zero which means that the inside bottle 

pressure is atmospheric. As soon as the inlet valve is open, and so pressurized 

hydrogen starts to enter the bottle, there is a sharp pressure increase until it 

gets the value of 10bars. This value corresponds to the hydrogen supply 

pressure. 
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It can be noticed that the final pressure of 10 bars is rapidly obtained because 

pressure is a fast traveler, and so within less than a few seconds the whole bottle 

is pressurized. 

The next figure (Fig. 22) shows the gas velocity distributions. According to 

equation (12), mass conservation, the magnitude of the hydrogen gas velocity in 

the porous metal vessel is proportional to the rate of the hydrogen absorption 

reaction. Therefore it can be observed that at the beginning hydrogen gas 

velocities are high due to the initially fast hydrogen absorption reaction and then 

continue to decrease with time due to the slowdown in the reaction rate as 

hydrogen absorption proceeds (Nam, Ko, and Ju 2012). 

On the other hand, the direction of the hydrogen gas velocity indicates the 

location, where hydrogen absorption is more active inside the metal hydride 

canister. 

Consequently, the hydrogen gas flows towards the vessel wall during the first 

100s due to the fast reaction rate near the wall. However, from 100s, the 

direction of the velocity is altered towards the core region because hydrogen 

absorption almost stops near the wall area but is still ongoing near the core 

region. 

As can be seen by the size of the arrows, velocity decreases through the length 

of the bottle because hydrogen is being absorbed by the metal and finally 

velocity is zero, as the metal has already filled all the possible available gaps 

with hydrogen. 

Fig. 21 Relative gas pressure inside the bottle over time. Point 

located r=15mm, z=25mm 
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Fig. 22 Velocity profiles in half of a cross-section of the hydrogen storage vessel at 

1s, 10s, 100s and 1000s 
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3.5.1.2. Temperature 

Regarding temperature, the simulation exhibits an initial sharp rise in the 

temperature, which means that the rate of the hydrogen absorption reaction is 

fast at the initial stage and the resultant abrupt release of heat dominates over 

the rate of heat removal due to heat convection with exterior air.  

Then, the canister temperature gradually decreases, which is mainly caused by 

the fact that the absorption reaction slows down to an increase of equilibrium 

pressure (Nam, Ko, and Ju 2012). 

 

The next figure (Fig. 24) shows the temperature evolution contours in half a 
cross-section of the bottle. While temperature in the expansion region remains 

almost unchanged from the initial temperature, the temperature in the porous 

metal hydride canister rapidly increases during the first 10s. This is mainly due 

to the fast absorption reaction rate that is driven by the availability of void 
spaces for hydrogen absorption. 

At 100s the temperature gradient near the wall becomes noticeable, which is 

partly due to effective cooling in the wall region and also partly to the diminished 
hydrogen absorption reaction rate near the wall that is caused by a reduction in 

the free metal surface for hydrogen absorption (Nam, Ko, and Ju 2012). 

As time goes by the bottle area near the wall has almost cooled down to the 

outside coolant temperature, which implies that the metal hydride near the wall 
is nearly saturated and the absorption reaction has almost stopped there. The 

core region of the bottle still has a higher temperature which means that the 

absorption reaction is still ongoing in that region. 

Eventually the whole bottle is saturated with hydrogen and also cooled down to 

the outside coolant temperature. 

 

Fig. 23 Temperature inside the bottle over time. Point located 

r=15mm, z=25mm 
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Fig. 24 Temperature profiles in half of a cross-section of the hydrogen storage vessel at 

1s, 10s, 100s, 400s, 800s and 1400s 

 

Fig. 25 Temperature Distribution inside the bottle. Time=250s 
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3.5.1.3. Metal hydride density 

The next plot represents the metal hydride density evolution over time. It can be 

seen that at first metal hydride density increases very sharply, which is due to 

the initial fast absorption reaction and as a result, a high amount of hydrogen is 

combined with metal to form a metal hydride, hence its density increases. This 

sharp growth in density matches the high temperature levels, as seen before, 

because the chemical reaction is taking place. 

Then, density slows down its growth until it saturates. The final density, which is 

the saturated metal hydride density, is achieved when there are not any more 

void spaces available for hydrogen to fill. 

 

3.5.2. Comparison with other authors published work 

 

During the creation process of the mathematical model and the computational 

simulation, a lot of articles and books have been consulted but the development 

has been mainly based on the work of (Nam, Ko, and Ju 2012) and (Jiao et al. 

2012), and this is the reason why the comparisons in this section, as well as in 

other sections, will be referred to these two authors. 

The first comparison that is going to be made is the evolution of temperature. In 

the left plot (Fig. 27) there is a representation of both experimental and 

modelled temperatures in points A, B and C. Focusing on the solid red line of the 

graph, which corresponds to the same conditions and location of the point of the 

simulations run in this project, it can be seen that both representations start at 

some initial conditions and in the first few seconds a sharp rise in temperatures 

is observed. As said before this increase is due to the fast absorption reaction 

which produces heat. As it can be seen, temperature reaches its maximum value 

which in both cases is around 340K (67ºC). 

Fig. 26 Metal hydride density over time. Point located r=0, z=0 
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After that, the bottle starts to cool down gradually. At first a bit slower and then 

at a much faster speed until it reaches the temperature of the cooling fluid, when 

it stabilizes. 

As it can be noticed, the shape of the evolution curve is almost the same in both 

plots but on the right graph the cooling process of the bottle is faster. That is due 

to different initial and boundary conditions, as Nam’s article didn’t provide all the 

required information.  

 

Nam, Ko, and Ju also provide information on temperature contours in a cross-

section which can be compared to the results obtained within this project. 

In this first image (Fig. 28) temperature contours of the hydrogen storage vessel 

at 1s, 10s and 100s are shown. The upper bottle drawings are a representation 

of the cross-section temperature contours extracted from (Nam, Ko, and Ju 

2012) and the lower canisters are the ones obtained in this work. As the 

simulation carried out is 2D axisymmetric, only half of the cross-section 

geometry is shown. 

As it can be seen, the shapes for both simulations match. At t=1s the bottle is at 

initial conditions but its temperature rapidly increases as at t=10s the bottle has 

reached its maximum temperature on the metal hydride region. At t=100, the 

core region stil is at a high temperature but the walls are begining to cool down 

due to the convection with surrounding exterior air. It can also be seen that 

some heat is being transferred to the void region as it is temperature has 

increased a little in the boundary region between the void region and the metal 

hydride zone. 

 
 

Fig. 27 Comparison between temperature evolution profiles obtained by 
(Nam, Ko, and Ju 2012) (on the left), and this project (on the right). 
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Fig. 28 Temperature contours in a cross-section of the hydrogen storage vessel at 

1 s, 10 s and 100 s. Upper surface graphs obtained by (Nam, Ko, and Ju 2012), lower 

surface graphs obtained using the cylindrical geometry within this project 

 

The next comparison will be focused on the hydrogen fraction, also represented 

with the Greek letter theta (θ) defined by equation (22). 

As it can be seen in the following plots (Fig. 29), the shape that has been 

obtained in both representations is very similar. The plot on the left is extracted 

from (Jiao et al. 2012) and the other is the one that has been obtained in this 

work. 

At first, both representations start at zero, as the bottle is completely empty and 

so, there is no hydrogen inside. Then, the hydrogen content in the vessel is 

increasing at a quite fast rate until it reaches the value of almost 1, which would 

be the completely saturated canister. 

The main difference between both plots is on the time the bottle needs in order 

to reach a saturation level. This difference can be due to the different initial and 

boundary conditions, as the article did not provide all the information, but 

basically because of the cooling level. As Jiao et al. used a convection coefficient 

of 1000 W m-2 K-1 and the right plot is obtained using a convection coefficient of 

1652 W m-2 K-1, and as it will be seen in section 3.6 this parameter produces a 

huge influence on the simulation results. 
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3.6. Effect of cooling level 

 

To account the different cooling levels, different heat transfer coefficients 

between bottle and surrounding environment have been used. The coefficients 

used in the simulations are: 10, 50, 200, 600 and 1000 W m-2 K-1, and the 

surrounding fluid temperature is kept at 20ºC. 

A heat transfer coefficient of 10 𝑊 𝑚2𝐾⁄  represents the condition that the tank is 

cooled by nature air, whilst 50 and 200 𝑊 𝑚2𝐾⁄  represent forced air cooling 

conditions and finally 600 and 1000 𝑊 𝑚2𝐾⁄  represent liquid cooling conditions at 

different levels. 

In the next plot (Fig. 31) there is represented the temperature evolution in a 

point under the effect of different cooling levels. Firstly the temperature 

increases rapidly from 20ºC to about 64ºC under all cooling levels. Then, 

temperature starts decreasing for ℎ > 50 𝑊 𝑚2𝐾⁄  (forced air cooling or liquid 

cooling) and it keeps almost constant, with rather small decrements, for 

ℎ ≤ 50𝑊 𝑚2𝐾⁄  because hydrogen is still being absorbed in this cases and the 

process finishes earlier under all the other conditions. 

The following plots (Fig. 31 and Fig. 30) can be compared. Fig. 31 represents the 

simulation results that have been obtained using COMSOL Multiphysics software 

and Fig. 30 is taken from Jiao et al. (Jiao et al. 2012). 

Fig. 29 Comparison between hydrogen fraction evolution profiles obtained by 

(Jiao et al. 2012) using h=1000 W/(m2K) (on the left) and this project using 

h=1652 W/(m2K) (on the right). 
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As it can be seen in the previous plots, the results match almost perfectly with 
the ones that Jiao et al. obtained, taking into account the differences on the time 

scale. The red line, which corresponds to the temperature evolution when 

ℎ = 10𝑊 𝑚2𝐾⁄  remains almost constant throughout the whole process. The other 

lines, blue (50𝑊 𝑚2𝐾⁄ ), yellow (200𝑊 𝑚2𝐾⁄ ), grey (600𝑊 𝑚2𝐾⁄ ) and black 

(1000𝑊 𝑚2𝐾⁄ ) decrease gradually in both plots until they reach the cooling 

temperature which is 20ºC. 

Regarding hydrogen fraction (Fig. 32 and Fig. 33) it is also obtained the same 
behavior that Jiao et al. stated in their work, again, taking into account the 

Fig. 30 Effect of the heat transfer coefficient on the evolution of 

temperature. Plot extracted from (Jiao et al. 2012) 

Fig. 31 Effect of heat transfer coefficient on the evolution of 

temperature in a point located r=15mm, z=25mm 
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differences on the time scale. Increasing the heat transfer coefficient from 

10𝑊 𝑚2𝐾⁄  (nature air cooling) to 50𝑊 𝑚2𝐾⁄  (forced air cooling) results in the most 

significant improvement in the hydrogen absorption, and the improvement 

becomes less with further increment of the cooling level. 

Whilst hydrogen fraction reaches about 0.40 under nature air cooling at 600s, it 

reaches a value of almost 1 under the other stronger conditions. 

The hydrogen fraction reaches 0.95 with the heat transfer coefficients of 200, 

600 and 1000𝑊
𝑚2𝐾⁄  respectively, indicating that quickly and fully charging the 

bottle cannot be achieved even under stronger cooling conditions. 

 

  

Fig. 33 Effect of the heat transfer coefficient on the evolution 

of hydrogen fraction. Plot extracted from (Jiao et al. 2012) 

 

Fig. 32 Effect of heat transfer coefficient on the evolution of 

absorbed hydrogen fraction in a point located r=0, z=0 
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3.7. Sensitivity of the model to metal 

properties 

 

As said in section 3.3.5, not knowing the material represents an added 

complication in order to verify the simulations with experimental data. So a 

whole lot of parametric studies will be carried out to determine the material 

parameters with the most influence on the model. 

Once that is done, an adjusting process of these parameters will be done so as to 

try to obtain simulation results as similar as possible to the experimental data. 

3.7.1. Small influence parameters 

After analyzing the material properties, it can be observed that there are some 

variables that greatly influence the behavior of the metal hydride bottle by 

means of shortening charging time or increasing the maximum temperature 

achieved, for example. But there are also some parameters that do not have a 

noticeable impact on the simulation results. 

Small influence parameters have been determined to be the porosity (𝜀), the 

permeability (𝐾) and the thermal conductivity of the metal (𝑘𝑚). Finally, the 

activation energy (𝐸𝑎) has also little influence when its value is small. 

3.7.2. Major influence parameters 

Apart from the heat transfer coefficient (ℎ) which, as said in section 3.6, has a 

great influence on the charging process, as it enables more hydrogen to enter 

the bottle and therefore the charging process gets faster, there are other 

parameters, in this case metal properties, which modify the process hugely. 

 

3.7.2.1. Absorption rate constant (𝑪𝒂) 

As seen in Fig. 34, modifying the absorption rate constant allows different 

temperature levels. To obtain that plot, four different 𝐶𝑎 have been considered, 

the first (59.187 𝑠−1) being the reference material (LaNi5) that has been used 

during the whole model development process. Then, values of 20, 1 and 0.1s-1 

have been taken. 
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All in all, it can be concluded that the temperature level diminishes as the 

absorption rate constant diminishes as well, but not at a linear rate, as there is 

no difference in the temperature evolution when 𝐶𝑎 = 59,187 𝑠
−1 or 𝐶𝑎 = 20 𝑠

−1, but 

there is a big difference between 𝐶𝑎 = 20 𝑠
−1 and 𝐶𝑎 = 1 𝑠

−1 or 𝐶𝑎 = 0.1 𝑠
−1. 

 

3.7.1.2. Activation energy (𝑬𝒂) 

When activation energy is low, there is no noticeable difference in the 

temperature of the metal hydride canister. Whereas, when the activation energy 

is high a clear difference in the temperature level is noticed. This change in the 

temperature level is due to the impossibility to begin any hydrogen-metal 

chemical reaction if the activation energy is high, as seen in Fig. 35. 

 

Fig. 35 Temperature in a point (r=15mm, 

z=30 mm) under different Ea conditions 

Fig. 34 Temperature in a point (r=15mm, 

z=30 mm) under different Ca conditions 
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3.7.1.3. Absorption rate constant (𝑪𝒂), activation energy (𝑬𝒂) and heat 

transfer coefficient (𝒉) combination 

Once the parameters that have a greater influence in the charging process of the 

metal hydride bottle have been detected, a whole lot of new parametric 

simulations have to be run in order to establish all the possible combinations and 

try to adjust the model to the real experimental data. 

The simulations take three different values of each of the parameters and 

combine them so that the final number of permutations is twenty seven. 

The combinations are divided in three categories so that it is easier to analyze. 

In each one of the sections a different heat transfer coefficient is used, along 

with the combination of 𝐶𝑎 and 𝐸𝑎. 

 h=10W/(m2K) 

Firstly, on Fig. 36, the combination of 𝐶𝑎 and 𝐸𝑎 when the heat transfer 

coefficient has a value of ℎ = 10 𝑊/(𝑚2𝐾) is represented. The reference material 

(LaNi5) corresponds to the first line (blue line with asterisk marks). 

It can be seen that as 𝐸𝑎 increases and 𝐶𝑎 decreases the curve gets softer. The 

temperature peak is less noticeable and the curve loses slope. 

  

Fig. 36 Temperature evolution in a point (r=15mm, z=30 mm) under different Ca and Ea 

conditions and when h=10 W/(m
2
K) 
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 h=100W/(m2K) 

The second simulation uses the same parameters as the one before but increases 

the heat transfer coefficient to ℎ = 100 𝑤/(𝑚2𝐾).  

 

The first noticeable difference is the time scale, whereas on the other simulations 

the time was plotted during 3h, in this simulation the time is plotted only during 

1h because nothing remarkable happens after this first hour. 

As said before, the reaction happens very fast due to the convection coefficient. 

This forced convection removes the heat from the metal hydride bottle and 

enables a higher hydrogen mass flow enter the bottle. 

As seen on the other case as well, when the activation energy is increased it is 

more difficult for the metal to start the hydriding process, which is even more 

complicated if the necessary heat is not being supplied, because of the higher 

convection coefficient. 

Regarding the absorption rate, the smaller the constant is the lower is the 

temperature achieved by the metal hydride because the absorption will occur at 

a slower velocity and then, the canister will not generate a lot of heat.  

Fig. 37 Temperature evolution in a point (r=15mm, z=30 mm) under different Ca and Ea 

conditions and when h=100 W/(m
2
K) 



 

Raquel Busqué Somacarrera  

 - 50 - 

 h=500W/(m2K) 

Finally, the third and last simulation has a heat transfer coefficient of ℎ =

500 𝑊/(𝑚2𝐾). 

 

 

Regarding this third case, where h=500W/(m2K), the behavior is the same as for 

the previous situation but even more exaggerated. The time scale has been 

reduced to 30min, as the process proceeds faster as the convection coefficient is 

higher. 

As before, when the activation energy is increased it becomes more difficult for 

the reaction to begin as it needs heat which is not supplied because of the forced 

convection. 

As the absorption rate gets smaller, the canister will absorb hydrogen at a much 

slower rate and so its temperature will not increase much. 

Fig. 38 Temperature evolution in a point (r=15mm, z=30 mm) under different Ca and Ea 

conditions and when h=500 W/(m
2
K) 
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CHAPTER 4:  

EXPERIMENTAL 

CHARACTERIZATION 

Mathematical modeling is an important tool in the development and 

understanding of metal hydride storage system, but in order to validate all the 

simulations and also to observe the evolution of the parameters in real life, an 

experimental set up will be implemented. 

4.1. Characterization scheme 

4.1.1. Ideal diagram 

Fig. 39 Ideal diagram 
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The easiest way to study the behavior of the metal hydride during cyclic charge 

and discharge processes is to prepare an experimental set up like the one shown 

above (Fig. 39). 

During charge, hydrogen is supplied from the upper right corner and into a Mass 

Flow Controller (MFC) passing through a 7 micron particulate filter first, so as to 

ensure high hydrogen purity entering the MFC. Next, hydrogen goes through a 3 

way valve and into the metal hydride bottles. Before entering the bottles, there 

is a high pressure sensor which reads values of charge pressure. 

During discharge, the 3 way valve is switched in order to enable hydrogen flow 

into the outlet. So hydrogen leaves the bottles and goes through a Forward 

Pressure Regulator (FPR) that sets the pressure to 0.5bar. Then this pressure is 

validated with a low pressure sensor. Afterwards hydrogen finds a bifurcation. 

Usually it follows the first branch, through a filter and a Mass Flow Controller, 

which allows a certain amount of hydrogen to come out. Once in a while the 

second branch opens automatically, as there is an automatic valve which 

simulates the PEMFC purges. While the automatic valve is open there is a 

pressure drop. And when the valve closes again, the pressure starts a recovery 

process during a time which is called recovery time. This bifurcation is the Fuel 

Cell emulator, as it represents hydrogen consumption. 

4.1.2. Alternative configurations 

 

Once the idea of experimental setup is established, some other configurations 

will be generated in order to use the minimum amount of elements and sensors.  

The main objective is to eliminate a Mass Flow Controller and its filter, as there 

are not available in the laboratory, and are expensive to buy, and instead find a 

way to use only one MFC, taking into account that it is not bidirectional, and so 

charge and discharge circuits will be joined in some parts. 

For this purpose three very similar options have been studied, and will be 

analyzed in the following pages. 
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4.1.2.1. Option 1 

 

This first option, as said before, only requires one MFC and one particulate filter. 

To switch between charge and discharge circuits it uses two 3 way valves, one 

tee and a 2 way valve. 

In the next table there is a summary of the elements that are different in every 

option, so that it can be seen the differences in price to select one option or 

another. 

 

Table 8 Extra elements of alternative configuration 1 

Nº of 

elements 
Code Element Description/specifications Price 

1 V-4 Flow valve 
2 way ¼” Swagelok valve 

(SS-4P4T-BK) 
56.50€ 

2 
V-3, 

V-6 

Three-way 

valve 

3 way ¼” Swagelok valve 

(SS-42GXLS4) 
107.50€x2 

1 f3 Union Tee 

¼” Swagelok Stainless Steel 

Union Tee fitting 

(SS-400-3) 

21.30€ 

 
TOTAL (only option 1 extra 

elements) 
292.80€ 

 

  

Fig. 40 Alternative configuration 1 
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4.1.2.2. Option 2 

 

This other option substitutes the tee and the 2 way valve for a 3 way valve, 

saving space but increasing the price. 

 

Table 9 Extra elements of alternative configuration 2 

Nº of 

elements 
Code Element Description/specifications Price 

3 
V-3, V-

4, V-6 

Three-way 

valve 

3 way ¼” Swagelok valve 

(SS-42GXLS4) 
107.50€x3 

 
TOTAL (only option 2 extra 

elements) 
322.50€ 

 

  

Fig. 41 Alternative configuration 2 
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4.1.2.3. Option 3 

 

 

Finally this third option uses only one 3 way valve, three 2 way valves and two 

tees.  

 

Table 10 Extra elements of alternative configuration 3 

Nº of 

elements 
Code Element Description/specifications Price 

3 
V-4, V-

6, V-7 
Flow valve 

2 way ¼” Swagelok valve 

(SS-4P4T-BK) 
56.50€x3 

1 V-3 
Three-way 

valve 

3 way ¼” Swagelok valve 

(SS-42GXLS4) 
107.50€ 

2 f3, f5 Union Tee 

¼” Swagelok Stainless Steel 

Union Tee fitting 

(SS-400-3) 

21.30€x2 

 
TOTAL (only option 3 extra 

elements) 
319.60€ 

 

  

Fig. 42 Alternative configuration 3 
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4.1.3. Final experimental setup 

 

4.1.3.1. Final experimental setup scheme 

Taking into account all that has been said before, it has been selected option one 

as the final experimental setup, but some improvements have been made. The 

final characterization scheme is the following: 

 

Regarding piping, there can be seen a change in color in some parts of the 

circuit. Pipes drawn in black correspond to the ones made with ¼” stainless steel 
pipe, as they have to be able to support pressures up to 30bars. The other pipes 

drawn in blue are ¼” rubber tube, as the pressures that they will have to support 

are around 0.5bar. 

That is the reason why there are different fittings and adaptors, to ensure a good 
and adequate connection between parts. 

A detailed table introducing each element has been prepared and is shown in 

Table 11. 

  

Fig. 43 Final experimental setup 
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Table 11 Final experimental set-up elements 

Num. Code Element Description/specifications 

1 P1 High pressure sensor 
Industrial Pressure 

Transmitter (Impress. 

Sensors and systems) 

IMP-G4002-7A4-BCV-00-000 

Pressure range: 0-40bar 

Accuracy: ±0.25% FS 

1 P2 Low pressure sensor Piezoresitive pressure 

transducer (Freescale 

Semiconductor) 

MPX5100GP K1123BY 

Pressure range: 0-1.5bar 

Accuracy: ±2.5% VFS 

Response time: 1.0ms 

1 FPR-1 Forward pressure regulator Miniature two-stage 

diaphragm pressure 

regulator (Udomi) 

PR2-3213, PA-M3M53 

Inlet pressure range: up to 

35bar 

Outlet pressure range: 0-

0.7bar 

1 MFC-1 Mass flow controller 1 EL-FLOW base Mass flow 

controller (Bronkhorst High 

Tech) 

First tests 

F-201C-AAD-20-V 

Range: 0-5ln/min H2 

Analog output: 0-5Vdc 

Rest of the tests 

F-201C-AAA-22V 

Range: 0-1.5ln/min H2 

Analog output: 0-5V dc 
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8 T-1, 

T-2, 

T-3, 

T-4, 

T-5, 

T-6, 

T-7, 

T-8 

Thermocouple 

Welded Tip PFA 

Thermocouple (tc direct) 

401-301 

Temperature range: -75ºC to 

+250ºC 

1 Filter-

1 

Particle filter 
Stainless Steel In-Line 

Particulate Filter (Swagelok) 

SS-4F-7 

7 micron pore size 

¼” connection 

1 Check 

valve 

Check valve 

Stainless Steel Poppet Check 

Valve (Swagelok) 

SS-4C-1/3 

0.03 bar 

¼” connection 

2 q1, 

q2 

Quick-connects 

Stainless Steel Quick-

connects (Swagelok) 

SS-QC4-B-4PM  

¼” male NPT 
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2 V1, 

V2 

Bottle flow valve 

Nonrotating-Stem Needle 

valves (Swagelok) 

SS-16DPM-F4-BC-PD 

Inlet: ¼” male NPT 

Outlet: ¼” female NPT 

2 V3, 

V5 

 

2 way flow valve 

Stainless Steel Ball valve 

(Swagelok) 

SS-42S4  

SS-42S4-SC11 

¼” connection 

2 V4, 

V7 

Three-way valve 

Stainless Steel 3 way Ball 

valve (Swagelok) 

SS-42GXS4 

SS-42XS4 

¼” connection 

1 V-6 Automatic valve 

Solenoid 

Voltage supply: 15V 
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2 f1, f3 Stainless Steel Union Tee 

Stainless Steel Union Tee 

SS-400-3 

¼” tube fitting 

1 f2 Stainless Steel Union Cross 

Stainless Steel Union Cross 

SS-400-4 

¼” tube fitting 

2 f4, f5 Union Tee 

Plastic Union Tee fitting (⅛”) 

2 s1, s2 Straight union 

Stainless Steel Straight 

Union (Swagelok) 

SS-400-7-2 

1/4 in. Tube OD x 1/8 in. 

Female NPT 
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1 s3 Reducing port connector 

Stainless Steel Reducing Port 

Connector (Swagelok) 

SS-401-PC-2 

1/4 in. x 1/8 in. Tube OD 

 

Other than the above exposed elements, the system works with two metal 
hydride hydrogen storage bottles, with the following characteristics: 

 

Table 12 Hydrogen storage system elements 

Element Description/specifications 

Stainless Steel 

Container 

304L-HDF4-500-PD 

(Swagelok) 

1.19kg 

0.475L 

Vint = 500 cm
3 ± 5% 

 

Adapter with outage 

tube 

SS-DTM4-F4-104 

(Swagelok) 

Inlet: ¼” male NPT 

Outlet: ¼” female 

NPT 
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4.1.3.2. Real images of the experimental setup 

 

  

Fig. 45 Real experimental setup. Top view 

Fig. 44 Real experimental setup. Perspective view 
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4.2. Control and data acquisition system 

4.2.1. myRIO device and sensor and actuator connections 

The experimental set-up is composed by several sensors, controllers and 

actuators which work with electrical analogic and digital signals. The control and 

data acquisition system is programmed in LabVIEW, and the communication 

between the analogical and digital signals is achieved using the NI myRIO device. 

 

4.2.1.1. NI myRIO-1900 

The National Instruments (NI) myRIO-1900 is a portable embedded design 

device based on NI’s RIO technology, a reconfigurable IO, like CompactRIO 

which is highly used in the industry. NI myRIO uses the Zynq chip from Xlinx, 

which has a dual core ARM real time processor and an FPGA.  

Specifications 

- Analog Input (10 channels) 

- Analog Output (6 channels) 

- Analog Input and Output also available through 3.5 mm audio Jacks 

- 40 Digital I/O lines; wireless enabled 

- Accelerometer, LEDs and push button onboard 

- 6V to 16V, 14W power requirement 

 

 

 

4.2.1.2. Sensor and actuator connections 

In the following diagram there can be seen an overview of the sensors and their 

connections, that will be explained in a more detailed way in this section. The 

complete connection diagram can be found in Appendix B. 

Fig. 46 NI myRIO-1900 
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Table 13 Connection parameters for each sensor and actuator 

Sensor/ 
Actuator 

Physical 
variable 

Vsupply SP RD myRIO 

P1 Pressure 
13-32V dc 

(15V) 
- 

0-10V  

(3 wire) 
0-40bar g 

1 AI  

(0-10V) 

P2 Pressure 5V dc - 0-5V dc 0-1bar g 
1 AI  

(0-10V) 

T 

(controller) 
Temp. 230V ac - 0-10V dc -0.5 300ºC 

4 AI  

(0-5V) 

MFC 
Mass 

flow 

15-24V dc 

(15V) 
0-5V 0-5V dc 0-5nl H2  

1 AI  
1 AO 

(0-5V) 

Solenoid - 15V dc 0-5V - - 1 DO 

 

  

Fig. 47 Sensor and actuator connections general diagram 
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Pressure 

As said before, there are two pressure sensors: the high pressure sensor, which 

measures from 0 to 40barg (HP); and the low pressure sensor, which measures 
from 0 to 1barg (LP). 

 

High pressure sensor (HP) 

Table 14 Connections of the HP sensor 

 

 

Connections: Connector C 

Sensor myRIO 

HP_Vsup 
Power 

supply (15V) 

HP_GND 
C-Pin 6 
(AGND) 

HP_Vout 
C-Pin 7 
(AI0+) 

 

Low pressure sensor (LP) 

Table 15 Connections of the LP sensor 

 
 

Connections: Connector C 

Sensor myRIO 

LP_Vsup 
Power 

supply (5V) 

LP_GND 
C-Pin 6 
(AGND) 

LP_Vout 
C-Pin 9 
(AI1+) 
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Mass flow 

There is also a Mas Flow Controller (MFC) that will work as a mass flow meter 

(during charge) which means that will only read the mass flow that is going 
through the pipe, and also as a controller (during discharge), which means that 

will impose a certain mass flow to go through the pipe. 

 

Mass flow controller (MFC) 

Table 16 Connections of the MFC 

 

Connections: Connector C & B 

Sensor myRIO 

MFC_Vsup 

Power 

supply 
(15V) 

 

MFC_GND 
B-Pin 6 
(AGND) 

MFC_rd_Vin 
C-Pin 4 
(AO0) 

MFC_ctrl_Vout 
B-Pin 3 
(AI0) 

 

Temperature 

As it can be seen in the previous diagram (Fig. 47), there are eight 
thermocouples which will be distributed along the two metal hydride bottles. 

Among these eight thermocouples, four of them will read and acquire 

temperature values and the other four will not be acquired but will be read on 

screen. 

The thermocouples that are going to be used have a welded tip which will be 

stuck into the surface of the bottle. These thermocouples will provide a small 

voltage signal (mV) which will have to be amplified. 

For that purpose Red Lion temperature controllers will be used. These controllers 

can work as a PID controller but in this case they will only be used as an 

amplifier of the voltage signal so that it can be acquired by the myRIO device as 

seen in Fig. 48. 
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Temperature sensors and controllers 

 

T_V-

T_V+

T_Vsup

T only reading on screen

T_V-

T_V+

T_Vsup

T acquisition data

T_
V

o
u

t

T_
G

N
D

x4x4

 

Fig. 48 Connections of the Red Lion temperature controllers 

 

 

Table 17Connections of the temperature sensors and controllers 

 

Connections: Connector A 

Controller myRIO 

T_Vsup 
Power 
supply 

(230V ac) 

T_GND 
A-Pin 6 
(AGND) 

 

T1_Vout 
A-Pin 3 
(AI0) 

T2_Vout 
A-Pin 5 

(AI1) 

T3_Vout 
A-Pin 7 
(AI2) 

T4_Vout 
A-Pin 9 
(AI3) 
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Solenoid 

As it can be seen on the scheme before (Fig. 47), there is also an automatic 

valve (solenoid) which will open during a few instants every certain amount of 
time. 

In order to control the automatic valve we need to add an auxiliary electronic 

circuit, which is detailed in the Appendix B. 

 

Solenoid (V-6) 

Table 18 Connections of the solenoid 

 

Connections: Connector C 

Sensor myRIO 

V-6_Vsup 
Power 

supply (15V) 

 

V-6_GND 
C-Pin 19 
(DGND) 

V-6_Vout 
C-Pin 11 
(DIO0) 

 

4.2.2. LabVIEW program 

 

In order to acquire and save all the data LabVIEW will be used which is a 

graphical programming platform developed by National Instruments. Via 

LabVIEW a link will be created between the sensors and actuators and the user 

so that it is possible to interact with all the elements and also visualize the data 

obtained on a screen. 

The LabVIEW program (which can be viewed in detail in Appendix C) is 

structured in three differentiated parts: 

 Initialize: Open or create file. 

 Acquire and process data: Obtain the data, adjust it and save it. 

 Close: close the file. 
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4.2.2.1. Initialize 

 

In this part of the program, the name (and also the path) of the file will be set, 

which will have a form such as the following: 

 

/C/MHS_225N_DATA/Wed, Mar 25, 2015_12:45 PM.tdms 

 

Once the name and path are set, the .tdms file is opened (if it already exists) or 

created. 

 

4.2.2.2. Acquire and process data 

This part of the program is the core of the whole sequence of instructions. Here 

is where the myRIO intervenes with its inputs and outputs, connecting the 

physical device with the program and enabling the data to be acquired and 

processed. 

The first thing that the program does is mainly to acquire the data basically 

through its analog inputs (pressure, mass flow and temperature) but also send 

signals via its analog and digital outputs (mass flow controller and solenoid). 

Inputs 

In Fig. 50 the analog inputs are acquired in means of voltage. Then, these values 

in volts have to be converted into the real physical magnitude, for example bars 

or Celsius degrees. 

Knowing that the myRIO has an analog input range that goes from 0 to 10V, and 

for example, the high pressure sensor has a range from 0 to 40bars, the 

conversion from volts to bars would be to multiply the acquired data by four, 

which is what the program is doing. This same process is implemented for all of 

the sensors. 

When the data is converted into the right units, the program plots pressure and 

temperature so that they can be seen in the front panel. And finally all the 

variables are put into local variables which will be collected together in a block 

and will be saved on the file we previously created. 

Fig. 49 LabVIEW program initialization 
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Outputs 

In Fig. 51 there are two controls (MFC_ctrl_slpm and solenoid) which will send 

the signals to the outputs of the myRIO device. The program also saves the 

values of the controls, the same way as before. 

For the solenoid a much more complex structure is used, as it is necessary for 

the automatic valve to work in two different scenarios. First in a manual mode, 

so the user can select whether the valve is open or closed, and another one 

which is automatic, as explained in section 5.2.3.C. 

 

Fig. 50 LabVIEW program. Acquire and process analog inputs 

Fig. 51 LabVIEW program. Send signals through analog and digital outputs 



METAL HYDRIDE STATE OF CHARGE ESTIMATOR: 

 Development and experimental validation of the hydrogen storage system model 

 - 71 - 

Get current time 

 

Another thing that has to be saved into the file is the current time, so that all the 

variables can be related to a certain instant. For that, it has to be taken into 

account that the t=0 on LabVIEW and t=0 on Excel (where all the data will be 

analyzed) is different, so an offset needs to be added to make them match. 

As before, this new variable will be saved along with the other experimental 

values.  

Write file 

Finally, all the data acquired has to be saved, which means that has to be written 

into a file. This file will be a .tdms, which is a spreadsheet format and therefore 

there will be columns which have to be organized and have a title, for example 

High pressure, Low pressure... 

The writing part of the program is inside a time loop set to save the data every 

2s, this way all the changes can be monitored. 

 

Fig. 52 LabVIEW program. Get current time 

Fig. 53 LabVIEW program. Write file 
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Stop button 

 

A very important thing that every LabVIEW program must have is a stop button, 

so that it allows the user to stop the program at any time without putting in risk 

the sensors and actuators. As it is a programmed stop it will allow the sensors 

and actuators to reset to a desired position. For example leave the solenoid 

closed instead of open. 

If a stop button is not added, the only way to stop the program is aborting which 

has the risk to put in danger the sensors or even ourselves, as the sensors and 

actuators will stop on the position they are currently which may not be secure. 

 

4.2.2.3. Close 

 

Finally, the program ends and the file is closed. 

  

Fig. 54 LabVIEW program. Stop button 

Fig. 55 LabVIEW program. Close 
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4.3. Calorimetry: determination of the 

reaction enthalpy of the metal 

In order to determine which metal is inside the bottle a calorimetry will be 

performed. This way it is possible to determine the reaction enthalpy of the 

metal. 

The idea is the following, a list of the most used metals to form metal hydrides 

and storage hydrogen has been made, focusing on their properties and especially 

on the reaction enthalpy. Then, the calorimetry experiment will be performed 

and hopefully it will provide a value which is relatable to one of the most used 

metal hydrides of the list. 

4.3.1. Introduction to a calorimetry 

Every unit of mass of a material increases or diminishes its temperature 

according to the energy received or given in the way of heat, its mass and its 

own features. These features are determined macroscopically by a parameter 

called specific heat, c, which is defined as the transferred heat per unit of the 

material mass so that it experiments a temperature variation of a unit. 

𝑐 =
∆𝑄

𝑚 · ∆𝑇
 (46) 

c is measured in 𝐽/(𝑘𝑔𝐾) on SI, but it is also very usual to use 𝑐𝑎𝑙/(𝑔º𝐶) as water 

has a specific heat of 𝑐𝐻20 = 1
𝑐𝑎𝑙

𝑔º𝐶
= 4180

𝐽

𝑘𝑔𝐾
. 

In this experiment the metal hydride bottle will be charging and so it will be 

increasing its temperature and releasing energy in the form of heat to the 

calorimeter’s water (theoretically without any losses), so: 

𝑄𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 = 𝑄𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 (47) 

This can be rewritten as: 

𝑄𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 = 𝑚𝑀𝐻𝑒𝑚𝑝𝑡𝑦 · 𝑐𝑀𝐻(𝑇𝑀𝐻 − 𝑇𝑒𝑞) = (𝑚𝐻20 · 𝑐𝐻20 + 𝐶)(𝑇𝑒𝑞 − 𝑇𝐻2𝑂) (48) 

Where C is the heat capacity of the calorimeter and has to be obtained before c 

following the procedure explained below. 

𝑇𝑀𝐻 and 𝑇𝐻2𝑂 are the temperatures of the metal hydride bottle and the 

calorimeter’s water before introducing the bottle inside the calorimeter. 

  



 

Raquel Busqué Somacarrera  

 - 74 - 

4.3.2. Procedure to perform a calorimetry 

 

4.3.2.1. Determination of C 

 

 Weigh the empty calorimeter (along with the thermocouple). Write 

𝑚𝑐𝑎𝑙𝑜𝑟𝑖𝑚𝑒𝑡𝑒𝑟. 

 Add 1L of deionized water. Weigh again in order to know the exact weight 

of added water, 𝑚ℎ𝑜𝑡. 

 Heat the water above ambient temperature. Write 𝑇ℎ𝑜𝑡. 

 While the water is being heated, prepare 0.5L of deionized cold water 

(some degrees below ambient temperature). Write 𝑇𝑐𝑜𝑙𝑑. 

 Mix both samples of water inside the calorimeter, wait until the equilibrium 

temperature is reached (𝑇𝑓𝑖𝑛𝑎𝑙) and write it down. 

 Weigh the whole set and write 𝑚𝑡𝑜𝑡𝑎𝑙 to find out the amount of cold water 

added (𝑚𝑐𝑜𝑙𝑑). 

 Finally C can be obtained using the following equation: 

(𝐶 +𝑚ℎ𝑜𝑡 · 𝑐𝐻2𝑂)(𝑇ℎ𝑜𝑡 − 𝑇𝑓𝑖𝑛𝑎𝑙) = 𝑚𝑐𝑜𝑙𝑑 · 𝐶𝐻2𝑂(𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑐𝑜𝑙𝑑) (49) 

4.3.2.2. Determination of released heat (𝑸𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒅) 

 

 Add 800g of deionized water in the calorimeter and weigh it to know 

exactly the amount of water added 𝑚𝐻20. Also measure the temperature of 

the water 𝑇𝐻2𝑂. 

 Introduce the metal hydride bottle inside the calorimeter and begin to 
charge it. As the reaction is exothermic, the water will start to heat up. 
Wait until the temperature is stabilized and write 𝑇𝑒𝑞. 

 Keep monitoring the mass flow that enters the bottle, so that it is possible 

to calculate the amount of hydrogen inside the bottle. 

 

4.3.3. Building the calorimeter 

Due to the shape of the metal hydride bottles it was not possible to find a 

calorimeter or a Dewar vase available that suit the vessels’ needs. That means 

that a calorimeter will be built in order to perform this experiment. 

Basically, the calorimeter will be formed by two PVC pipes placed concentrically. 

The exterior pipe will have a diameter of 110mm and the interior pipe will be 

75mm, this way the bottle can be placed inside that smaller pipe, as its diameter 

is 50.8mm, and there is still space so as to add the water. 

On the other gap, between the two pipes an insulation layer will be placed in 

order to make the calorimeter as adiabatic as possible and so reduce the heat 

losses. To avoid radiation losses, the interior pipe will be covered with aluminum 

paper. 

On the bottom base a fixed cover will be installed and on the top bases a 

removable threated lids will be placed. 

The inside pipe will be 38cm long so that the bottle can fit inside. 
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4.3.4. Experimental data 

 

Table 19 Experimental calorimetry data 

Determination of C  

𝑚𝑐𝑎𝑙𝑜𝑟𝑖𝑚𝑒𝑡𝑒𝑟 1423g 

𝑚ℎ𝑜𝑡 971g 

𝑇ℎ𝑜𝑡 60.0ºC 

𝑇𝑐𝑜𝑙𝑑 23.6ºC 

𝑇𝑓𝑖𝑛𝑎𝑙 47.0ºC 

𝑚𝑡𝑜𝑡𝑎𝑙 2910g 

Determination released heat 

𝑚𝐻2𝑂 793g 860g 

𝑇𝐻2𝑂 26.70ºC 24.86ºC 

𝑇𝑒𝑞 32.70ºC 31.82ºC 

𝑚𝐻2 4.98g 7.11g 

 

Fig. 56 Elements of the calorimeter 

Fig. 57 Calorimetry experimental setup 
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4.3.5. Calculations and results 

 

4.3.5.1.  Heat capacity of the calorimeter (C) 

𝑄𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑏𝑦 𝑐𝑜𝑙𝑑 𝑤𝑎𝑡𝑒𝑟 = 𝑚𝑐𝑜𝑙𝑑 · 𝐶𝐻2𝑂(𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑐𝑜𝑙𝑑) = 𝐴 (50) 

𝑄𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 𝑏𝑦 ℎ𝑜𝑡 𝑤𝑎𝑡𝑒𝑟 = 𝑚ℎ𝑜𝑡 · 𝐶𝐻2𝑂(𝑇ℎ𝑜𝑡 − 𝑇𝑓𝑖𝑛𝑎𝑙) = 𝐵 (51) 

𝐶 =
𝐴 + 𝐵

(𝑇ℎ𝑜𝑡 − 𝑇𝑓𝑖𝑛𝑎𝑙)
 (52) 

Using the previous equation, the calculus is the following: 

 

𝐶 =
𝑚𝑐𝑜𝑙𝑑 · 𝑐𝐻2𝑂 · (𝑇𝑓𝑖𝑛𝑎𝑙 − 𝑇𝑐𝑜𝑙𝑑)

𝑇ℎ𝑜𝑡 − 𝑇𝑓𝑖𝑛𝑎𝑙
−𝑚ℎ𝑜𝑡 · 𝑐𝐻2𝑂

=
516𝑔 · 4.1813

𝐽
𝑔 · º𝐶 ·

(47.0 − 23.6)º𝐶

(60.0 − 47.0)º𝐶
− 971𝑔 − 4.1813

𝐽

𝑔 · º𝐶
= −176.45 𝐽/º𝐶 

 

So, the final result is: 𝐶 = −176.45  𝐽/º𝐶 

 

 

4.3.5.2. Released heat (𝑸𝒓𝒆𝒍𝒆𝒂𝒔𝒆𝒅) 

As seen in equation (48) and taking into account water related measures it is 

possible to calculate the heat released by the chemical reaction. This experiment 

was performed two times, and the results are the following: 

 

1st attempt 

𝑄𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑1 = (𝑚𝐻20 · 𝑐𝐻20 + 𝐶)(𝑇𝑒𝑞 − 𝑇𝐻2𝑂)

= (793𝑔 · 4.1813
𝐽

𝑔 · º𝐶
+ 176.45

𝐽

º𝐶
) (32.7 − 26.7)º𝐶 = 20953.33𝐽 

Then, the final result is: 𝑄𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 = 20953.33  𝐽 

 

2nd attempt 

𝑄𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑 = (𝑚𝐻20 · 𝑐𝐻20 + 𝐶)(𝑇𝑒𝑞 − 𝑇𝐻2𝑂)

= (860𝑔 · 4.1813
𝐽

𝑔 · º𝐶
+ 176.45

𝐽

º𝐶
) (31.82 − 24.86)º𝐶 = 26255.68𝐽 

Then, the final result is: 𝑄𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑2 = 26255.68  𝐽 
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4.3.5.3. Reaction enthalpy of the metal hydride (∆𝑯) 

Once the heat released by the chemical reaction is calculated, it is necessary 

to transform it into a reaction enthalpy, so that it can be compared with the 

values reviewed on the literature. 

Firstly, the number of H2 moles needs to be obtained using the next equation: 

𝑛𝐻2 =
𝑚𝐻2

𝑀𝐻2
 (53) 

Where 𝑀𝐻2 = 2 · 10
−3 𝑘𝑔/𝑚𝑜𝑙 and 𝑚𝐻2 changes for each of the experiments, as 

the first attempt was performed in much less time than the second, and so 

𝑛𝐻21 = 2.49 𝑚𝑜𝑙 𝐻2 and 𝑛𝐻22 = 3.56 𝑚𝑜𝑙 𝐻2 

This way, the reaction enthalpy can be calculated as: 

Δ𝐻 =
𝑄𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑑
𝑛𝐻2

 (54) 

And finally, values of Δ𝐻1 = 8421 𝐽/𝑚𝑜𝑙  and of Δ𝐻2 = 7381 𝐽/𝑚𝑜𝑙  are obtained. 

The arithmetic mean is Δ𝐻 = 7901 𝐽/𝑚𝑜𝑙 

 

Table 20 Summary of reaction enthalpies 

Reaction enthalpy of unknown 

metal hydride (J/mol) 

7901 

Reaction enthalpies of most used 

metal hydrides (J/mol) 

LaNi5 29879 

MmNi4.6Al0.4 28000 

Mg2Ni 63336 

Ti1.1CrMn 14390 

MnNi4.6Fe0.4 21000 

ZrCo 18000 

 

Analyzing the results from Table 20 it can be determined that the experimental 

value that has been obtained does not correspond to any of the metals from the 

list which can imply several things. 

First, it has to be taken into account that the bottle needs some specific 

conditions to work in an efficient way, that is to say that, the cooler the bottle is, 

more hydrogen flow will enter the bottle and more hydrogen will be stored 
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inside. The problem is that while performing the calorimetry the bottle is placed 

in a supposedly adiabatic container filled with water that is being continuously 

heated by the bottle itself, which means that the bottle will be hot and the 

hydrogen mass flow entering the canister will be noticeably reduced. 

Another condition that should be beard in mind is that the bottle was charged 

vertically inside the calorimeter but the manufacturer recommends charging the 

containers in a horizontal way to take the maximum profit of the metal inside 

and store the maximum amount of hydrogen as possible. 

All these reasons joined with the fact that the metal inside is completely 

unknown and therefore it could be any metal hydride that there is in the market 

and not only the ones represented in the list, have defined the experiment as 

inconclusive and so the simulations will be adjusted to the experimental data 

through parametric studies of the parameters with a major influence (section 

3.7.2.). 
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CHAPTER 5:  

EXPERIMENTAL MODEL 

VALIDATION AND STATE 

OF CHARGE ESTIMATOR  

5.1. Final computational simulation results 

In this section of the project the final results obtained through a FEA will be 

explained. The steps followed in order to achieve these final results are explained 

throughout chapter 3 and also in Appendix A. 

As said in previous sections, the main differences between the model 

implemented in section 3.5.1 and the final model, are the geometry, as well as 

the features that come with it, for example the mesh, and also the material 

properties (both explained in sections 3.3.4 and3.3.5). 

In order to get an approach to the metal inside the bottle some parametric 

studies have been performed (as explained in section 3.7) and the parameters 

with a major influence have been determined to be: 

- ℎ = 10 𝑊/(𝑚2𝐾) 

- 𝐶𝑎 = 2𝑠
−1 

- 𝐸𝑎 = 27200 𝐽/𝑚𝑜𝑙 

 

All in all, the parameters used in the final simulation are detailed in Table 21. 
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Table 21 Parameters used in the final simulation 

Parameter Designation Value 

Dynamic viscosity of hydrogen 𝜇 8.411 · 10−6 [𝑃𝑎 · 𝑠] 

Porosity 𝜀 0.63 

Permeability of the metal hydride 𝐾 1 · 10−8 [𝑚2] 

Thermal conductivity of hydrogen 𝑘𝑔  0.1672 [𝑊/(𝑚 · 𝐾)] 

Thermal conductivity of the metal 𝑘𝑚  3.18 [𝑊/(𝑚 · 𝐾)] 

Empty metal hydride density 𝜌𝑒𝑚𝑝
𝑚  4200 [𝑘𝑔/𝑚3] 

Saturated metal hydride density 𝜌𝑠𝑎𝑡
𝑚  4264 [𝑘𝑔/𝑚3] 

Hydrogen heat capacity 𝑐𝑝
𝑔

 14.89 [𝑘𝐽/(𝑘𝑔 · 𝐾)] 

Metal heat capacity 𝑐𝑝
𝑚  0.419 [𝑘𝐽/(𝑘𝑔 · 𝐾)] 

Universal gas constant 𝑅 8.314 [𝐽/(𝑚𝑜𝑙 · 𝐾)] 

Molar weight of the metal 𝑀𝑚  432 [𝑔/𝑚𝑜𝑙] 

Molar weight of H2 𝑀𝐻2 2 [𝑘𝑔/𝑘𝑚𝑜𝑙] 

Atmospheric pressure 𝑝𝑎𝑡𝑚 1 [𝑏𝑎𝑟] 

Reference pressure 𝑝𝑟𝑒𝑓  10 [𝑏𝑎𝑟] 

Reference temperature 𝑇𝑟𝑒𝑓  297 [𝐾] 

Inlet pressure 𝑝𝑖𝑛 6.5 [𝑏𝑎𝑟] 

Ambient temperature 𝑇𝑎𝑚𝑏  296 [𝐾] 

Hydrogen absorption constant 𝐶𝑎  2 [𝑠−1] 

Hydrogen activation energy 𝐸𝑎 27200 [𝐽/𝑚𝑜𝑙] 

Reaction enthalpy ∆𝐻 29879 [𝐽/𝑚𝑜𝑙] 

Reaction entropy ∆𝑆 108 [𝐽/(𝑚𝑜𝑙 · 𝐾)] 

Saturated hydrogen to metal ratio (
𝐻

𝑀
)
𝑠𝑎𝑡

 6.5 

Convection coefficient ℎ 10 [𝑊/(𝑚2 · 𝐾)] 

5.1.1. Temperature 

Regarding temperature, the plot (Fig. 58) is very similar but quite different to the 

one obtained in section 3.5.1 using the cylindrical geometry and LaNi5 as the 

metal. The first noticeable difference is the time scale. Whilst for the cylindrical 

geometry, the charging simulation time was around 25 minutes, for the real 

process with the new conditions; the charging simulation time is around 3h. 

It can be observed that the curve is much softer and also that the temperature 

peak is lower in comparison with the other plot, and this is basically because of 

the bigger size of the bottle, but mainly due to the material parameters that 

have been adjusted to match experimental data, as will be seen in section 5.3. 
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The next figure (Fig. 59) shows the temperature evolution contours in half a 

cross-section of the bottle. While temperature in the expansion region remains 

almost unchanged from the initial temperature, the temperature in the porous 

metal hydride canister increases during the first 15 minutes. This is mainly due 

to the absorption reaction rate that is driven by the availability of void spaces for 

hydrogen absorption. 

As time goes by the bottle area near the wall is being cooled down to the outside 

coolant temperature, which implies that the metal hydride near the wall is nearly 

saturated and the absorption reaction has slowed down there. The core region of 

the bottle still has a higher temperature which means that the absorption 

reaction is still ongoing at a much higher rate in that region. 

Eventually the whole bottle will be saturated with hydrogen and also cooled down 

to the outside coolant temperature. 

 

 

Fig. 58 Temperature inside the bottle over time. Point located 

r=20mm, z=80mm 
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Time=1s Time=10s Time=300s 

Time=1200s Time=10800s 

Fig. 59 Temperature profiles in half of a cross-section of the hydrogen storage 

vessel at 1s, 10s, 300s, 1200s and 10800s 
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5.1.2. Metal hydride density 

In the next plot (Fig. 61) it can be seen the metal hydride density evolution over 

time. As well as on the other geometry, the first minutes the density increases 

with a significant slope but then the evolution becomes more gradual. This also 

confirms that the charging process is much slower in comparison, because the 

density has not achieved the saturation value, which means that the bottle is not 

completely full with hydrogen. 

Fig. 60 Temperature Distribution inside the bottle. Time=10800s 

Fig. 61 Metal hydride density over time. Point located r=0, z=0 
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5.2. Experimental results 

As explained on the previous chapter, an experimental setup has been planned in 

order to validate the computational simulations with real data. The purpose is not 

to match exactly the values that are obtained with both methods but to be able 

to get the same tendency and the same orders of magnitude. 

Different experiments have been performed, modifying some external 

parameters and using either bottle 1 or bottle 2, as will be seen below. 

5.2.1. Working conditions 

Firstly, it has to be taken into account that the two available metal hydride 

bottles are the same, but have been used for different purposes in the past and 

so the wear they have is different. Consequently, the results may vary from one 

another. 

Charging pressure has not been modified throughout the experiments and has 

been kept at 6.5 bars, as it is the pressure that the hydrogen line installed on the 

Fuel Cells lab allows. As a future work, it would be interesting to charge at higher 

pressures, as the manufacturer of the metal hydride bottles recommends a 

charging pressure of 30 bars, but in the development of this project it has not 

been possible. 

Exterior temperature is contingent by atmospheric conditions, and taking into 

account that the experiments have been performed during the months of April 

and May. 

As has been said before, charge and discharge rates vary with temperature. This 

means that the cooler is the bottle while charging the more mass flow of 

hydrogen will enter the bottle and therefore faster it will get full of hydrogen. The 

opposite thing happens while discharging. The hotter the bottle is, the easier it is 

to release hydrogen (because the activation energy barrier is more rapidly 

overcame). For this purpose, a fan/heater has been added to the mixture, and 

different flows and temperatures have been tried out. 

Finally, two different discharging procedures have been experimented. The first 

and easiest is to keep the purge valve closed and let the hydrogen go out only by 

one outlet. The other process is using the automatic valve as a purging method 

and control the recovery pressure. 

Also it needs to be mentioned that the first thing that was done when the 

experimental set-up was prepared was a leakage test using nitrogen in order to 

identify the bigger leaks, and finally using hydrogen. It was used nitrogen first 

because it is not dangerous, and when the leaks were fixed, hydrogen leakage 

was tested. The hydrogen molecule is smaller than the nitrogen molecule, so 

some micro-leaks were detected and fixed. 

Although hydrogen is more dangerous, the laboratory environment was never 

put in risk, as it has a gas detector that turns on an alarm and an extractor, in 

order to keep the ambient air safe and clean. 
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5.2.2. Charge experiments 

 

A. Without forced convection 

As a brief summary of this experience, the bottle used was MHS_01 and 77 liters 

were stored in 6 hours, without using any fan to cool the bottle. The maximum 

temperature achieved (on the control points) was 41ºC. 

Temperature 

 

 

Temperature is being monitored in two different points on the surface of the 

bottle. T1 is located 5 cm from the bottom of the bottle and T2 is situated 32 cm 

from the bottom, which means that each of the thermocouples is located in one 

extreme of the bottle. 

As predicted, temperature experiences a sharp increase, up to values of 41ºC 

and 36ºC respectively, as the chemical reaction is taking place, and then 

temperature decreases due to the convection with exterior air in this case really 

slowly as the convection is not forced. 

 

  

Fig. 62 T1 (z=5cm) and T2 (z=32cm) without forced convection during charge 
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Mass Flow 

 

As expected, the initial hydrogen mass flow is high, probably at a value above 

5slpm but it could not be registered as the limit of the MFC implemented was 

5slpm. Anyway, this mass flow rapidly decreases until it stabilizes at a value 

about 0.2nlpm. At the end of the plot there are some deviations as the MFC used 

achieved its lower limit. 

 

Stored liters 

As suspected, first the bottle is filled with hydrogen very fast, as the mass flow 

entering the container is high, and when the hydrogen rate slows down, the 

bottle is filled slower, in this case achieving 77nl of hydrogen stored inside, as 

depicted in Fig. 64. 

 

 

Fig. 63 Hydrogen Mass flow without forced convection during charge 
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B. Forced convection 

 

As said before, air convection has been forced using a fan and conducing the air 

through a pipe wrapping the metal hydride bottle, as shown in Fig. 65.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 65 Metal hydride bottle with forced convection system 

Fig. 64 Stored liters without forced convection 
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Temperature 

 

In the previous graph (Fig. 66), temperature evolution along the surface of the 

metal hydride bottles is shown. The bottles were charged individually, and 

temperature was monitored on the same points as before. T1 is located on the 

same point as T3 (but in different bottles), and T2 is located on the same point 

as T4 (but in different bottles). 

Both bottles have the same behavior, but the temperature values do not match 

exactly because the bottles have been used previously in different ways, and 

have different levels of wear. 

In comparison with the temperature evolution without forced convection, there 

are small changes by means of a lower temperature peak which is due to the 

forced convection itself. 

  

Fig. 66 T1, T2 (z=5cm) and T3, T4 (z=32cm) with forced convection during 

charge 
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Mass flow 

 

This plot (Fig. 67) shows the hydrogen mass flow that is entering the bottle, over 

time. As said in the section before, the MFC used before achieved its lower limit 

in that experiment, so in this occasion the MFC was changed for another one 

which range varies from 0 to 1.5nlpm. Using this MFC the initial peak information 

is lost but the stabilized value of mass flow can be registered correctly. 

As expected, when decreasing the bottle temperature (by creating a forced 

convection), the canister allows more hydrogen flow go inside it, which can be 

seen by the softening of the slope of the curve and also by the value of stabilized 

mass flow, which is around 0.3nlpm instead of 0.2nlpm obtained without forced 

convection. 

 

Stored liters 

As predicted, applying forced convection the metal hydride bottles can be filled 

with more hydrogen. Whilst in the previous section the bottles were filled with 

77nl of hydrogen, charging the bottle during 6h; now the bottles can be filled 

with 122nl and 115nl respectively charging the bottles during less time (5h 

30min approximately), as shown in Fig. 68. 

  

Fig. 67 Hydrogen mass flow with forced convection during charge 
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5.2.3. Discharge experiments 

 

A. Without purges and without heat 

In this experiment bottle MHS_01 was used and temperature was monitored on 

the same points as before. The automatic valve was closed which means that no 

purges were occurring. 

This experiment went on all day and all night in order to get the bottle as empty 

as possible. 

Temperature 

As expected temperature decreases (Fig. 69) as hydrogen is being extracted 

from the bottle (as the reaction is endothermic) and then the temperature 

gradually increases in to match exterior temperature levels. 

As in charge process, the more extreme conditions occur where the T1 

thermocouple is located (5 cm from the bottom of the bottle). 

 

 

 

 

  

Fig. 68 Stored liters with forced convection 



METAL HYDRIDE STATE OF CHARGE ESTIMATOR: 

 Development and experimental validation of the hydrogen storage system model 

 - 91 - 

 

Mass flow 

 

As in the charge process, there is a sharp rise at the beginning of the process but 

it rapidly stabilizes and settles down at a low hydrogen mass flow. 

Fig. 69 T1 (z=5cm) and T2 (z=32cm) without purges and without 

heat during discharge 

Fig. 70 Hydrogen mass flow without purges and without heat during discharge 
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Released liters 

 

As can be seen, the released liters plot matches the hydrogen mass flow 

behavior. For a short period of time at the beginning, the bottle is rapidly being 

emptied but then the process slows down, until it gets to the final value of 158nl 

released. 

 

B. Without purges and with heat 

During this occasion, heat was applied with a heater, driving the heat through a 

pipe and wrapping the metal hydride bottle. The temperature of the heater was 

set to 70ºC. 

Temperature 

Obviously, the temperature evolution is completely different in Fig. 72, as a 

temperature of 70ºC is being applied directly on the surface of the bottle. So, the 

temperature increases fast until it reaches equilibrium. The chemical reaction 

keeps lowering the temperature and the heater keeps increasing it, so 

temperature remains almost constant. At the end, the chemical reaction is 

almost completed and that is why the power of the heater becomes greater than 

the metal hydride reaction and temperature increases again. 

 

 

 

 

Fig. 71 Released liters without purges and without heat 



METAL HYDRIDE STATE OF CHARGE ESTIMATOR: 

 Development and experimental validation of the hydrogen storage system model 

 - 93 - 

Mass flow 

As for the hydrogen mass flow it changes completely with and without applying 

heat. As can be seen in Fig. 73, the higher temperature allows more hydrogen to 

be released, as the chemical reaction is endothermic and needs energy to 

proceed. The mass flow is kept at a relatively high level almost during the whole 

experiment, and finally it drops as there is a low amount of hydrogen inside the 

bottle and it is more difficult to get it out. 

Fig. 72 T1 (z=5cm) and T2 (z=32cm) without purges and with heat during 

charge 

Fig. 73 Hydrogen mass flow without purges and with heat during discharge 
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Released liters 

Looking together the mass flow and released liters plots, it can be found a clear 

dependency, as the released liters are the integral of the mass flow. Mass flow 

remains almost constant and so the released liters grow linearly and finally when 

mass flow drops the released hydrogen liters remain constant. 

 

C. With purges and without heat 

Finally, there is an attempt on cyclically opening and closing the solenoid, 

simulating the PEM’s purges. 

The purges are programmed with LabVIEW to happen during 500ms in periods of 

10s. The problem comes when all the information occurring during the purge 

wants to be saved. As said in previous sections, during a purge the pressure will 

drop and when the purge finishes, the pressure will start a recovery process until 

it reaches the initial pressure the system had, if it is possible. 

If the purge occurs during 500ms (which is the case of the H-100 PEMFC) and 

the program implemented saves data every 2s, the pressure recovery curve will 

not be correctly registered. 

To draw correctly the pressure curve, the program would need to save the data 

every a really short amount of time, to have a reasonable amount of points to 

build the curve, which is beyond the myRIO capability. 

Instead of trying to save all the data, an oscilloscope was connected both to the 

solenoid and to the low pressure sensors, to give an idea of the shape of the 

curve. 

 

Fig. 74 Released liters without purges and with heat 
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In this first image, there is a close snap of the purge (lower line) and above it 

the low pressure behavior. To put some numbers into this plot, at the beginning 

the pressure remains constant at a value around 0.6bars (as the FPR makes sure 

of that), and when the purge occurs the pressure drops to a value around 

0.12bars. The pressure recovery time is around 100ms. 

 

Fig. 75 Oscilloscope image of a purge. First instant 

Fig. 76 Oscilloscope image of purges (12min of discharge) 
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A few minutes later, the oscilloscope shows these curves. As can be seen, the 

scale has been modified and every grid cell corresponds to 1s of time. The purge 

occurs and there is a pressure drop which is deeper than in the previous image 

because the bottle is emptier and it has a lower pressure, and the tendency then 

is for the pressure to try to match atmospheric pressure, as the outlet is open to 

the atmosphere. It can be also noticed that the recovery time is longer around 

1.5s because there is less hydrogen inside the bottle. 

 

Finally, as seen in the picture before, the pressure recovery curve softens a little 

bit more and therefore the bottle needs more time to achieve the pressure it had 

before, as there is less hydrogen left inside the canister. 

5.3. Experimental model validation 

As said throughout the whole project but especially in chapters 3, 4 and 5 a 

computational simulation as well as some experiments have been developed and 

performed. In this final section of the research process the FEA analysis has to 

be validated with the experimental tests and determine if the model is a good 

approximation of the reality of storing hydrogen as an absorbed element inside 

metal hydride containers. 

It has to be taken into consideration that the material inside the bottles is still 

unknown and so it is very difficult to match exactly the same values of the 

studied magnitudes, but it is expected and quite mandatory to obtain the same 

tendencies as the phenomenon is correctly implemented and explained in detail 

in the previous chapters. 

It is also necessary to mention that the COMSOL simulation allows the user to 

obtain data from any of the variables inside the model, but the experimental set-

Fig. 77 Oscilloscope image of purges (17min of discharge) 
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up has limited sensors that acquire certain data, so not all the results obtained 

through the numerical method can be compared with experimental data. 

5.3.1. Temperature 

In Fig. 78 a comparison between simulation results and experimental data can be 

observed for both forced convection and without forced convection cases. 

The numerical method results are plotted in solid lines and have different 

convection coefficients, simulating ambient air convection (ℎ = 5𝑊/(𝑚2𝐾)) and 

forced convection of air applied on the surface of the bottle (ℎ = 10𝑊/(𝑚2𝐾)). 

The experimental results are represented in asterisk shaped dots being the black 

ones the result of driving the fan’s air through the pipe which is wrapping the 

bottle and the red leaving the bottles in contact with ambient air. 

As can be seen, the experimental and simulation results match closely having 

small deviations mostly for the case without forced convection which is 

completely understandable given the lack of information about the material’s 

properties. 

Focusing on the forced convection case (green line and black asterisks) it can be 

determined that the numerical method model is able to explain faithfully the 

evolution of surface temperature on the bottle, as the experimental results 

coincide with the simulation curve including the shape of the curve, the 

temperature peak and the most important thing, the tendency. 

  

Fig. 78 Experimental validation of temperature with and without 

forced convection in a point located r=20, z=80 
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5.3.2. Hydrogen mass flow 

In Fig. 79 a comparison between experimental and simulation results based on 

the hydrogen mass flow can be observed, taking into account the same criteria 

as in the previous plot (solid lines are simulation results and asterisk shaped dots 

correspond to experimental data). 

 

In order to obtain the hydrogen mass flow on the COMSOL simulations some 

calculus has been done in order to adapt the mass source term (𝑆𝑚  [𝑘𝑔/(𝑚
2𝑠)]) to 

the desired units of mass flow [𝑘𝑔/𝑠]. 

That being said, it can be observed that the simulation results match almost 

perfectly the experimental data. The main differences are located on the 

hydrogen mass flow peak and have an easy explanation.  

As said in Chapter 4, the first experiments (without forced convection) were 

performed using a MFC with a range that went from 0 to 5nlpm, so the maximum 

mass flow that it is capable to acquire is 5nlpm. So it is impossible for the 

acquisition system to register a higher mass flow regardless of the real hydrogen 

mass flow that was entering the bottle. 

As for the other case (with forced convection), the experiments were performed 

using a MFC with a range that went from 0 to 1.5nlpm, so the hydrogen mass 

flow in the first instants was limited to 1.5nlpm, but when it decreases all the 

data is perfectly acquired and, as observed, matches with the simulation results. 

  

Fig. 79 Experimental validation of hydrogen mass flow with and 

without forced convection in a point located r=0, z=273 
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5.3.3. Stored liters 

In Fig. 80 there can be seen a comparison between simulation results and 

experimental data regarding the amount of normal liters stored inside the metal 

hydride bottle. Again, the same criteria has been used, solid lines correspond to 

simulation results and asterisk shaped dots are experimental data. 

 

In order to obtain the stored normal liters of hydrogen on the COMSOL 

simulations some calculus has been done in order to adapt the density values 

[𝑘𝑔/𝑚3] to the desired capacity units, including the volume of the bottle. 

It has to be considered that the useful volume is not the whole volume of the 

bottle, that is to say, not the entire volume of the container is filled with metal. It 

has been considered that the effective volume is around 65% of the bottle 

volume.  

This percentage has been applied as the real metal hydride bottles have been 

used several times before and have some wear and also because the metal does 

not fulfill the whole extension of the bottle. 

Having said that, it can be observed that the experimental and simulation results 

match closely when forced convection is applied but not as closely when the 

bottle is open to ambient air. These deviations, mostly at the end, denote that 

the real metal hydride canister would take considerably more time to reach a 

certain amount of hydrogen stored. These differences may be explained by the 

wear of the bottle which becomes more noticeable when charging conditions are 

unfavorable. There are fewer spaces available because of the wear of the bottle 

but these spaces are even harder to fill because of the poor charging conditions. 

Fig. 80 Experimental validation of stored normal liters with and 

without forced convection in a point located r=0, z=0 
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5.4. State of charge estimator 

As said in the introduction and objectives, this project is only the first part of a 

bigger project, which is to be able to create a state of charge estimator in order 

to determine the amount of hydrogen left inside the metal hydride bottle at any 

time. In this section, a suggestion based on the experiments performed will be 

presented. 

Focusing on the pressure behavior shown in section 5.2.3.C, it can be deduced 

that the amount of hydrogen left on the bottle will have a great effect on the 

time that will take the bottle to recover the original pressure, being it impossible 

at some point to restore it completely. 

Regarding the experimental set-up, during discharge of hydrogen from the metal 

hydride bottle, the pressure at the inlet of the fuel cell is kept constant with a 

forward pressure regulator (FPR) at a value of 0.5 bars. When a purge occurs, 

that is while the automatic valve of the experiment is open, this pressure will 

drop.  Once the purge is over and so the automatic valve is closed again, the 

system will return to its original configuration. The pressure will start a recovery 

process to return to the initial value of 0.5 bars. This pressure recovery will take 

some time which is the recovery time (tR). 

It is expected that the less amount of hydrogen left in the bottle, the more it will 

take to restore the system pressure and therefore the greater will be the 

recovery time, as seen on the pictures on section 5.2.3.C. 

As a result it is hoped to be able to generate a graph like the one shown below 

(Fig. 81) and find a relation between recovery time (tRi), amount of hydrogen left 

in the bottle, bottle temperature, current draw by the fuel cell and both charge 

and discharge pressures. 

𝑡𝑅 = 𝑓(𝐻2 , 𝑇𝑏 , 𝐼𝐹𝐶 , 𝑝1, 𝑝2) 

 

Fig. 81 Evolution of discharge pressure (p2) over time 
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Some tests behind this idea have been performed as the ones shown in section 

5.2.3.C, but it has not been possible to acquire all the required experimental 

information yet given the speed at which the purges occur and the limitations in 

the acquisition system. 

Further experiments and analysis will be performed beyond this project and 

continuing with the suggestion presented in this section in order to conceive an 

algorithm that relates all the before mentioned variables with the amount of 

hydrogen left in the bottle at any time given, and so create the state of charge 

estimator. 
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CONCLUSIONS 

A mathematical model, which rigorously accounts for the principles of mass, 

momentum and energy conservation and absorption kinetics, has been 

developed to simulate the hydrogen absorption process in a metal hydride tank, 

and the effects of operating conditions, including the cooling level by considering 

different heat transfer coefficients between the bottle and the surrounding 

environment have been numerically simulated. 

First, the validity of this model was tested by comparison with other author’s 

published work, achieving a good agreement between all the data. 

This model was then adapted to match the real laboratory conditions, by means 

of adjusting the bottle shape and size, diminishing the heat transfer coefficient 

between the container and the surrounding air and also modifying the metal 

properties. 

In addition, an experimental setup was designed, assembled and controlled 

implementing a data acquisition system using a myRIO device and programming 

the whole control structure on LabVIEW, in order to obtain the required 

experimental data to validate the numerical model. Besides the necessary 

validation charge tests, other experiments such as, hydrogen discharging from 

the bottles at different conditions and purge control desorption experiments have 

been also performed. 

Due to the lack of information of the metal accommodated inside the bottle, 

some simulations and tests were made to shed some light on the subject. A 

calorimetry was performed in order to find out the reaction enthalpy of the metal 

and then, try to identify it. But, because of the nature of the process itself the 

results were inconclusive. In parallel, some parametric simulations have been 

performed in order to elucidate the major influence parameters and be able to 

modify them so as to match experimental data. These parameters have turned 

up to be the absorption rate constant and the activation energy, which have a 

good agreement with experimental data when they are 𝐶𝑎 = 2𝑠
−1 and 𝐸𝑎 =

27200 𝐽/𝑚𝑜𝑙. 

Finally, as this work is part of a bigger project which objective is to create a state 

of charge estimator in order to determine the amount of hydrogen left inside the 

metal hydride bottle at any time, a suggestion on how to do so, based on the 

experiments performed has been presented as well. 
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APPENDIX A:  

COMSOL MULTIPHYSICS 

MODEL 

The developed model was implemented and 

solved in COMSOL Multiphysics, version 4.3a, an 

interactive environment for modeling and solving 

all kinds of scientific and engineering problems 

based on partial differential equations. The 

software uses the finite element method (FEM) for 

solving the implemented model. The modeling 

process follows the typical FEM simulation steps, 

shown in Fig. 1.  

This chapter demonstrates the multiphysics 

modeling of a metal hydride based hydrogen 

storage system.  

 

A.1. Modeling preparations 

The first step is to select the space dimension 

from the model wizard. The options are 3D, 2D 

axisymmetric, 2D, 1D axisymmetric, 1D and 0D. 

As said several times, it has been taken 

advantage of the symmetrical appearance of the 

bottle and so, 2D axisymmetric has been selected. 

The next step is to decide the Physics that will be 

used to solve the problem.  

Fig. 1 FEM simulation steps 
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In the following table there is a detail of the selected modules and application 

modes implemented in the model. 

Table 1 Modules and application modes in COMSOL 

Purpose Module Application mode 

Energy conservation 
Heat 

Transfer 
Heat Transfer in Fluids (ht) 

Fluid flow in porous 

media 
Fluid Flow 

Porous Media and Subsurface Flow. 

 Brinkman Equations (br) 

Mass source term Mathematics 
ODE and DAE Interfaces. 

 Domain ODEs and DAEs (dode) 

 

Finally, it has to be selected the study type, being it stationary or Time 

Dependent. The proposed problem has an evolution over time, so it has to be 

chosen a Time Dependent study. 

Once all the basic definitions have been selected on the Model Wizard they will 

automatically be added to the Model Builder tab. 

After the application modes have been defined and added, the software 

automatically enables the graphical user interface (GUI), where the following 

steps of the modeling process will be performed. 

The input parameters and model constants are defined in Model Builder under 

Global definitions > Parameters (click right mouse button on Global definitions 

and add Parameters), according to Table 2. Defining material coefficients and 

factors as constants on the Parameters list simplifies model specification and 

modification, because the parameter values can easily be changed in the list of 

constants for the whole model. The constants can be typed in by hand or loaded 

from a text file. 

Table 2 List of parameters used 

Name Expression Description 

mu 8.411e-6[Pa*s] Dynamic viscosity of H2 

epsilon 0,63 Metal hydride porosity 

K 1e-8[m^2] Permeability 

kg 0.1672[W/m/K] Thermal conductivity H2 

km 3.18[W/m/K] Thermal conductivity metal 

rho_metal_empty 4200[kg/m^3] Metal hydride density without H2 

rho_metal_sat 4264[kg/m^3] Metal hydride density full of H2 

cpg 14.89[kJ/kg/K] Heat capacity of H2 

cpm 0.419[kJ/kg/K] Heat capacity of the metal 

R 8.314[J/mol/K] Universal gas constant 

M_metal 432[g/mol] Molecular weight of the metal 

M_H 1[kg/kmol] Molecular weight of H 
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M_H2 2[kg/kmol] Molecular weight of H2 

p_atm 1[bar] Atmospheric pressure 

p_ref 10[bar] Reference pressure 

T_ref 297[K] Reference temperature 

p_in 6.5[bar] Inlet pressure 

T_amb 296[K] Ambient temperature 

Ca 2[1/s] Absorption rate constant 

Ea 27200[J/mol] Activation energy 

delta_H 29879[J/mol] Reaction enthalpy 

delta_S 108[J/mol/K] Entropy 

H_M_sat 6,5 Metal to hydrogen saturation ratio 

hht 10[W/m^2/K] Convection coefficient 

 

A.2. Preprocessing 

The preprocessing is done under the Model tab, on the Model Builder, and 

includes the definition of variables, the geometry specification, the subdomains 

and boundary settings and the mesh generation. 

A.2.1. Variable definition 

Variables can be defined the same way as parameters, but the difference is that 

they are not constant and are being continuously modified depending on the 

variables solved by the added application modes.  

In this category the source terms are defined, as well as the equilibrium pressure 

and the hydrogen to metal rate, as seen in Table 3. 

The variables tab can be added the same way as the parameters one before. 

Model > Definitions >Variables. 

Table 3 List of variables used 

Name Expression Description 

Sm Ca*exp(-Ea/R/T)*log((p+p_atm)/p_eq)*(rho_metal_sat-rho_metal) 
Mass source 
term 

ST Sm*(delta_H/M_H2-T*(cpg-cpm)) 
Energy source 
term 

p_eq (p_ref+p_atm)*exp((-delta_H/R)*((1/T)-(1/T_ref))) 
Equilibrium 
pressure 

p_ref 
(-0.34863+10.1059*H_M-14.2442*(H_M)^2+10.3535*(H_M)^3-
4.20646*(H_M)^4+0.962371*(H_M)^5-
0.115468*(H_M)^6+0.00563776*(H_M)^7)[bar] 

Reference 
equilibrium 
pressure 

H_M (2*(rho_metal-rho_metal_empty)/M_H2)/(rho_metal_empty/M_metal) 
Hydrogen to 
metal ratio 
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A.2.2. Geometry modeling 

As explained in section 3.3.4 of the project, firstly a rectangle was drawn so a 

cylinder can be modeled, but finally the real geometry of the metal hydride 

bottles was implemented. 

To obtain that final geometry some measures of the bottle were taken and a 3D 

solid was created on SolidWorks. Then it was exported to an IGES format in 

order to obtain the boundaries and domains desired. 

The geometry was then imported into COMSOL by clicking right mouse button on 

Geometry and adding the tab Import. It is really important to check if the length 

units are correct or not (under the Geometry tab). The units are set on 

millimeters. 

As explained on the project, the geometry has three domains. The first domain is 

a long rectangle which contains the metal, and the other two domains are the 

buffer, where hydrogen is accumulated before it is absorbed by the metal. The 

buffer is composed by a quarter of a circle and an attached rectangle, as can be 

seen in Fig. 2. 

 

  

Fig. 2 Geometry definition 
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A.2.3. Material definition 

In this section both fluid and solid materials should be defined. COMSOL has a 

large Material Library, containing all the material properties and so the user does 

not have to introduce them manually into the program.  

As discussed during the project, there is no information available on which metal 

is inside the bottle so the solid material properties will be defined as parameters, 

allowing the user to change them in order to achieve a closer match to the 

experimental data. 

Nevertheless, the fluid material is widely known as it is the whole purpose of the 

project, and it is already on the COMSOL Material Library. To add a material, 

click Materials > Open Material Browser and then select Hydrogen and add it to 

the model. 

A.2.4. Physics’ settings 

 

A.2.4.1. Heat Transfer in Fluids (ht) 

The first step is to select the domains in which the module will be applied; in this 

case the three of them will be affected by the Heat Transfer in Fluids mode. 

Apart from the Domain selection, there are other settings that can be modified. 

The Equation dropdown menu shows the equation that the program will solve in 

that module and in this case it has to be selected Time Dependent. 

Next, there is the Physical Model dropdown menu in which it is important to 

check the box Heat transfer in porous media as the metal hydride is a porous 

region, and select the Porous matrix model as Standard. 

The last dropdown menu is Dependent Variables which informs the user about 

the nomenclature the program is using for the variables in this module. 

Under these conditions, some tabs have been added referring to domain and 

boundary conditions to the Heat Transfer in Fluids tab on the Model Builder. 

 Heat Transfer in Fluids 

This domain condition will be applied on the three domains, under Domain 

Selection. 

Regarding Model Inputs it is important to select the inputs of the variables as a 

function of the other modules, as shown in Fig. 3. 
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In the dropdown menu regarding Heat Conduction the Thermal conductivity is 

set as a user defined variable and writing kg, as is the thermal conductivity of 

the gas defined on the Parameters list. 

The same thing happens with the Thermodynamics menu. The fluid is defined as 

an Ideal gas and all the other constants and variables are set as user defined and 

some parameters from the list are written on the gaps. 

 Axial Symmetry 

This condition is automatically generated when defining that the model is 2D 

asymmetrical. 

 Initial values 

In this case, the initial temperature of the three domains will be set, using the 

parameter T_ref. 

 Heat Flux 

A part from the default ones, 

more boundary conditions have 

to be set. To add more 

conditions it is necessary to 

click the right mouse button on 

the Heat Transfer in Fluids 

module and add Heat Flux. 

The Heat Flux condition will be 

used to simulate convection on 

the exterior walls of the bottle, 

as shown in Fig. 4. 

 

 

  

Fig. 4 Heat flux condition 

Fig. 3 Model inputs of Heat Transfer 
module 
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 Heat source 

In this system, the heat source is the heat generated by the bottle when 

hydrogen is reacting with the metal, because the reaction is exothermic. This 

heat generation is represented with the energy source term 𝑆𝑇, which will be 

implemented as a general source, and user defined. This condition is applied only 

on the first domain, as the metal is located there. 

- Porous Matrix 

This is a domain condition similar to the Heat Transfer in Fluids but it is referred 

to the solid porous parts of the problem, that is to say, the metal. 

Model Inputs are defined as a function of the other modules: Temperature (ht) 

and absolute pressure (br) adding p_atm as a reference pressure. 

Under the Immobile Solid menu it has to be defined the solid part of the porous 

matrix domain, which is 𝜃𝑝 = (1 − 𝑒𝑝𝑠𝑖𝑙𝑜𝑛). 

As before, the Heat Conduction and Thermodynamics menus will be user defined 

and some parameters of the list will be selected. 

- Temperature 

Finally, the temperature at the inlet is defined as T_amb. 

 

A.2.4.2. Brinkman Equations (br) 

As before, the first thing that has to be chosen is the domains where the module 

will be applied, and in this case it is applied in all the geometry as well. 

The study is Time Dependent and as the fluid is a gas, compressibility will be 

taken into account choosing Compressible flow (Ma<0.3) from the dropdown 

menu. It is also important to check the Neglect inertial term (Stokes-Brinkman) 

as has been explained in section 3.2.1. of the project. 

- Fluid and Matrix Properties 1 

This tab will be applied on Domain 1, that is to say, in the metal region of the 

bottle. As for the Model Inputs they have to be referred to the other modules 

that are being solved.  

Fluid Properties are the properties of the hydrogen that has been defined 

previously under the Materials tab. 

Finally, under the Porous Matrix Properties dropdown menu, the porosity and 

permeability defined in Parameters have to be included. 

- Axial symmetry 

This condition is automatically generated when defining that the model is 2D 

axisymmetric. 

- Wall 

The exterior boundaries are affected by this condition which implies no slip (𝒖 =

0). 

- Initial values 

Pressure and velocity are set to zero in all three domains.  
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- Inlet 

In this case, a part from the default ones, more boundary conditions have to be 

set as well as before. To add more conditions it is necessary to click the right 

mouse button on the Brinkman Equations module and add Inlet. 

Under Boundary selection the opening of the bottle is selected and a condition of 

Pressure, no viscous stress is applied. The idea is to increase the pressure at the 

inlet through a step and this way force the hydrogen to get inside the bottle and 

combine with the metal.  

In order to create the step it is necessary to right click Definitions under the 

Model tab and add Functions > Step. The step created will be the one specified in 

Fig. 5. 

Once the step is created, the inlet can be defined as: 𝑝0 = 𝑝𝑖𝑛 ∗ 𝑠𝑡𝑒𝑝(𝑡). 

- Mass source 

This condition will apply the mass source term to the metal hydride region and 

has to be defined as: 𝑄𝑏𝑟 = −𝑆𝑚. 

- Fluid and Matrix Properties 2 

Is the same condition as Fluid and Matrix Properties 1 but applied to the buffer 

region. The only things that change are the porosity of the porous region which 

will be defined as 1 (basically a void region) and the permeability which will be 

set to 1𝑒8 so that the hydrogen can flow very easily. 

  

Fig. 5 Step function definition 
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A.2.4.3. Domain ODEs and DAEs (dode) 

This module will solve the mass source 

term equation in order to obtain the 

metal hydride density in each instant so 

it will be applied on Domain 1. 

The other selections are the ones shown 

in Fig. 6, which indicate the units in 

which the dependent variable will have. 

And obviously the denomination of the 

variable that this module will determine, 

which in this case is rho_metal which is 

the metal hydride density. 

 

- Distributed ODE 

In this tab the Ordinary Differential 

Equation to solve will be defined. The 

final equation that will be solved is: 

(1 − 𝑒𝑝𝑠𝑖𝑙𝑜𝑛) ·
𝜕𝑟ℎ𝑜_𝑚𝑒𝑡𝑎𝑙

𝜕𝑡
= 𝑆𝑚 

- Initial values 

As this module is solving a differential equation it will need some initial values to 
begin to iterate and reach the value of rho_metal every time. 

The initial value for rho_metal is rho_metal_empty, and the initial time derivative 

of rho_metal is zero. 

A.2.5. Mesh generation 

The last step of the preprocessing is the mesh generation. As said on section 

3.3.4 of the body of the project, the straight parts will be meshed using a 

mapped mesh whilst the curved parts (Domain 2) will be meshed using free 

triangular elements. 

The mesh has been divided following these criteria because rectangular elements 

normally show a better convergence behavior that triangular shapes in straight 

sections, and therefore they also reduce the solution time. 

To generate this mesh it is necessary to right click Mesh and add Mapped. By 

doing this, two new tabs are added into the Model Builder. The first one allows 

the user to select the element size which will be calibrated for Fluids dynamics 

and set to Coarse. Next, on the Mapped tab the straight domains (1 and 3) will 

be selected. 

Fig. 6 Domain ODEs and DAEs specifications 
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Finally it has to be created the triangular shaped mesh, again by right clicking 

Mesh and adding Free triangular and the only thing left to do is select the 

remaining domain. 

A.3. Solution 

Since the equations of this problem are highly nonlinear, they have to be solved 

using an iterative procedure. The variables will be solved using a Direct solver 

with a Fully Coupled attribute feature with a maximum of 6 iterations. 

As said, it will be used a Direct Time Dependent solver to solve every linear 

system and the one chosen is MUMPS (MUltifrontal Massively Parallel sparse 

direct Solver). 

The relative tolerance for the solver to end is 10-3. 

All these options can be seen under the Study 1 tab on the Model Builder, right 

clicking the Step1: Time Dependent, which was selected at the beginning of the 

whole process, and selecting Show default solver. 

As said throughout the project, some studies have been carried out through a 

Parametric Sweep. This option can be added by right clicking Study 1 and adding 

a Parametric Sweep.  

Under the Study Settings dropdown menu, the parameter you want to be 

modified in each sweep can be selected. Within this project a lot of parameters 

have been selected, for example the convection coefficient or the activation 

energy. 

  

Fig. 7 Geometry with a detail of the mesh 
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A.4. Post-processing 

In order to analyze the results obtained from the computational simulation, 

COMSOL Multiphysics provides a great variety of post-processing and 

visualization tools. 

These tools are not limited to predefined quantities and therefore any expression 

that combines user-defined variables, application mode variables, standard 

variables, mathematical and logical functions or numbers can be entered in the 

Expression field of any post-processing tool, which are accessible through the 

Results tab. 

Also more than one expression or variable can be visualized within one plot by 

combining different plot types and also cross-section plots and 3D plots are 

available, as well as numerical averages or integrals can be calculated. 

The post-processing tools help to analyze and validate the obtained simulation 

results, which is the most important part of a computational simulation. (Strahl, 

2007). 
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APPENDIX B:  

EXPERIMENTAL 

CONNECTION DIAGRAM 
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APPENDIX C:  

LABVIEW PROGRAM 
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PART 1:  

BUDGET BROKEN DOWN 

INTO SECTIONS 

This first part of the budget presented is divided on the following sections: 

 Hydrogen storage system 

 Calorimeter 

 Valves and piping 

 Data acquisition system 

 Sensors and actuators 

 Electronics 

 Gases 

 Support structures 

 Computer and software 

 Professional fees 

1.1. Hydrogen storage system 

Units  Unit cost Total cost 

2 
MHS-225. Metal Hydride Storage Tank with 225sl 

of Hydrogen storage capacity. 
950.00 € 1900.00 € 

2 Adapter with outage tube 33.00 € 66.00 € 

   1966.00 € 
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1.2. Calorimeter 

Units  
Unit 

cost 

Total 

cost 

1 1m of PVC pipe, diameter 110mm 6.00 € 6.00 € 

1 1m of PVC pipe, diameter 75mm 3.27 € 3.27 € 

1 Threaded lid, diameter 110mm 1.12 € 1.12 € 

1 Threaded lid, diameter 75mm 1.36 € 1.36 € 

1 Not threaded lid, diameter 110mm 2.46 € 2.46 € 

1 Not threaded lid, diameter 75mm 0.73 € 0.73 € 

1 Elastomeric foam insulation 5.32 € 5.32 € 

   20.26 € 

1.3. Valves and piping 

1.3.1. Valves 

Units  Unit cost Total cost 

2 ¼” Stainless Steel 3-way ball valves 85.40 € 170.80 € 

2 ¼” Stainless Steel 2-way ball valves 84.40 € 168.80 € 

1 ¼” Stainless Steel 7μm in-line particulate filter 61.60 € 61.60 € 

1 ¼” Stainless Steel Poppet Check valve 46.40 € 46.40 € 

2 ¼” Nonrotating-Stem Needle valve 105.70 € 211.40 € 

   659.00 € 
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1.3.2. Piping and fittings 

Units  Unit cost Total cost 

2 ¼” Stainless Steel Quick-connects 31.90 € 63.80 € 

4 ¼” Stainless Steel Union Tee 25.70 € 102.80 € 

1 ¼” Stainless Steel Union Cross 38.80 € 38.80 € 

2 ¼” Stainless Steel Union Elbow 14.30 € 28.60 € 

2 ¼” Nonrotating-Stem Needle valve 105.70 € 211.40 € 

1 
¼” Female NPT to ¼” Male NPT, Stainless Steel 

Adapter 
8.90 € 8.90 € 

25 ¼” Stainless Steel Nut 1.83 € 45.75 € 

25 ¼” Stainless Steel Front Ferrule 1.04 € 26.00 € 

2 ¼” Stainless Steel Plug 5.20 € 10.40 € 

1 0.80m of ¼” rubber pipe 3.00 € 3.00 € 

1 1.50m of ¼” Stainless Steel pipe 8.40 € 8.40 € 

   327.64 € 

 

1.4. Data acquisition system 

Units  Unit cost Total cost 

1 NI myRIO device 250.00 € 250.00 € 

1 Host computer 850.00 € 850.00 € 

   1100.00 € 
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1.5. Sensors and actuators 

Units  Unit cost Total cost 

1 1.5nlpm H2 Mass Flow Controller 1430.00 € 1430.00 € 

1 5nlpm H2 Mass Flow Controller 1537.00 € 1537.00 € 

1 Industrial Pressure Transmitter 40bar 194.00 € 194.00 € 

1 Piezoresistive Pressure transducer (1.5bar) 16.40 € 16.40 € 

1 
Miniature two-stage diaphragm pressure 

regulator 
260.00 € 260.00 € 

1 Solenoid valve, UC, 12V 75.15 € 75.15 € 

8 Welded Tip PFA Thermocouple 3.94 € 31.52 € 

4 Temperature Controllers. Data acquisition 400.00 € 1600.00 € 

4 Temperature Controllers. Data visualization 350.00 € 1400.00 € 

1 Hot air blower 1017.00 € 1017.00 € 

   7561.07 € 

 

1.6. Electronics 

Units  
Unit 

cost 

Total 

cost 

1 Power source 71.00 € 71.00 € 

1 Signal wiring 15.00 € 15.00 € 

   86.00 € 
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1.7. Gases 

Units  
Unit 

cost 

Total 

cost 

1 900L of hydrogen (H2) 15.08 € 15.08 € 

1 150L of nitrogen (N2) 2.21 € 2.21 € 

   17.29 € 

 

1.8. Support structures 

Units  
Unit 

cost 

Total 

cost 

1 85x70mm wood board 10.00 € 10.00 € 

1 0.5m of DIN rail 2.10 € 2.10 € 

   12.10 € 

 

1.9. Computer and software 

1.9.1. Computational costs 

 

Units  Unit cost Time used Total cost 

1 HP laptop 600.00 €  600.00 € 

1 Cluster 2850.00 €  2850.00 € 

1 Internet 45 €/month 9 months 405.00 € 

    3855.00 € 
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1.9.2. Licenses and software 

 

Units  Unit cost Time used Total cost 

1 COMSOL 4.3a 4000.00 € 580 h 2000.00 € 

1 
LabVIEW 2014 and myRIO 

Toolkit 
3376.00 € 250 h 1688.00 € 

1 SolidWorks 2014 3995.00 € 5 h 332.92 € 

1 Microsoft Office 2010 Pack 120.00 € - 120.00 € 

1 Norton Antivirus 50.00 € - 50.00 € 

1 
Scientific database 

subscription 
18300.00 € 3 months 4575.00 € 

    8765.92 € 

In order to make the project more competent, it is important to take into 

account that some of the programs’ licenses are floating, so they are shared and 

not used all year long. That is the reason why in the project it is considered a 

derived cost of the licenses proportional to the hours used and considering a 6 

month contract for the COMSOL and LabVIEW, and a month for SolidWorks. 

 

1.10. Professional fees 

 

 Cost per hour Hired hours Total 

Junior engineer 15.00 €/h 800 h 12000.00 € 

Senior engineer 35.00 €/h 150 h 5250.00 € 

    17250.00 € 
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The justification for the payment of salaries is: 

 

 Junior engineer Senior engineer 

Accruals   

Base salary 15.00 € 35.00 € 

Total accrued 12000 € 5250.00 € 

Deductions   

4.7% Social Security 564.00 € 246.25 € 

10 % I.R.P.F 1200.00 € 525.00 € 

 10236.00 € 4478.25 € 
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PART 2:  

TOTAL BUDGET  

1. Hydrogen storage system 1966.00 € 

  

2. Calorimeter 20.26 € 

  

3. Valves and piping 986.64 € 

  

4. Data acquisition system 1100.00 € 

  

5. Sensors and actuators 7561.07 € 

  

6. Electronics 86.00 € 

  

7. Gases 17.29 € 

  

8. Support structures 12.10 € 

  

9. Computer and software 12620.92 € 

 
 

10. Professional fees 14714.25 € 

  

TOTAL 39084.53 € 

 



 


