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Abstract 
 
In the framework of EC-project STORHY (Hydrogen Storage for Automotive Applications) 
the prototype of a solid storage tank for hydrogen based on sodium alanate is developed. A 
storage tank containing 8 kg of sodium alanate is designed and manufactured with the 
objective of fast refueling. To obtain the optimum design of the storage tank a simulation tool 
is developed and validated by experiments with a laboratory-scale tubular reactor. Application 
of the simulation tool to different storage concepts and geometries yields the final design. The 
chosen concept is modular enabling simple scale-up. This is the basis for the future 
development of fuel cell vehicle storage tanks containing 5 kg of hydrogen. 
 
1. Introduction 
 
Hydrogen storage is a key enabling technology for the automotive use of hydrogen and for the 
mass market entry of hydrogen fuelled vehicles [1]. In the framework of EC-project 
STORHY the potential of different technologies of hydrogen storage for applications in fuel 
cell vehicles are investigated and evaluated. The automotive industry has formulated 
requirements for hydrogen storage on-board of a hydrogen-fuelled vehicle [1]. Independent of 
type of storage 5 kg of hydrogen have to be stored. The resulting driving range will be 
approximately 400 km. Further requirements are fast refueling and a high volumetric and 
gravimetric storage density [1]. There are three types of hydrogen storage principles: high 
pressure storage tanks for gaseous hydrogen, cryogenic storage tanks for liquid hydrogen and 
solid storage tanks. 
 
The Institute of Process and Plant Engineering conferring with GKSS Research Centre has 
developed the prototype of a solid storage tank. The storage is based on a reversible chemical 
reaction between hydrogen and sodium alanate which is a light metal hydride. Metal hydrides 
in general have the advantage of high volumetric storage density under low operating 
pressures. Since hydrogen is chemically bonded it can be safely stored for an unlimited period 
of time with negligible leakage rates [2]. 
 
The most important design criterion is fast refueling of the storage tank with hydrogen. This 
exothermic process requires special care with respect to the thermal design. The stress 
analysis for the hydride storage tank is determined by the given pressure level of 100 bar. To 
achieve high storage densities, passive masses due to necessary heat transfer surfaces and 
pressure retaining vessel walls are minimized. The optimum storage tank design is tailored to 
the given material applying a simulation tool to different storage tank concepts and 
geometries. At the Institute of Process and Plant Engineering different metal hydride systems 
like hydrogen storage tanks, hydrogen compressors, heat storage systems and heat 
transformers have been modeled and designed by a continuously enhanced simulation tool [3, 
4, 5 ,6]. This model-based simulation tool is extended taking into account the special features 
of sodium alanate which reacts with hydrogen in two steps. 
 
2. Equilibrium and Kinetic Data of Sodium Alanate 
 
Due to the latest developments on the field of light metal hydride sodium alanate has been 
specified as the active material in this project [1]. This material is especially promising 
because of its high theoretical hydrogen capacity of 5.6 % and the feasibility of large-scale 
synthesis [7, 8]. The practical hydrogen capacity strongly depends on the synthesis method of 
the storage material and the applied catalyst. The effective kinetic is continuously improved 
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during the project while the practical hydrogen capacity is varying between 3.5 % and 4.85 % 
[7]. 
 
Table 1 shows the characteristics of the reversible chemical reaction between the active 
material and hydrogen. Starting point is an equimolar mixture of sodium hydride and 
aluminum. This mixture contains additional catalysts and compounds enhancing the effective 
thermal diffusivity of the hydride bed [7, 9, 10]. The total reaction consists of two steps, Table 
1. In this work the reaction steps are denoted with β and γ , respectively. Considering 
hydrogen absorption, in the first reaction step β the complete amount of sodium hydride reacts 
with a portion of the initially provided aluminum and hydrogen to the intermediate product 
Na3AlH6. In the second step γ this intermediate product reacts with further hydrogen and the 
remaining aluminum to sodium alanate. The absorption reaction of hydrogen is exothermic, 
the desorption reaction of hydrogen is endothermic. The total enthalpy of reaction is 40 kJ per 
mole hydrogen. 
 
The equilibrium data of the hydride-hydrogen-system have been determined experimentally 
[5]. The equilibrium pressure of each reaction step is a function of temperature only, Eqs. (1) 
and (2). 
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The equilibrium data indicate the necessary conditions for hydride formation and 
decomposition. For hydrogen absorption the loading pressure at the refueling station must be 
higher than the equilibrium pressure (p > peq). For hydrogen desorption the discharging 
pressure to the fuel cell must be lower than the equilibrium pressure (p < peq). 
 
Exemplarily, a loading pressure of 100 bar and a discharging pressure of 10 bar are 
considered. These are typical values for refueling and fuel cell operation, respectively [1]. 
During exothermic absorption of hydrogen the equilibrium pressure of reaction step β is lower 
than 100 bar as long as the temperature of the hydride bed is kept below 260 °C, Table 2. The 
equilibrium pressure of reaction step γ is lower than 100 bar as long as the temperature of the 
hydride bed is kept below 166 °C, Table 2. 
 
The decomposition of sodium alanate (NaAlH4) starts with reaction step γ. The equilibrium 
pressure of reaction step γ is higher than 10 bar as long as the temperature of the hydride bed 
is kept above 77 °C, Table 2. The equilibrium pressure of reaction step β is higher than 10 bar 
as long as the temperature of the hydride bed is kept above 168 °C, Table 2. For a given 
operating pressure of the fuel cell of 10 bar the minimum discharging temperature for the 
endothermic decomposition of Na3AlH6 in reaction step β is 168 °C, while the decomposition 
of sodium alanate (NaAlH4) in reaction step γ requires only a temperature of 77 °C. 
 
The equilibrium data allow the prediction of the general possibility of hydride formation or 
decomposition. To obtain mass flow rates of hydrogen out of and into the hydride bed, kinetic 
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data are required. Equations (3-8) represent the experimentally determined effective kinetic 
data of hydrogen absorption [5]. The correlations reveal that the rate of change of the degree 
of reaction ( , ) is a function of the degree of reaction itself (Xβ, Xγ) and the loading 

pressure p. An important part of the driving force of the chemical reaction is the deviation of 
the loading pressure p from the equilibrium pressure peq expressed as a normalized pressure 
difference in Eqs. (3) and (4) or a pressure ratio in Eqs. (7) and (8). 
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Rate of change of the degree of reaction of the second reaction step : γX&

 

( ) ( )[ ]
7.2

0,

286.0
1, ln1ln1

Kmol

J
54660

exp
s

1
5166.0 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−−−

⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛ −
=

p
p

p
pXXX

TR
X

eq γ
γγβγ

&  (6) 

 

( )
5.1

0,
2, ln1

Kmol

J
62933

exp
s

1
7.1874 ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
−

⎟
⎟
⎟
⎟

⎠

⎞

⎜
⎜
⎜
⎜

⎝

⎛ −
=

p
p

p
pXX

TR
X

eq γ
γβγ

&     (7) 

 
[ ]2,1, ;min γγγ XXX &&& =           (8) 

 
3. Metal Hydride Storage Tanks 
 
In the 1980s metal hydride storage tanks for automotive applications have been 
comprehensively tested in a fleet program [11]. The active material is CODE 5800 
(Ti0.98Zr0.02V0.45Fe0.1Cr0.05Mn1.5). The practical hydrogen capacity of CODE 5800 is 1.8 %. 
Material selection has been carefully adjusted to the operating conditions of the internal 
combustion engine. With respect to some design details these storage tanks are still state-of-
the-art. They have been chosen as reference for STORHY [1]. 
 
In the frame of the DOE Hydrogen Program Lasher et al. [12] have developed a conceptual 
design of a sodium alanate tank for 5.6 kg of hydrogen. Ahluwalia [13, 14] has theoretically 
studied this conceptual design with respect to fuel cell vehicle applications. In the 
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mathematical model each component of the storage tank is described by a lumped-parameter 
approach applying mass and energy balance equations. The resulting governing equations are 
a system of ordinary differential equations, i.e. the spatial distribution of temperatures and 
hydrogen concentrations are not included. 
 
Also in the frame of the DOE Hydrogen Program Mosher et al. [15, 16] have manufactured 
and tested two prototypes of sodium alanate based storage tanks. The first prototype contains 
19 kg of active material. It served as a demonstrator to identify the key technical challenges 
like scaled-up material catalysis and processing and powder loading and densification 
compatible with prototype fabrication. The optimized second prototype is designed at nominal 
1/8th scale of the first one to reduce the level of resources needed. The 2007 target of the DOE 
Hydrogen Program of the system fill time is 10 minutes. The system fill time of the optimized 
second prototype is 60 minutes [16]. 
 
3.1 Working Principle 
 
Figure 1 shows the working principle of a hydride storage tank exemplarily for a tubular 
reactor. It consists of three components: 
 

1. reactor shell tube, 
2. hydride bed and 
3. porous sintered metal tube. 

 
During loading hydrogen supplied by the refueling station flows through the sintered metal 
tube into the hydride bed. The sintered metal tube is permeable for hydrogen but not for the 
hydride material. It fulfills the function of hydrogen distribution inside the reactor and it 
works as a filter preventing emission of hydride material out of the storage tank into the 
surroundings. The hydride bed absorbs hydrogen in an exothermic chemical reaction. The 
released energy is transferred through the reactor shell tube to the heat transfer fluid. The 
reactor shell tube separates hydride bed and heat transfer fluid. For operation of a fuel cell, the 
fully loaded tubular reactor is heated by the heat transfer fluid. In the hydride bed the 
endothermic desorption reaction takes place. The released hydrogen flows from the hydride 
bed through the porous sintered metal tube to the fuel cell. 
 
3.2 Design Principles 
 
Figure 2 gives an overview of design solutions for the different components of metal hydride 
storage tanks. The selection of the final solution is amongst others determined by factors like 
stage of development of the hydride material, risk of failure during the manufacturing stage, 
existing and approved designs and available manufacturing technologies. 
 
At the actual stage of material development the focus is on improvement of reaction kinetics 
while production of formed bodies and compacts (Figure 2) are future projects. Therefore, the 
packing arrangement of the hydride material is unstructured. The degree of volume expansion 
of the actual hydride material during operation is currently under investigation. Void volume 
is included in the design to allow for free expansion of the hydride bed. To avoid 
inhomogeneities of the porosity of the hydride because of gravity effects the storage tank is 
positioned horizontally (Figure 2). Because of the loading pressure of 100 bar the packing 
arrangement is cylindrical (Figure 2). This yields reasonable wall thicknesses of the reactor 
shell around the hydride material. 
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Lasher et al. [12] and Mosher et al. [15, 16] have chosen internal heat transfer (Figure2) to the 
heat transfer fluid. The storage tank design [12, 15, 16] is a single large pressure vessel 
containing the whole amount of active material. A tube bundle for the heat transfer fluid and a 
bundle of sintered metal tubes for hydrogen supply are surrounded by the active material 
(Figure 2, design A).  
 
In STORHY a modular concept is selected to minimize the risk of failure during the 
manufacturing stage because of the narrow time schedule of the project. If a failure occurs 
only the defective module of the storage tank has to be replaced. This concept is realized by 
external heat transfer from a bare tube (Figure 2, design B) to the heat transfer fluid. The total 
amount of active material is distributed to a number of tubular reactor elements. 
 
Although not manufactured, a new concept for a large hydride vessel with internal cooling has 
been developed in this work. The simulated performance is discussed in section 4.3. In 
contrast to Lasher et al. [12] and Mosher et al. [15, 16] hydrogen supply is peripheral (Figure 
2) and the heat transfer fluid flows through coiled tubes (Figure 2, design C). Both measures 
simplify the manifolds of hydrogen and heat transfer fluid (Figure 3). 
 
The favored concept for manufacture is a tube-bundle of reactor elements, which are 
connected in parallel on the hydrogen side. Depending on the number of required reactor 
elements different solutions on the heat transfer fluid side are possible following the design of 
multitube and shell-and-tube heat exchangers, Figure 3. 
 
4. Design Procedure 
 
The hydrogen content w is commonly used to describe refueling processes of hydride 
materials. This time-dependent quantity is the ratio between absorbed mass of hydrogen to the 
initial mass of active material, Eq. (9). 
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The maximum hydrogen content depends on the hydride material, its manufacturing process 
and kind and amount of additional compounds. 

00

max

0

max

max
22

AlNaH

H

Me

H

mm
m

m
m

w
+

==          (10) 

 
The criterion of fast filling is formulated applying the normalized hydrogen content X. This is 
the ratio of actual hydrogen content w to the maximum hydrogen content wmax. Equation (11) 
clarifies that the normalized hydrogen content is the ratio of actually absorbed mass of 
hydrogen to the maximally absorbable mass of hydrogen. 
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The criterion of fast refueling is fulfilled if the storage tank is loaded to 80 % after 600 s and 
nearly to 100 % after 1000 s, Table 3. 
 
4.1 Modeling and Simulation 
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To design a storage tank fulfilling the criteria of Table 3 a design tool is required, which is 
able to pre-calculate the absorbed mass of hydrogen as a function of time for arbitrary storage 
concepts and geometries. This is achieved by modeling and simulation. Each component of 
the storage tank is described by balance equations for mass and energy. Exemplarily the 
balance equations are given for the components of a tubular reactor (Figure 1). The 
components of other storage concepts like the large hydride vessel (Figure 3) are 
correspondingly formulated. 
 
A tubular reactor (Figure1) consists of three components: sintered metal tube, hydride bed and 
reactor shell tube. Hydride bed and the sintered metal tube are porous media [17]. Porous 
medium “sintered metal tube” (t) consists of solid material (St) and fluid material (f). Solid 
material of the sintered metal tube is steel 1.4404. The fluid material is pure gaseous 
hydrogen. 
 
Mass balance equation of the sintered metal tube (Figure1): 
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Darcy’s Law for the flow velocity vector in Eqs. (12) and (14): 
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Energy equation of the sintered metal tube: 
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Porous medium “hydride bed” (b) consists of solid material (s) and fluid material (f). Solid 
material is a mixture of NaH, Al, Na3AlH6, NaAlH4 and catalysts. Source terms in Eqs. (15) 
and (17) are describing the chemical reaction. 
 
Mass balance equation of the hydride bed (Figure 1): 
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Darcy’s Law for the flow velocity vector in Eqs. (15) and (17): 
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Energy equation of the hydride bed: 
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Energy equation of the reactor shell tube (Figure1): 
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 the mathematical model heat transfer to the heat transfer fluid appears in the boundary 

mplete set of boundary, coupling and initial conditions of the model are given in [5] 
nd [20]. The model is implemented into the software package COMSOL. The coupled partial 

n is crucial for the thermal 
oved. The released energy is described by the source terms of 

 that the released energy depends on the maximum hydrogen 

In
condition of the energy equation (18) of the reactor shell tube at the outer wall surface, Eq. 
(19). Correlations of heat transfer coefficients h are given in [18] and [19]. 
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The co
a
differential equations are solved numerically with the finite element method [21]. As result, 
for each point in time and space the following quantities are known: hydrogen content, 
temperature, pressure, flow velocity of hydrogen and the degrees of reaction of both reaction 
steps. 
 

he energy released in the hydride bed during hydrogen absorptioT
design because it has to be rem

q. (17). Equation 17 revealsE
contents max

βw and max
γw . Therefore, the largest observed practical maximum hydrogen content 

of 4.85 % [7] has been selected for the prototype design, Table 1. 
 
4.2 Validation of the Model 
 
In order to validate the above described model a laboratory-scale tubular reactor was built and 

seous phase of the system 

r different loading pressures and temperatures of the heat transfer fluid. There 
 reasonable agreement between experiment and simulation to justify modeling and 

ate design tool for hydride storage tanks. 

technologically tested in charging and discharging experiments (Figure 4). The reactor is 
filled with 30 g of active material. The active material has to be filled into the reactor under 
inert glove box conditions due to the reactivity of the hydride material with oxygen and water 
vapor of the ambient air [1]. 
 
The experimental set-up consists of the reactor connected to a hydrogen reservoir by a valve. 
At the beginning of the experiment the reactor contains no hydrogen and the valve is closed. 
The reservoir is filled with pressurized hydrogen. A heat transfer fluid is circulated around the 
reactor. If the valve is opened hydrogen flows from the reservoir into the reactor and the 
active material absorbs the hydrogen in an exothermic chemical reaction. The quantity of 
absorbed hydrogen is determined from a mass balance of the ga
whereby the system volume is exactly known. Pressures and temperatures are registered to 
evaluate the thermal equation of state of hydrogen. Figure 5 shows the results of the 
experiments fo
is
simulation as an appropri
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The bottom part of Figure 4 shows the arrangement of seven laboratory scale reactors to a 
tube bundle demonstrating the feasibility of the modular concept from the manufacturing 
point of view. 
 
4.3 Simulation Results 
 
The favored concept for manufacture is a tube-bundle of reactor elements, which are 

timum geometry of a 
bular reactor element is found by simulation for the following given operating conditions: 

C. 
• The volumetric flow rate of the heat transfer fluid is 12 m /h. 

etries fulfill the criterion of fast refueling. The refueling time of the storage 
nk with 60 mm reactor elements lies at the upper acceptable limit, Table 3. Therefore the 

lumetric flow rate of the heat transfer fluid is 12 m /h. It has been taken into 
ccount that each reactor element geometry requires its own design on the heat transfer fluid 

essel with internal heat transfer has not been favored for the 
anufactured design (section 3.2) its refueling performance is given in Figure 6 to illustrate 

connected in parallel on the hydrogen side, see section 3.2. The op
tu
 

• The initial temperature of the empty system is 80 °C. 
• The inlet temperature of the heat transfer fluid (Marlotherm X) is 100 °

3

• A constant loading pressure of hydrogen of 100 bar is applied. 
 
The wall thickness of the reactor element shell tubes is a function of their outer diameter, 
given by strength of material calculation. A limiting design factor is the availability of 
sintered metal tubes. They are only available with an outer diameter of 6 mm. 
 
Figure 6 shows the simulation results for storage tanks with an outer diameter of the reactor 
elements of 16 mm and 60 mm, respectively. The storage tank with 16 mm reactor elements 
can be refueled to 80 % in only 290 s, the storage tank with 60 mm reactor elements within 
540 s. Both geom
ta
criterion of minimization of passive masses is decisive. As shown in Table 4 the storage tank 
with 60 mm reactor elements clearly is the optimum solution. The mass of all reactor element 
shell tubes is only 38 kg compared to 68 kg, and the mass of all sintered metal tubes is only 
0.9 kg compared to 17 kg, Table 4. The prototype storage tank will consist of seven 60 mm 
reactor elements. 
 
The available vo 3

a
side (Table 4, Figure 3 and Figure 6). For the 16 mm reactor elements a multitube design 
(Figure 3) allows heat transfer fluid flow over 266 reactor elements with a heat transfer 
coefficient of 610 W/(m2 K). For the 60 mm reactor elements only a single tube bundle is 
necessary (Figure 7). The heat transfer coefficient of this shell-and-tube apparatus is 
319 W/(m2 K). 
 
Although the large hydride v
m
the performance of an alternative concept. The large hydride vessel is filled to 80 % after 
458 s. The predicted refueling period is 82 s shorter than for the shell-and-tube design with 60 
mm reactor elements. 
 
5. Manufactured Prototype 
 
Figure 7 shows the prototype. The design is certified according to EC pressure equipment 
directive 97/23/EC. The conformity assessment procedure of category IV, module G (EC unit 
verification) has been applied [22]. The calculation code is AD 2000 (calculation pressure: 
150 bar, calculation temperature: 300 °C) [23]. All pressure parts are manufactured from the 
material 1.4571. This austenitic steel is high-pressure hydrogen resistant. 
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The final prototype is a longitudinal flow shell-and-tube apparatus, Figure 7. The tube bundle 
consists of seven reactor elements. The sectional view in Figure 7 shows three of seven 
reactor elements. The heat transfer fluid has one pass on the shell side. During loading 
ydrogen enters the storage tank through the valve (1). The spiral manifold (2) supplies the 

The heat transfer fluid 
nters the storage tank through the inlet nozzle (4) of the shell (5). It flows longitudinally over 

luid is 

[1]. 

are: 

itions 

 accelerate manufacture 
• measures in case of repair 

tor element undergoes its own proof test before filling the hydride 
aterial. To fill the reactor element with hydride material it is positioned vertically inside a 

ial design 
nables proof test before filling and reliable sealing under glove box conditions. At the 

e reactor element is fed through flange (13) from the side of the heat transfer 
uid to the surroundings. 

h
hydrogen to the reactor elements (3) which are connected in parallel. 
e
the reactor elements (3) and leaves through the outlet nozzle (6). The heat transfer f
Marlotherm X [24] for safety reasons. In contrast to water it does not chemically react with 
the active material 
 
The following aspects have been taken into account with special c
 

• filling of hydride material into the reactor elements under glove box cond
the storage tank components, especially under glove box • feasibility of assembly of 

conditions 
• minimization of the number of welding seams, i.e. minimization of leakage risks 
• reliable and safe handling during experimental operation 
• available production facilities and manufacturing technology 
• usage of standardized semi-finished products to

 
The hydrogen manifold (2) lies completely outside of the heat transfer fluid with the 
advantage that all tube fittings are always accessible during operation, i.e. they can be 
inspected and refastened. The heat transfer fluid shell (5) is a removable unit. Hydrogen side 
and heat transfer fluid side can be separately handled. 
 
Figure 8 shows a reactor element. The gastight hydrogen supply tube (10) is fed through the 
torispherical head (15) and joined by welding to the porous sintered metal tube (7) inside the 
reactor element. Each reac
m
glove box. The hydride material is poured into the reactor through the 8 mm opening (12). 
After filling, the reactor element is sealed by the closure plug (11). This spec
e
opposite end th
fl
 
Figure 9 shows the manufactured prototype. Seven reactor elements which will be connected 
by the spiral manifold and the filling ends of the reactor elements can be identified. 
 
6. Up-scaling 
 
The chosen concept is modular. The prototype with 8 kg of active material can be scaled up to 
even larger storage tanks to absorb the amount of hydrogen required by the automotive 
industry of 5 kg. In this case 82 reactor elements containing approximately 100 kg of active 
material are required. They can be arranged in accordance with available space in the vehicle. 
The modular concept has a high degree of formability [1]. While the hydrogen supply spiral 
(Position (2) in Figure 7) is appropriate for a small number of reactor elements a more 
advanced hydrogen manifold is necessary for the up-scaled tank with 82 reactor elements. For 
ffective space-usage flat ends of the manifold chamber are preferred to domed ends although 

the strength of material perspective. To overcome this 
e
this is disadvantageous from 
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disadvantage the thickness of the walls of the manifold chamber with flat ends is significantly 

o combined functions, providing mechanical stability and 
reduced by applying stay bolts, Figure 10. Flow channels for hydrogen are drilled into the stay 
bolts. The stay bolts have tw
distributing hydrogen to the reactor elements. 
 
7. Conclusions and Summary 
 

• A mathematical model as a tool for the thermal design of hydride storage tanks has 

een validated by experiments with a laboratory-scale reactor 

ements 
like assembly and filling of hydride material under glove box conditions, hydrogen 
supply and flow configuration of the heat transfer fluid yield the final design of the 
prototype tank. 

• The task to manufacture the prototype of a hydrogen storage tank containing 8 kg of 
active material has been solved. 

• The modular concept enables scale-up to a storage tank with 5 kg of hydrogen. 

been developed. 
• Necessary correlations of the effective kinetic of the absorption reaction of hydrogen 

have been experimentally determined. 
• The model has b
• The model-based simulation tool has been applied to different storage concepts and 

geometries. 
• Strength of material calculation, manufacturing technology and further requir
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Table 1: Characteristics of sodium alanate: total reaction and reaction steps 
 

chemical reaction equation 
enthalpy of 

reaction 
[kJ/(mol H2)] 

hydrogen 
content 

[%] 
total reaction 3 NaH + 3 Al + 9/2 H2 3 NaAlH4 40 4.85
reaction step β 3 NaH + Al + 3/2 H2 Na3AlH6 49 1.85
reaction step γ Na3AlH6 + 2 Al +3 H2 3 NaAlH4 33 3.00

 
Table 2: Relevant equilibrium data calculated from Eqs. (1-2). Typical refueling pressure is 
100 bar, typical fuel cell pressure is 10 bar. 

T ϑ peq,β peq,γ 
[K] [°C] [bar] [bar]
293 20 0.0117 1.10
350 77 0.306 10.0
373 100 0.872 20.3
439 166 9.25 100
441 168 10.0 105
453 180 14.2 133
533 260 100 498

 
Table 3: Criterion of fast refueling in EC-project STORHY 

 t 
[s] 

X 
[-] 

first sub-criterion 600 0.80
second sub-criterion 1000 0.98

 
Table 4: Comparison between 16 mm and 60 mm reactor elements 

outer diameter [mm] 16 60
length of reactor element [m] 0.5 1
number of reactor elements for 
8 kg of active material 

[-] 266 7

mass of all reactor element shell tubes [kg] 68 38
mass of all sintered metal tubes [kg] 17 0.9
type of apparatus  multitube longitudinal flow

shell-and-tube 
number of tube bundles [-] 38 1
number of reactor elements per tube bundle [-] 7 7
outer tube limit (OTL) [mm] 100 211
flow cross-section of heat transfer fluid [cm2] 66 152
wetted perimeter [m] 0.67 1.98
hydraulic diameter [mm] 39 31
flow velocity of heat transfer fluid [m/s] 0.51 0.22
Reynolds number [-] 41550 14013
Nußelt number [-] 216 90
heat transfer coefficient [W/(m2 K)] 610 319
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Symbols used 
 
cp [J/(kg K)] specific isobaric heat capacity 
ΔHR [J/mol] enthalpy of reaction 
h [W/(m2 K)] heat transfer coefficient 
k [W/(m K)] heat conductivity of solids 
keff [W/(m K)] effective heat conductivity of porous medium 

2HM
r

 [kg/mol] molecular mass of hydrogen 

n  [-] normal vector 
p [bar] pressure 
p0 [bar] reference pressure, p0 = 1 bar 
T [K] temperature 
t [s] time coordinate 

fvr  [m/s] flow velocity vector of hydrogen 

w [-] hydrogen content 
X [-] normalized hydrogen content, also degree of the total reaction 
Xβ [-] degree of reaction of step β 
Xγ [-] degree of reaction of step γ 
 
Greek letters 
ε [-] porosity 
η [kg/(m s)] dynamic viscosity 
κ [m2] permeability 
ρ [kg/m3] density 
ϑ [°C] temperature 
 
Super- and subscripts 
b  hydride bed 
f  fluid 
HF  heat transfer fluid Marlotherm X 
max  maximum 
St  solid material of porous sintered metal tube 
s  solid material of porous hydride bed 
t  sintered metal tube 
W  reactor shell tube 
β  reaction step 
γ  reaction step 
0  initial 
 
Accent 
⋅  rate of change 
 
Abbreviations 
DOE  United States Department of Energy 
STORHY  Hydrogen Storage for Automotive Applications 
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Figures 
 

 
 
Figure 1: Working principle of a tubular reactor 
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Figure 2: Design principles of metal hydride storage tanks 
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Figure 3: Favored design concepts. a) Elaborated version of large hydride vessel: (1) shell, (2) 
coiled tube for heat transfer fluid, (3) hydrogen nozzle, (4) peripheral hydrogen supply, (5) 
opening for filling in active material. b) Modular concept: (6) tubular reactor element, (7) heat 
transfer fluid shell. 
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Figure 4: Laboratory-scale tubular reactor and arrangement to a tube bundle. (1) tubular 
reactor, (2) hydrogen valve, (3) thermocouple, (4) gastight hydrogen supply tube, (5) porous 
sintered metal tube, (6) reactor shell tube, (7) closure nut, (8) closure plug 
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Figure 5: Results of preliminary experiments validating the model 
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Figure 6: Simulation results 
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Figure 7: Prototype design: (1) hydrogen valve, (2) hydrogen supply spiral, (3) reactor 
element, (4) inlet nozzle of the heat transfer fluid, (5) shell, (6) outlet nozzle 
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Figure 8: Details of reactor element: (7) porous sintered metal tube, (8) support of sintered 
metal tube, (9) reactor element shell, (10) gastight hydrogen supply tube, (11) closure plug, 
(12) male connector (bored through, 8 mm for filling of active material under glove box 
conditions), (13) flange, (14) male connector (bored through), (15) torispherical head, (16) 
copper gasket 
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Figure 9: Manufactured prototype 
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Figure 10: Scale-up with principle of an advanced hydrogen manifold. (1) flanged flat end, (2) 
stay bolt as hydrogen supply, (3) reactor element 
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Short Text – Table of Contents of the Journal 
 
The systematic design of the prototype of a solid storage tank for hydrogen based on sodium 
alanate is presented. At first the developed model-based design tool is validated by 
experiments with a small-scale tubular reactor. After analysis of the simulation results the 
final design of the prototype is illustrated. Already with respect to the design of even larger 
storage tanks a modular concept is chosen enabling scale-up to fuel cell vehicle storage tanks 
containing 5 kg of hydrogen. 
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