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a b s t r a c t

Many efforts have been done so far to understand sorption dynamics of hydride containers

for hydrogen storage. Particularly, there are many articles in literature where experimental

results for different hydride systems and container set-ups were successfully simulated

using basically the same group of models. This fact is the base of a previous work where we

defined a series of non dimensional parameters which may be used to estimate absorption

time of hydride containers.

In this work we compare estimated absorption times with experimental outcomes for a

prototype hydride container. We performed non dimensional analysis of our finned

container prototype at two scales, i.e.: overall or macroscopic container scale and pore or

microscopic scale. We discuss about this simplified model approach that allows esti-

mating, with few parameters, the reaction time of a complex-geometry prototype.

The prototype container was designed according to the results of a numerical optimi-

zation that maximized the amount of hydrogen absorbed for a 3 min charging period.

Experimental results indicate good agreement between estimated and experimental ab-

sorption time, making the non dimensional method a useful tool at preliminary stages of

hydride container design.

Copyright © 2014, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

Introduction

Hydrogen as energy carrier has some technical limitations

that need to be addressed to promote its massive use. One

major issue is hydrogen storage, owing to its low density and

high chemical reactivity. Storage by means of hydrides is a

feasible option, especially when considering stationary

applications. Hydride systems might be less expensive than

high pressure or cryogenic storage that need a large amount of

energy for compressing or liquefying the hydrogen. This re-

sults in hydride systems having lower operational cost [1].

Hydride containers are complex systems. Sorption re-

actions involve considerable reaction heat while the effective

thermal conductivity of hydride powder is quite low. This

causes important temperature changes that limit the sorption
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2944 4445299.
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reaction. When analyzing hydride containers both thermal

and chemical issues has to be assessed simultaneously

obtaining temperature and hydrogen concentration profiles,

usually by numerical tools ([2e5] also see Table 1 in the work

of Melnichuk et al. [6]). These profiles depend on the absorbing

material, the container geometry and conductivity, pressure

and temperature conditions and hydrogen flow through the

metal hydride bulk [7]. Also in some cases, the reaction ki-

netics of the absorbing material cannot be disregarded.

In addition to these phenomena, which were modeled and

predicted by many authors, we observe an appreciable degree

of uncertainty in some parameters such as porosity and

thermal conductivity of the metal hydride. Both parameters

also vary during sorption reaction, for reasons such as the

volume change of the particles during hydration [8]. Ac-

cording to sensitivity analysis, thermal conductivity of the

hydride could have a significant effect on the global reaction

time [9].

Therefore, considering the complexity of the physical

system and the uncertainties introduced by some parameters,

a simplified model providing an estimated reaction time,

could be useful and even desirable in comparison to more

complex models.

In this work we analyze the reaction time of a prototype

hydride container using non dimensional parameters [6]. The

objective of this work is to compare the estimated absorption

time obtained by non dimensional analysis with experimental

results, and to certain extent to validate these theoretical

predictions. The container was designed based on the results

of a numerical optimization that maximized the amount of

hydrogen absorbed for a 3 min charging period [10]. Therefore

it is expected that most of the absorption would occur during

that time.

Non dimensional parameter analysis

Outline

In a previous work we developed a series of non dimensional

parameters that provide an approximate measure of the

relative importance of the different factors on the absorption

process of a hydride container [6]. It is worth noting the same

concepts can easily be applied to desorption dynamics. This

work was based on the non dimensional conductance (NDC)

defined by Visaria et al. [9], which can be regarded as the

approximate ratio between the thermal evolution time and

the desired charging time.

Nomenclature

1D one dimensionalbC pressure drop parameter, bar

Csg hydride capacity, kg Hg/kg hydride, e

DH molar entalpy of reaction, J mol�1

E activation energy, J mol�1

ε hydride porosity, e

F heat conductive material fraction, e

k thermal conductivity, W m�1 K�1bk kinetics constant, s�1

K pressure drop coefficient

L characteristic length, m

m mass, kg
_m mass flow rate, kg s�1

n pressure drop exponent, e

M molecular weight, kg mol�1

NDC non dimensional conductance, e

NDFT non dimensional fill time, e

NDK non dimensional kinetics, e

P pressure, bar

R ideal gas constant, 8.315 J mol�1 K�1

SS stainless steel

d density, kg m�3

t time, s

t characteristic decay time, s

T temperature, K

V volume, m3

Subindex

0 fitting parameter

1 fitting parameter

90% at 90% of total capacity

abs absorption

cont container

d heat conductive material

des desired (reaction time)

e equilibrium

eff effective

ext external

g hydrogen gas

kin kinetics

line hydrogen line

max maximum

MH metal hydride and interstitial hydrogen mixture

pore pore

s hydride or solid

supply hydrogen supply to hydride container

tank hydrogen tank

Table 1 e Parameters for non dimensional calculations.

Parameter Value Reference

Tmax (ºC) 60.9 (Pg ¼ 30 bar) This work

DHAbs (J molg
�1) 27,020 This work

Csg (kgg/kgMH) 1.15 � 10�2 This work

kd (W m�1 K�1) 138 [12]

rs (kg m�3) 8.3 � 103 [13]

ε 0.5 [13]

kabs (s
�1) 59.2 [14]

Eabs (J molg
�1) 21,170 [14]

Pe (bar) 3.4 (Text ¼ 0 �C) This work

7.7 (Text ¼ 20 �C) This work
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NDC ¼ ðTmax � TextÞkeff tdes
DHabsCsgrsð1� εÞð1� FÞL2 (1)

where:

keff ¼ ð1� FÞkMHeff
þ Fkd (2)

In other words, the NDC gives a general idea of the capa-

bility of a container to evacuate the reaction heat for a given

(desired) filling time, being about unity for capable systems.

We proposed a whole family of these non dimensional re-

lations, being the most valuable from the engineering point of

view the NDC and the non dimensional kinetics (NDK). The

NDK accounts for the influence of the reaction kinetics as a

limiting factor compared to the thermal dynamics, i.e. a large

value of NDK means rapid reaction kinetics and therefore a

thermally limited process while a low NDK means a reaction

kinetics limitation.

NDK ¼ DHabsCsgrsð1� εÞð1� FÞL2
tkinðTmax � TextÞkeff

; (3)

where the characteristic kinetics time is defined as

tkin ¼
�bkabse

� Eabs
RText ln

�
Pg

Pe

���1

; (4)

Finally we defined a non dimensional fill time (NDFT)

which relates the actual time it takes the container to reach

90% of its full charge to the desired fill time.

NDFT ¼ t90%
tdes

(5)

In the case where dynamics is dominated only by thermal

limitations, i.e. kinetics are relatively fast and therefore NDK

is large, the value of NDFT can be estimated as [6]:

NDFT � 0:4=NDC (6)

For other cases where the kinetics also acts as a limiting

factor, the value of NDFT becomes larger and more difficult to

estimate (see Section 3.2 of [6] for further information). We

can consider the effect of kinetics being important when NDK

is lower than approximately 5. Having an estimation of NDFT,

the time for the container to reach 90% of its full charge (t90%)

can be readily estimated.

Parameter estimation

We used MmNi4.7Al0.3 as absorbing material, given that it has

higher equilibrium pressure at room temperature than LaNi5,

which was used in the previous optimization work [10]. The

elements of the rare earth mixture (Mm stands for mis-

chmetal) have variable composition and therefore the equi-

librium pressure has to be determined for our particular alloy.

We performed pressure-composition-temperature (PCT)

measurements in a Sieverts type device to obtain parameters

of the alloy used in the prototype container. With the PCT

measurements we defined a Van't Hoff equation (Fig. 1),

obtaining Tmax, Pe, DHabs, and Csg. Density, porosity and ki-

netics model parameters of the hydride were assumed to be

the same as LaNi5 parameters, since according to a previous

sensitivity analysis [11], Pe and DHabs are among the most

relevant variables for numerical calculations. These parame-

ters are summarized in Table 1.

We analyze internal fins of our prototype made of

aluminum 5052. The finswere designed to occupy close to 10%

of the container internal volume, as this is the optimal rela-

tion according to the previous optimization work [10]. We also

intended to make these fins as numerous and thin as possible

in order to reduce the distance from themetal hydride powder

to the fins surface. Yet there are technological limitations that

make impractical to produce very thin fins. For this reason the

fins were designed with a minimum thickness of 1.5 mm and

the spacing between fins was kept to a maximum of approx-

imately 5.5 mm. Fig. 2 on its upper left shows a scheme of the

resulting design, which includes external fins to improve heat

transfer to refrigeratingmedium. Internal design has a ratio of

volume occupied by aluminum fins to the total container

inner volume of 15%. In other words, the container internal

volume is occupied by a 15% of aluminumfins while themetal

hydride powder and the free volume occupy the remaining

85%.

The parameters for non dimensional calculation are based

on a simplification of the real problem, as shown in Fig. 2. Here

we will perform the analysis at two scales. The first one is the

overall or macroscopic container scale, where the container is

Fig. 1 e Van't Hoff chart with absorption linear fitting.

Fig. 2 e Scheme of container and pore thermal systems.
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regarded as being a homogeneous material with higher

effective conductivity and lower absorption capacity due to

the presence of the fins. The second one is the pore or

microscopic scale that involves the space between neighbor

fins. The pore scale calculations consider the properties of the

metal hydride powder. Non dimensional results for the two

scales will provide two predicted reaction times. The slower

will be the dominant scale It should be noticed here that both

scale analysis are regarded as 1D slab problems in this

simplified approach, neglecting the cylindrical geometry of

the container.

Moreover, we evaluated two operation scenarios: Case “A”,

Pg ¼ 30 bar and Text ¼ 20 �C and Case “B”, Pg ¼ 30 bar and

Text ¼ 0 �C. For the pore scale calculations, the value of the

thermal conductivity of themetal hydride is very relevant, yet

the value has large error margins and varies strongly with

temperature and hydrogen concentration [8]. Here we decided

to perform the calculations with conductivity values at the

extremes of the expected value range: 0.3 W m�1 K�1 to

1 W m�1 K�1.

Non dimensional parameter results

In Table 2 we show the properties, dimensions and experi-

mental conditions needed to obtain the non dimensional pa-

rameters for the two cases and the two scales. In this table we

also show the fill time (t90%) predicted by Eq. (5) regardless

NDK value. The global reaction will be dominated by the

slowest process. Results show that in all cases the velocity is

limited by the heat evacuation at container scale, and there-

fore it is not sensitive to the assumed thermal conductivity of

the hydride. We can also see that for the container scale

analysis the NDK values are 7.5 for Case “A” and 4.3 for Case

“B”, indicating that reaction kinetics are not dominant. It is

also interesting to note how sensible the pore scale calcula-

tions are to the assumed value of kMHeff
.

Experimental setup

The objective of the experimental setup is to provide constant

pressure and unrestricted hydrogen flow to the hydride

container, which is kept in a thermal bath at constant tem-

perature. We limit our experimental analysis to container

absorption time. In order to determine the time to reach 90%

of full charge, mass flow rate must be measured. Due to the

very wide flow range involved and the rapid variation of the

flow we have decided to calculate the mass flow rate from the

pressure evolution of the hydrogen supply tank.

The experimental setup is shown in Fig. 3. For the experi-

ments we used a hydrogen tank with 99.999% purity provided

by Grupo Linde Gas Argentina S.A. Tank temperature drop

was measured with a PT100 probe system Testo 735. Piping

installation was assembled with Swagelok ¼ SS seamless

tubes and accessories. Total piping length was kept within

1 m. Pressure supply was controlled by means of a 3030-350

Table 2 e Non dimensional parameters and predicted fill time calculations. Q4

kMHeff

(W m�1 K�1)
Parameter Case “A” Case “B”

Container scale Pore scale Container scale Pore scale

0.3 Pg (bar) 30 30 30 30

Text (ºC) 20 20 0 0

tdes (min) 3 3 3 3

L (m) 3 � 10�2 2.86 � 10�3 3 � 10�2 2.86 � 10�3

keff (W m�1 K�1) 20.1 0.3 20.1 0.3

(1-F) 0.85 1 0.85 1

NDC 0.32 0.42 0.47 0.63

NDFT 1.36 1.02 0.92 0.68

t90% (min) 4.09 3.10 2.75 2.10

NDK 7.8 5.8 4.4 3.3

1.0 Pg (bar) 30 30 30 30

Text (ºC) 20 20 0 0

tdes (min) 3 3 3 3

L (m) 3 � 10�2 2.86 � 10�3 3 � 10�2 2.86 � 10�3

keff (W m�1 K�1) 21.6 1 21.6 1

(1-F) 0.85 1 0.85 1

NDC 0.32 1.41 0.48 2.09

NDFT 1.33 0.31 0.89 0.21

t90% (min) 3.98 0.92 2.67 0.62

NDK 7.5 1.7 4.3 1.0

Fig. 3 e Scheme of the experimental set-up.
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Matherson pressure regulator. The container was immersed

in an SS water bath with recirculation and a PID temperature

controller.

Temperatures were measured with type K thermocouples

and pressures were measured by Omegadyne Inc. PX01 and

PX01C1-1KAI pressure transducers, which were calibrated by

means of a Jofa APC 05KG IND G device.

Hydride container was filled with (1000 ± 3) g of

MmNi4.7Al0.3 melted in an arc furnace in a 99.998% argon at-

mosphere. To ensure homogeneity, themelting productswere

turned and re-melted three times. Mm nominal composition

is: Ce 56%, La 18%, Nd 13%, Pr 5%, Fe 2%, Y 2%, other rare earths

4%. A photograph of the hydride container prototype, showing

the external fins, security valve and connection system is

shown in Fig. 4.

Experimental results

Preliminary experiments showed that the measured pressure

Pline drops immediately after the flow is established, reflecting

a flow restriction at the valve and connection system of the

hydrogen supply tank. This pressure drop could not be avoi-

ded in our setup for safety reasons, but we still can obtain a

good estimation of the hydride container absorption time if

we introduce a mathematical model for this pressure drop. In

Eq. (7) we include a simplified pressure dropmodel to account

for the difference between the measured pressure Pline, and

the actual pressure inside the hydrogen supply tank Ptank.

Pline ¼ Ptank � K _mn
; (7)

where _m is the mass flow rate (kg/s), K is a pressure drop co-

efficient, and n is an exponent to be defined. This exponent

depends on the type of flow and it is approximately 2 for

turbulent flows and 1 for viscous creeping flows. As we do not

know the fluid dynamic behavior of the valve, we will obtain

this exponent from the fitting of the pressure measurements.

The mass flow rate _m is related to the pressure Ptank by the

ideal gas equation:

_m ¼ dm
dt

¼ MV
RT

�
� dPtank

dt

�
; (8)

whereM is the molar mass of hydrogen, R is the universal gas

constant, T and V are the temperature and the hydrogen

supply tank internal volume. Assuming that the pressure Ptank
follows an exponential decay we obtain:

Ptank ¼ P0 þ P1e
�t
t (9)

where P0 is the final pressure, P1 is the total pressure change

during the process and t is the characteristic decay time.

Replacing the time derivative of Eq. (9) into Eq. (7) and then

replacing this result in Eq. (7) we finally obtain:

Pline ¼ P0 þ P1e
�t
t � bC�P1

t

�n

e�
nt
t (10)

where bC ¼ KðMV=RTÞn. This equation is represented graphi-

cally in Fig. 5 and is used to fit the experimental measure-

ments. From Eq. (9) and Eq. (8) it can be observed that _m also

decays exponentially with time, with the same time constant

t as Ptank. For an exponential decay, the time to achieve 90% of

the decay can be calculated as: t90% ¼ (�ln(0.1)) � t ¼ 2.3026 t.

It should be noted that to fit the experimental results, P0
and P1 are obtained from pressure measurements before the

experiment is started and after the experiment is finished.

The other fitting parameters are obtained by least squares

method.

The pressure evolution at the hydrogen supply tank exit

(Pline, see Fig. 5) is shown in Fig. 6 for Case “A” (Text ¼ 20 �C).
Pressure fluctuations were caused by the action of the pres-

sure regulator. Thiswas verified by interrupting the flow to the

metal hydride container at different charging stages and

Fig. 4 e Picture of the hydride container prototype.

Fig. 5 e Scheme of pressure evolution model of the

experimental set-up.
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observing the immediate stabilization of the pressure Pline.

The metal hydride container is also discarded as a source of

relevant fluctuations as the hydrogen supply pressure (Psupply,

see Fig. 3) does not show this kind of fluctuations.

The pressure behavior in Fig. 6 is characteristic, showing a

sudden fall at the beginning, and then a continuous reduction

of pressure that ends with some recovery. By fitting the

pressure evolution with Eq. (10) we can estimate the time

necessary fill the container to 90% of its capacity (t90%). In Fig. 6

we can see the fitting curve which is in good agreement with

the pressure evolution. The fitting parameters are shown in

Table 3 and the resulting decay time is t ¼ 74 ± 7 s. For a pure

exponential decay this means t90% ¼ 2.3026� t ¼ 2.8 ±0.2 min.

In Fig. 7 we show the supply pressure (Psupply) evolution

with time. This pressure is intended to stay constant during

the experiment but shows some sensibility to the flow

requirement, and the pressure recovers as the flow rate de-

creases with time. It is interesting to note that the pressure

recovery rate increases at approximately 180 s (3 min), which

is in agreement with the value of t90%.

In Fig. 8 we show the temperature evolution at the

container wall and in the refrigerating water (see Fig. 3 for a

reference on the locations of the temperature sensors). In this

figure we can also see a change in the temperature evolution

at about 180 s.

The same procedure was carried out for Case “B”

(Text ¼ 0 �C). The evolution of Pline is shown in Fig. 9. We fitted

these measurements by Eq. (10), fitting parameters are shown

in Table 3. It is worth noticing thatwhile P0, P1 and t1 depend on

the initial pressure and the hydrogen container dynamics, C

and n correspond to the flow obstruction at the outlet of the

hydrogen supply tank. The two values are similar for the two

cases but not equalwithin errormargins, this is probably due to

the difference in the supply tank pressure (see Ptank in Table 4)

which causes different gas densities between the two cases.We

can also see that the pressure drop for the two cases have good

agreement, as the same mass of hydrogen is supplied to the

container in both cases. Case “A” was performed before Case

“B”, therefore Ptank is lower. For Case “B” the resulting decay

time is t ¼ 57 ± 3 s, which corresponds to t90% ¼ 2.2 ± 0.2 min.

We have calculated the total hydrogen consumption (i.e.

the capacity of the metal hydride container) knowing the

pressure and temperature at the beginning and at the end of

the experiment, and the supply tank internal volume

(4.09 ± 0.1 � 10�4 m3). Results are shown in Table 4, where the

absorbed hydrogen masses (Dmg) are equal for the two cases.

Discussion

We analyzed two different scales: the container scale, where

hydride and aluminum fins are considered as a homogeneous

medium, and the pore scale, where the hydride between fins is

analyzed. These two analyses bring different non dimensional

parameters that show which scale and what mechanism is

limiting the absorption dynamics.

The thermal conductivity of metal hydrides has a high

level of uncertainty. In this work we perform two analyses,

one with the highest expected conductivity and one with the

lowest, obtaining a range of possible outcomes. In this

Fig. 6 e Time evolution of the pressure of the hydrogen

supply tank for Case “A”.

Table 3 e Curve fitting parameters for Eq. (10).

P0 (bar) P1 (bar) t (s) bC (s2/bar) n

Value Error Value Error Value Error Value Error Value Error

Case “A” 37.7 0.3 6.7 0.3 74 4 23 2 0.72 0.02

Case “B” 49.2 0.3 6.8 0.3 57 3 17 1 0.63 0.02

Fig. 7 e Time evolution of the hydrogen pressure supplied

to the container for Case “A”.
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particular case we found that the limiting scale is the

macroscopic or container scale, and therefore the results are

not sensible to the metal hydride thermal conductivity.

Non dimensional parameter results of Table 2 show that in

all cases the container absorption velocity is limited by the heat

evacuation at container scale. We also see that the results at

container scale assuming kMHeff
¼ 0.3 W m�1 K�1

orkMHeff
¼ 1.0Wm�1K�1 donot differ significantly.Therefore for

thepresent cases theuncertainty in the thermal conductivity of

thehydride powder is not relevant. Ifwe compare the results of

Case “A” and Case “B”, we can also see that a lower external

temperature improves the heat evacuation, giving higher NDC

values, but there is a compromisewith slower reactionkinetics,

reflected in a lower NDK. If even lower temperatureswere to be

used, it could happen that NDK became too low, and the reac-

tion kinetics would also take effect slowing down the adsorp-

tion process.

In Figs. 7 and 8 we can see that the actual line pressure and

external temperature for Case “A” have some discrepancies

with target values (Pg ¼ 30 bar and Text¼ 20 �C). However, if we

recalculate the estimated reaction timewith the actual values,

we only obtain a variation of 2%.

Table 5 summarizes the parametric analysis and experi-

mental results. We can see an overestimation in the reaction

time up to 25%. We consider that this tendency can be attrib-

uted to the model simplification that considers the radius of

the container as the characteristic length, while the fill time

calculation (Eq. (6)) assumes this lengthas the thickness of a 1D

slab [6]. According to Eq. (1), NDC has a quadratic relationwith

characteristic length L. Therefore an overestimation of L re-

sults in a significant overestimation of the reaction time.

In the cases studied the overall thermal conductivity of the

hydride container is satisfactory, being the measured filling

time less than 3 min. This is also reflected in non dimensional

parameter analysis, NFDT values being approximately 1. In

other words t90% is approximately equal to the desired reaction

time tdes.

Conclusions

In this workwe used non dimensional parameters to establish

the relative importance of different phenomena on the

hydrogen absorption dynamics of a prototype hydride

container. This hydride container has a finned design, thus

the analysis is performed at two different scales: container

and pore scale, being the former the limiting scale.

We have tested the actual hydride container performance

during hydrogen absorption. We found a faster absorption for

lower refrigeration temperature, indicating the process is

limited by the heat evacuation. For refrigeration temperature

Fig. 8 e Temperature at the container wall and in the

refrigerating water for Case “A”.

Fig. 9 e Time evolution of the pressure of the hydrogen

supply tank for Case “B”.

Table 4 e Experimental results summary and t90% calculations.

Hydrogen supply tank Container

Ptank (bar) Ttank (ºC) Dmg (10
�3 kg) t90% (min)

Initial Final Initial Final

Case “A” 44.4 ± 0.3 37.7 ± 0.3 22.6 ± 0.3 21.9 ± 0.3 22.1 ± 1.8 2.8 ± 0.2

Case “B” 56.0 ± 0.3 49.2 ± 0.3 9.4 ± 0.3 9.1 ± 0.3 23.6 ± 2.6 2.2 ± 0.2

Table 5 e Summary of non dimensional predictions and
experimental resulsts.

Non dimensional
prediction

Experimental
results

Comparison

t90% (min) t90% (min) Difference

Case “A” z2.7 2.2 ± 0.2 15%

Case “B” z4.0 2.8 ± 0.2 25%
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Text¼20 �C,90%fill time is (2.8±0.2)min,while forText¼ 0 �C it is

t90% ¼ (2.2 ± 0.2) min. This is a very satisfactory result as the

container design was thermally optimized with a similar metal

hydride for a 3 min absorption period [10].

Finally we have estimated the time for the container to

reach 90% capacity according to non dimensional parameters.

These predictions are in good agreement with the experi-

mental results, but show some overestimation of the ab-

sorption time. This can be attributed to the cylindrical

geometry which is more benign than the slab geometry

assumed in the simplified model.

We think that present results show that the non dimen-

sional parameter analysis is a useful tool for hydride container

design and analysis at a preliminary stage. Better results

would need not only a more sophisticated model but also a

good knowledge of the properties of the metal hydride, not

always available to the designer.
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