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Thermal effects in dynamic hydrogen storage by adsorption at room temperature and
high pressure are studied theoretically and experimentally. The system of adsorbate]
adsorbent used was hydrogen in granular acti®ated carbon. The theoretical analysis was
based on heat- and mass-transfer modeling in a packed-bed adsorber, with particular
emphasis on the thermal effects occurring during charge and discharge steps. The influ-

( )ence of gas flow rate and storage pressure up to 15 MPa on the total amount stored or
deli®ered was in®estigated. Operating conditions were compatible with practical applica-
tion for onboard ®ehicle storage. The experimental study was carried out in cylindrical
2-L reser®oirs filled with granular acti®ated carbon in which the bed temperature was
measured at ®arious positions. The temperature changes during both charge and dis-
charge agreed well with the model predictions.

Introduction
Hydrogen utilization is receiving increased attention in

view of the importance of the world’s demand for energy
caused by the simultaneous growth of the world population
and of air-pollutant emissions produced by carbonaceous fu-
els. As alternative energy, it is the cleanest fuel, and is espe-

Ž .cially attractive for electric-vehicle use Nicholetti, 1995 . Im-
Žportant properties of hydrogen such as heat power 2.75 times

.higher than gasoline for the same weight make it an ideal
Ž .candidate for transport applications Das, 1996 . A more dif-

ficult issue facing the transition to its effective utilization is
onboard storage; this may influence the vehicle’s cost, per-

Žformance, and fuel economy Berry and Aceves, 1998; Noh et
.al., 1987; Hynek et al., 1997 .

There are currently four main technologies for onboard ve-
hicle hydrogen storage: compressed gas, liquefaction, metal
hydrides, and adsorption. Particular attention was focused on
carbon sorption systems, since they can store hydrogen of

Žmoderate size, weight, and pressure Chahine and Benard,´
.1998; Lamari et al., 1997; Chahine and Bose, 1992 . Indeed,

when the gas is introduced into a container, a large part of it
is stored by adsorption and the rest by compression. This
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contributes to reducing the operating pressure compared to
compressed gas technology. Consequently, less weight is re-
quired and better security is ensured. This application has
been enhanced by the discovery of new graphitic structure
materials: nanotubes and nanofibers are considered promis-

Žing storage adsorbents Chambers et al., 1998; Dillon et al.,
.1997; Rodriguez et al., 1997 . However, practical difficulties,

such as temperature changes in dynamic charge or discharge
that requires thermal control, exist in the storage process.

Ž .Considering packed-bed pressurization charge and de-
Ž .pressurization discharge , there are two main heat effects:

heat released by adsorption and by compression, and reverse
temperature drop due to decompression and desorption. This
may have a detrimental effect on performance of the storage

Žsystem during both cycles Barbosa et al., 1997a; Chang and
.Talu, 1996 . A lower amount of gas is stored at the target

pressure during the first operation and a residual amount of
stored gas is retained in the container at the depletion pres-
sure during the second operation.

ŽSeveral theoretical and experimental studies Kikkinides
and Yang, 1993; Lu et al., 1993; Zhong et al., 1992; Sun-

.daram and Wanket, 1988; Farooq et al., 1988 describing the
thermal effects associated with adsorption have been carried
out, particularly in the field of pressure swing adsorption pro-

Ž .cesses PSA , which are currently used in gas separation and
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purification. Those studies differ from storage processes in
essential features: one component only, noncontinuous flow,
high pressure, only one bed entrance to adsorb and desorb
the gas. Furthermore, charge and discharge steps involve
rapid pressure change, as well as a high large pressure drop
at the bed entrance. These specific features induce addi-
tional difficulties in modeling, especially stiff pressure varia-
tions.

The main objective of this work is the investigation of ther-
mal effects during high-pressure charge and discharge in the
adsorbent packed bed for the storage reservoir. This is essen-
tial to control fueling processes and for manufacturing on-
board storage vehicle reservoirs. In the first part of this arti-
cle, we elaborate a theoretical study of the dynamic storage
of hydrogen by adsorption on activated carbon at room tem-
perature and high pressures. We have developed two models
in order to successively evaluate overheating and cooling in-
side the column during charge and discharge. The charge
model includes mass and energy balances with incorporation
of a valve equation, making it appropriate for modeling stor-
age systems with wide charge pressure variation. For the dis-
charge model, an adaptation of the model proposed by Chang

Ž .and Talu 1996 is developed. In the second part of this work,
the experimental study of this system is presented. The influ-
ence of the flow rate and storage pressure on temperature
variations is investigated in a range of pressures from 5 to 15
MPa. In the third part, experimental and modeling results
are compared and discussed.

Mathematical Modeling
Description of the storage system

In order to reproduce conditions similar to those of hydro-
Ž .gen in practical application} 1 at the fuel station, by sup-

Ž .plying the vehicle reservoir during the charge stage, and 2
for the fuel cell or engine motor, the imposed flow gas de-
mand during discharge stage}the same scenario is repre-
sented. Figure 1 shows the storage system considered here. It
consists of a cylindrical reservoir filled with a packed bed of
porous adsorbent particles. The gas enters and leaves through
a small opening at the center of the reservoir top. During the
charge step, a hydrogen flow continuously supplies the bed at
constant high pressure until the target pressure is obtained in
the cylinder. At a given feeding pressure, the time of charge
is dictated by the flow rate, which is controlled by the manual
opening micrometering valve. The flow rate is dependent on
the pressure drop in the entrance region and decreases down
to zero at the preset pressure. On the other hand, during the
discharge step, the gas is desorbed and expanded to atmo-
spheric pressure at a constant gas flow rate. For this reason,
we have developed two distinct models: one for charge, where
the flow rate varies with the pressure, and one for discharge,
where the gas flow rate is constant.

The charge step in the practical reservoir filling conditions
Ž .is fast enough to make in a first approximation the heat

exchange with the surroundings negligible, and the important
temperature gradients are in the axial direction. On the other

Ž .hand, as demonstrated by Barbosa et al. 1997b , intragranu-
lar mass-transfer resistance also has to be taken into account.

ŽThe diffusional resistance influences the final filling time that
.is, the time that the storage pressure is reached . This aspect

Figure 1. Process description for charge and discharge
models.

is discussed in detail in the modeling results section.
The discharge step is slow enough in vehicle running

conditions to allow instantaneous equilibrium assumption.
Furthermore, the temperature variation is predominantly in-
fluenced by heat transfer in the radial direction, due to heat
exchange with the surroundings. If the cylinder is long
enough, the axial temperature variation can also be neglected
Ž .Barbosa, 1995 .

Charge model

Assumptions. For modeling the charge step described ear-
lier, the following assumptions were made:

1. Initially the bed is at a uniform temperature and at an
atmospheric pressure of H .2

2. The gas behavior is assumed to be ideal. This approxi-
mation is reasonable in view of the slight variation in its com-
pressibility factor in the pressure and temperature range of
interest. From 0.1 MPa to 15 MPa, the variation is less than
8%.

3. The cylindrical adsorbent particles in the experimental
column are presumed to be spherical with an equivalent di-

Ž y3 .ameter based on surface, d s6.42=10 m .p

4. One-dimensional formulation is made in the axial direc-
tion for density and temperature.

5. Linear variation of gas velocity exists along the bed.

6. The mass-transfer resistance in the particle is approxi-
Ž . Žmated by using the linear driving force LDF Glueckauf,

.1955 in order to represent the mass-transfer rate. Its validity
Ž 2. Žin this work is justified because of D t rr )0.1 Yang,e c p

. Ž1987 and the modest curvature of the isotherms Hassan et
.al., 1985 . The gas-film diffusion resistance is neglected.

According to the preceding assumptions, the mass and heat
equations are written as follows:
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Mass Balance.

­r ­ ­r
q ur y Dax­ t ­ x ­ x

accumulation convective flux and
rate of gas axial dispersion

1ye ­ q x , tŽ .
q r M s0. 1Ž .s H 2ž /e ­ t

rate of gas adsorption

Energy Balance.

­ A A 1ye A1 1 2
rC T q r C T q r C T y r rTp s ps w pw gž /­ t A A e e A

heatrate of heat rate of heatrate of heat generated byaccumulation accumulationaccumulation compressionin the bulk gas in the wallin the adsorbent

1ye ­ q x , tŽ .
y D Hrsž /e ­ t

heat generated
by adsorption

­ A ­ T A ­ T1 2
s l q l y rC uTb w p­ x e A ­ x e A ­ x

convectionconduction conduction heat heat fluxheat flux flux in the wall
in the bed

4h
y T yT . 2Ž .Ž .0eD0

external heat
transfer

Initial and Boundary Conditions. The initial conditions for
the charge startup desorbed bed are

r x , ts0 s r ; T x , ts0 sT ;Ž . Ž .0 0

q x , ts0 s q T s293 K , P s0.1 MPa . 3Ž . Ž .Ž .0 0

The boundary conditions are

­r
xs0: ur 0, t y D 0, t sur ; T 0, t sT 4Ž . Ž . Ž . Ž .ax 0 0­ x

­r ­ T
xs L: L, t s0; L, t s0. 5Ž . Ž . Ž .

­ x ­ x

Intraparticle Mass Transfer. Overall mass transfer between
the solid and gas phase is expressed by the LDF adsorption
rate:

­ q x , tŽ .
Uw xs ka q r , T y q x , t , 6Ž . Ž . Ž .s­ t

where q is the amount of gas adsorbed in the particle, qU

is the amount adsorbed in equilibrium with the gas-phase
Ž 2.density outside the particle, and ka ka s15D rr is thes s e p

product of external-particle mass-transfer coefficient and the
specific area.

Ž .Val®e Equation. The inlet velocity xs0 is determined
Ž .from the valve equation VE . The works of Chou and Huang

Ž . Ž .1994a,b and Kumar 1989 used this approach at low pres-
Ž .sure ;0.3 MPa in PSA air separation. They demonstrated

that VE showed good agreement with the PSA experimental
data, leading to the prediction of the inlet and outlet flow
rate of the bed through the valve connection. Here, we ex-
tend and validate its applicability experimentally at high pres-
sure between 5 and 15 MPa. The following formula is recom-
mended for gases by the Fluids Controls Institute Inc., given

Žby the manufacturer’s Autoclave Engineers, Pennsylvania,
.USA technical information:

1r22 2P y PŽ .1 2y8Qs77.01=10 c for P )0.53P 7Ž .® 2 1S TG

or

1r21
y8Qs65.31=10 c P for P F0.53P , 8Ž .® 1 2 1ž /S TG

where
Ž .Qsflow rate through the micrometering valve VL on Figure 4 in

m3rs
c s valve flow coefficient®

Ž .S sspecific gravity of gas hydrogen densityrair densityG
Ž .Tsabsolute temperature of flowing gas K

Ž . Ž .P supstream pressure Pa fixed1
Ž . Ž .P sdownstream pressure Pa bed pressure2

Discharge model
Ž .Based on work by Chang and Talu 1996 , a radial one-

Ždimensional model of column discharge is used see preced-
.ing discussion . But this model has to be adapted to our con-

ditions. In their model, the mass accumulation of methane in
the gas phase was neglected because its contribution never
exceeded 15% of the total contents of the column. In the
case of hydrogen storage at room temperature and moderate

Ž .pressure, the bulk accumulation compressed gas is between
Ž .40 and 70% depending on the adsorbent of the total amount

stored, and consequently it must be taken into account in
Ž .mass and energy equations Malbrunot et al., 1996 .

Assumptions. In this work, a more detailed model is sug-
gested with the following assumptions:

1. Initially, the discharge starts at charge end conditions:
Ž .high pressure 5, 10, or 15 MPa with uniform temperature

and gas density in the bed.
2. Instantaneous equilibrium: the mass-transfer resistance

between adsorbed and gaseous hydrogen can be neglected
because the discharge process is slow enough and is governed
by the energy demand of the vehicle. Consequently, the dis-
charge duration is increased, compared to the charge step.

3. Temperature and density are uniform in the axial direc-
tion and variations exist in the radial direction. Because the
flow rate is lower, the heat transfer becomes more significant
between the column and the ambience.

Assumptions 2 and 3 in the charge model are also assumed
in the discharge model.
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Mass Balance.

f ­ q e ­r
s 1ye r q , 9Ž . Ž .sL ­ t M ­ tH2

where f is the specific molar flux in the column and is re-
lated to the mass flow-rate demand of the system m:˙

msp R2M f . 10Ž .˙ H2

Energy Balance.

­ 1yeŽ .
rC T q r C T y r rTp s ps g­ t e

rate of heat heatrate of heat necessaryaccumulation accumulation forin the bulk in the adsorbentgas decompression

1ye ­ q l ­ ­ TŽ . b
y r D H s rs ž /e ­ t e r ­ r ­ r

energy necessary bed conduction
heat transferfor desorption

l ­ ­ T fw
q r y C M T yT . 11Ž .Ž .p H 02ž /e r ­ r ­ r eL

heat removed fromwall conduction
the columnheat transfer

Initial and Boundary Conditions. The initial conditions are

ts0 qs f T , P charge condition 12Ž . Ž .
r s r ; T sT s293.15 K, P s P 13Ž .0 0 0

The boundary conditions are

­ T
r s0 0, t s0 symmetry condition . 14Ž . Ž . Ž .

­ r

The second boundary condition is determined by the energy
balance on the cylinder wall:

­ T ­ T
r s R y l R , t y l R , tŽ . Ž .b w­ r ­ r

bed heat wall heat
diffusion flux diffusion flux

­ T
s wC r R , t q h T R , t yT . 15w xŽ . Ž . Ž .pw w 0­ t external heat

wall heat transfer
accumulation

Estimation of Equilibrium and Transfer Parameters
One of the main difficulties in running these predictive

models is to accurately determine the equilibrium, heat-, and
mass-transfer parameters inside the column. The data avail-
able in the literature are not suitable to our specific system
Ž .high pressure, hydrogen, given adsorbent ; therefore, when
possible, the parameters were measured in this study.

Figure 2. Hydrogen adsorption isotherm.

Adsorption isotherm
Hydrogen adsorption isotherms at high pressure were mea-

sured by a mixed gravimetric and volumetric method over the
Žtemperature range of 293.15]383.15 K every 15 K: seven

.isotherms . The maximum pressure reached for each of these
isotherms was about 40 MPa. A cell of volume V was heldcell
under a high accurate balance, capable of weighing up to 2
kg, with a sensitivity of 10y3 kg. To ensure the pressuriza-
tion, this cell was connected to a high-pressure circuit by a

Ž y3long stainless-steel capillary tube 0.5=10 m diameter and
.1.6 m long : one end was rigidly fixed and the other end was

hung with the cell on the balance. With this device, the elas-
tic force of the capillary tube is less than the balance sensitiv-
ity.

The cell was filled with the adsorbent previously out-gassed
in a secondary vacuum at 573.15 K for 24 h. Hydrogen was
introduced up to the target pressure and the weight was noted
at the thermodynamic equilibrium reached. Finally, from the
knowledge of helium density of the adsorbent, mass-balance
equation, and PVT relationships, the amount of excess ad-
sorption was calculated. More details about the adsorbent

Žhelium density are published elsewhere Malbrunot et al.,
.1997; Darkrim et al., 1999 .

The experimental results are presented in Figure 2. The
collected data were correlated with the Radke-Prausnitz

Ž .isotherm equation Radke and Prausnitz, 1972 .

FK T PŽ .
Uq P , T s , 16Ž . Ž .1ynF q K T PŽ .Ž .

where

D H
K T s K exp y B . 17Ž . Ž .0 ž /RT

As shown in Figure 2, the experimental data were success-
fully fitted with the preceding equation. The fitted constant

Ž .values are listed for the best fits ;2% in Table 1.
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Table 1. Constants for Radke–Prausnitz Isotherm and
Enskog Equations for Hydrogen

Eqs. 16]17

F 2.9634
y5B y1.0=10

K 2.07780
y2n 89.6890=10

3D H 10.5=10 Jrmol

Eq. 22

˚s 2.915 A
erk 38 K

Ž1, 1.V 0.7896

Val©e flow coefficient
During the charge step, the feed gas at constant pressure

P was expanded to P through a fixed-opening micrometer-1 2
Ž .ing valve Figure 1 . Figure 3 shows the experimental results

at P s10 MPa and for different flow rates measured with an1
accurate volumetric flowmeter. The valve coefficient c was®
adjusted for each flow rate. In all cases, the flow rate re-
mained constant when P -0.53 P . Small c values were1 2 ®
obtained on the order of 10y3. They were ten times smaller

Ž .than the values of Chou and Huang 1994a . This difference
Ž .could be explained by the high ratio pressure )5 between

Žfeed pressure and downstream pressure in this work lower
.than 0.3 in the Chou and Huang work .

Effecti©e thermal conducti©ity
The bed effective thermal conductivity l was determinedb

Ž .by the following relation Froment and Bischoff, 1990 :

l s l0 q lc , 18Ž .b b b

where the thermal conductivity due to convective transport

Figure 3. Comparison of calculated and experimental
flow rate vs. pressure for different valve coef-
ficients at 10 MPa.

Table 2. Parameter Values Used in the Model
Calculations

y3Column length 487=10 m
y3Column diameter 78.5=10 m
y3Column wall thickness 5.75=10 m

Ž .Bed voidage e 0.4
Granular carbon Adsorbent AC35

y3Equivalent particle diameter 6.42=10 m
2 3Ž .Particle density r 9.6=10 kgrms

3Wall density 7930 kgrm
y1Ž .Particle porosity e 5.7=10p
2 3Bed density 4.6=10 kgrm

U y5 2Ž .Dispersion coefficient D 3.38=10 m rsa x
2 y2 y1Ž .Diffusional time constant of H D rR 2.98=10 s2 e p

2Ž .Heat-transfer coefficient h 12 WrK ?m
0 y1Ž .Bed stagnant thermal conductivity l 7.64=10 Wrm ?Kb

Wall thermal conductivity 16.03 Wrm ?K
2Ž .Solid heat capacity C 7.039=10 Jrkg ?Kp s
3Ž .Gas heat capacity C 14.42=10 Jrkg ?Kp

2Ž .Wall heat capacity C 5.02=10 Jrkg ?Kpw
3Ž .Adsorption heat D H 10.5=10 Jrmol

U Ž .Gunn 1987 .

lc was given by the correlationb

lc s0.12 PrRe. 19Ž .b

The stagnant thermal conductivity l0 was estimated by theb
minimization of the difference between calculated and mea-
sured temperatures. For experiments, the transient method

Ž .was used Lamari et al., 1999 , in which the stagnant hydro-
gen and the adsorbent contained in the cell were heated up
to the preset temperature. The temperature history was
recorded at the center and at the wall of the bed. The experi-
ments were carried out successively at 5, 10, and 15 MPa.
The calculation was based on the numerical solution of the
unsteady-state energy equation. The stagnant thermal con-

0 Ž .ductivity obtained l was about 0.76 Wrm ?K see Table 2 .b
The pressure effect was on the order of 1%, and could there-
fore be neglected in calculating l .b

Effecti©e self-diffusi©ity for single component
The effective self-diffusivity D was estimated by a simplee

Ž .empirical method correlation given by Yang and Liu 1982
Ž .see Eq. 6 :

D
D se , 20Ž .e p t

where e is the intraparticle void fraction t is the tortuosityp
factor; and D is the diffusivity

y11 1
Ds q , 21Ž .ž /D Dm k

where D is the molecular diffusivity and D is the Knudsenm k
diffusivity in m2rs.

At high operating pressures the contribution of Knudsen
Ž . Udiffusion became smaller Ruthven et al., 1994 , and D™ D .m
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In our case, the value of D was estimated and was threek
orders of magnitude lower than D . Hence, here we consid-m
ered only the molecular diffusion for calculating the effective
coefficient D , by application of the Enskog relationshipe
Ž .Hirschfelder et al., 1964 :

3T rM' H2
D s0.026280 , 22Ž .m U2 Ž1 , 1.mPs V TŽ .

where
Ž 2 .D smolecular diffusion for self-diffusion case m rsm

Ž .Pspressure Pa
Ž .Ts temperature K

U Ž .T sreduced temperature s kTre
˚Ž .s , erksparameter in Lennard-Jones potential function A, K

VŽ1, 1.scollision integral function

Heat of adsorption
A widely used method is to determine the isosteric heat of

adsorption by application of the Clausius-Clapeyron equation
Ž .Brunauer, 1945 . This equation relates the adsorption heat
effects to the temperature dependence of the adsorption
isotherm. For this purpose, the data in Figure 2 were plotted
in the form of ln P vs. 1rT , and thereafter heat of adsorption
D H was obtained from the local slopes of the curves. The
heat of adsorption D H varied slightly with the adsorbed

Ž .amount and the temperature less than 5% in the range of
our operating conditions. For model calculations, we used an
average value of D H.

Solution technique
The mutual coupling between the mass- and heat-transfer

equations exhibits some stiffness and requires a specific tem-
poral discretization. We chose the implicit backward Euler

Ž .scheme Fletcher, 1991 , which is unconditionally stable and
well suited for the treatment of such stiff phenomena. A con-
stant time step is used throughout the numerical computa-
tions.

The mass and heat balances are nonlinear convection-
diffusion equations written in conservation form. A critical
aspect of the discretization of these equation types is the ac-
curate numerical evaluation of the nonlinear convection term.
The use of an upwind scheme induces numerical diffusion
monitored by the local Peclet number. This numerical diffu-
sion will significantly alter the temperature profiles in impor-
tant convective flows. In order to avoid such problems, a
straightforward centered scheme was applied with a suffi-
ciently dense mesh. The solution was advanced in time, using
an iterative procedure that involved the inversion of two
tridiagonal systems, efficiently performed by forward]back-

Ž .ward Thomas’ algorithm Fletcher, 1991 . During the itera-
tive procedure, the velocity, temperature and density profiles
were updated until convergence was achieved with a relative
criterion of 10y9. We notice that complete simulation takes
up to 300 s on an Indigo2 R8K SGI workstation. The accu-
racy of the numerical solution is confirmed by dividing the
time step and spatial mesh by 2 until the computed profiles
remain unchanged.

Experimental Studies
Apparatus and materials

To verify the validity of the proposed models an experi-
Ž .mental device was constructed Figure 4 . The system con-

Ž . Ž .sisted of two main circuits: 1 charge, and 2 discharge. A
Ž .volumetric flowmeter FTO with a reading accuracy of

Ž ."0.3%, manufactured by EG&G model 1INIR3-PHC-5 ,
was used to adjust and measure the charge flow rate under
operating pressure. The Smart Flow Transmitter connected
to the FTO enabled correction of the gas flow rate instanta-
neously with temperature and pressure variation. Upstream,
a micrometering valve was used in order to obtain an ad-
justable and reproductive flow. The adsorption column was a

Ž . Ž y3laboratory-scale 2-L stainless-steel cylinder 485=10 m
y3 .long; 78.5=10 m diameter . Its geometric shape was simi-

lar to that of the commercial gas cylinder.
In most experiments, the external wall was directly in con-

tact with ambient air, that is, in the usual conditions. In other
Ž .particular cases: 1 a coil was wound around the column in

which thermostatted water circulated to ensure fixed external
Ž .wall temperature at 293 K; 2 the column was insulated by

fiberglass to ensure near adiabatic conditions.
The column was packed with commercial activated-carbon

Ž . Žparticles AC35, CECA}France of cylindrical shape 3.5=
y3 y2 .10 m diameter; 10 m long . This adsorbent has an aver-

age surface area of 1,000 m2?gy1 and a bulk density of 460
kg ?my3. As shown in Figure 5, six ironrcopperrnickel ther-
mocouples were placed along the column to obtain radial and
axial temperature profiles. The pressure was measured by the

ŽHeise digital pressure transducer model ATS 2000, preci-
. Ž .sion: "0.02% of the full scale . A mass flow controller MFC

Ž .type 1500, precision: "0.1% of the full scale manufactured
by MKS was used during the discharge stage. This apparatus
operates at constant pressure regulated to 0.15 MPa by the
pressure regulator M2. All devices}the FTO, MFC, pres-
sure transducer, and thermocouples}were linked to the in-

Ž .terface model Keithley 2000 and recorded in the computer
at a 0.25-s time interval. The set data were analyzed by means

Ž .of the HPVEE HP Visual Environment Engineering soft-
ware program.

Procedures
Experiments were carried out at three different pressures:

5, 10, and 15 MPa. The main experimental parameters were:
Ž .1 for charge, the initial gas flow rate that governs the com-

Ž .plete fill duration; and 2 for discharge, the constant flow
rate that governs the available power. This flow rate can be
regulated between 0.11=10y3 and 0.91=10y3 Nm3rs for a
charge that corresponds to a vehicle fill-up time of between
300 and 1,200 s, and between 0.54=10y3 and 0.0938=10y3

Nm3rs for a discharge that corresponds to a different energy
demand of the engine. Before each experiment, the cylinder
was desorbed using a primary vacuum pump.

Charge. During this step, the gas was introduced into the
column via the pneumatic valve EV1, opened suddenly at zero
time, from which pressure and temperatures were recorded.

Ž .Two sets of experiments were performed: 1 in the first, EV2
was closed when the nominal pressure was reached to simu-
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Figure 4. Experimental device for the measurement of adsorption column charge and discharge.

Ž .late a real fill-up as for the vehicles; and 2 in the second,
the column was charged with hydrogen until the target pres-
sure and thermal equilibrium with the surroundings were

Figure 5. Details of inner column disposition of thermo-
couples.

Žachieved when the temperatures indicated by the thermo-
.couples were equal to the ambient temperature .

Discharge. Since valve EV1 was closed while EV2 and
EV3 were opened, the gas was expanded to 0.15 MPa by the

Ž .pressure regulator engine operating pressure . Finally, the
outlet gas was exhausted through the mass-flow controller.

Presentation and Discussion of Results
Charge

Figure 6 shows typical experimental temperature histories
at different radial and axial positions in the bed. These ex-
perimental curves were recorded for the three operating

Ž .pressures P s5, 10, and 15 MPa and for three gas flow
rates. As expected, in all cases, an increase in temperature
was observed, due to both adsorption and compression. The
temperature rise magnitude was enhanced by both high pres-
sure and high flow rate. The knowledge of this temperature
increase and its dependence on operating conditions is of pri-
mary importance for the storage process, as it results in a
reduced amount of stored gas, as shown in Figure 7a.

Significant temperature gradients were noted in both the
axial and radial directions. These gradients were essentially
due to the poor thermal conductivity of the granular adsorb-

Ž .ent bed 0.764 Wrm ?K . As pointed out by Vortmeyer and
Ž .Winter 1984 , in a radial direction, an additional cause might

be the bypass flow, because of porosity change near the wall.
The bypass flow is relatively important at low flow rates and

Žfor low bed-to-particle-diameter ratio D rd s12 in our0 p
.case . According to these authors, at a low Reynolds number
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(Figure 7. Percentage of mass hydrogen amount with
) ( )thermal effectrrrrrwithout thermal effect : a

( )stored during charge step; b loss during
( ) ( )discharge at fast B , medium ' , and slow

( )l flow rates for different pressure storage
5, 10, and 15 MPa.

Ž .of 15 and less, in this study , the proportion of flow bypass
can reach 30%.

As expected, the highest temperature was obtained near
the entrance where gas velocity is more significant. Indeed,
this is the region of the bed where the pressurization effect is
most important, since hydrogen is gradually adsorbed on acti-
vated carbon from the entrance to the bottom bed.

All experimental profiles exhibited a change in curvature,
and could be divided into two distinct periods. In the first

Ž . Ž .regime start period , where P -0.53P see Eq. 8 , and2 1
which is characterized by a rapid temperature rise, the heat

Žgenerated by adsorption and compression two exothermic
. Žprocesses was proportional to the flow rate convective
.transport and the temperature response reached its maxi-

mum with a delay corresponding to the inertia of the system.
In addition, at low pressure, corresponding to the first charge
period, the slope of the adsorption isotherms was steeper than

Ž .at high pressure Figure 2 . In the second period, the bed was
Žclose to saturation, and therefore the flow rate decreased Eq.

.7 and the temperature variation resulted only from conduc-
tive heat transfer through the bed and through the steel wall,
as well as the convective bed heat exchange with the sur-

Ž .roundings. At the final time 1200 s , it is important to note

that the bed temperature was different from the ambient
temperature and was far from reaching the equilibrium tem-
perature. This was due to heat accumulation in the steel wall,
which behaved as a thermal reservoir during this step. In-

Ždeed, due to its high heat capacity, the steel wall about 29 kJ
.based on experimental results stored a large part of the heat

Ž .adsorption generated in the bed about 27 kJ . It was also
Žobserved that the temperature rise at the bottom thermo-

.couple No. 5 never exceeded 4 K. This was a local effect
mainly due to the large mass wall, which was more conse-
quential, and to hardware, such as screws connected in this
region, presenting considerable thermal capacity.

Effect of Flow Rate. Considering the three sets of curves
wŽ . Ž . Ž . xin Figure 6 a at 15 MPa, b 10 MPa, and c 5 MPa , it can

be noted that the temperature increase at high flow rate is
high but of short duration, whereas at low flow rate it is low
but of long duration.

For the fast charge conditions, where the system behavior
was nearly adiabatic, the heat effect was more pronounced
because there was not sufficient time for heat exchange with
the surroundings. This implied important temperature gradi-
ents in the bed. In fact, the rate of heat generated by adsorp-
tion and compression was more rapid than its propagation
by convection and conduction, and therefore remained con-
fined to the column. Consequently, important shifts in the
adsorption isotherms were also induced by these temperature
gradients. For these relatively high flow rates, the average
temperature increases were about 40 K at 15 MPa, 21 K at 10
MPa, and 7 K at 5 MPa.

For the slow flow rate the heat exchange with the surround-
ings could take place and was limited by natural convection
outside the wall. In this case, the average temperature rises
were between approximately 5 and 7 K. The corresponding
percentages of full-charge were between 96 and 98%, only
4% more than the case at fast charge, and therefore there
was no definitive advantage to charge with low flow rate.
Furthermore, for vehicles, the long filling time}over 900
s}solution was unrealistic and could not be applied.

Effect of Charge Pressure. As expected, lower elevations
Ž .were obtained at low storage pressure 5 MPa . For the real

system, it was obvious that, at this pressure, the amount stored
was too low to ensure sufficient autonomy. Nevertheless, the
latter experiments, compared to those at 15 MPa, demon-
strated that the maximum temperature was obtained in 220 s

Ž .of charge at 5 MPa rapid charge case ; at 15 MPa this tem-
perature was reached in 75 s. Thus, this implies that the same
amount stored at 5 MPa is supplied and accumulated in a
shorter time at higher storage pressure. For this reason, we
observed a similar temperature rise, despite the difference in
the storage pressure, in cases such as for a rapid charge at 5

Ž y3 3 .MPa Qs0.38=10 Nm rs and medium time charge at P
Ž y3 3 .s10 MPa Qs0.34=10 Nm rs .

Discharge
Figure 8 shows temperature histories for different pres-

sures and fixed discharge flow rates. Contrary to the charge
step, a temperature decrease was observed during discharge
that was due to both desorption and decompression. Knowl-
edge of the temperature drop was necessary, as it reduced
the amount delivered under a given set of operating condi-
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Figure 9. Influence of mass-transfer resistance on the
pressure-column history during charge at
storage pressure 10 MPa.

tions. The residual amount increased with the pressure and
gas flow rate, and varied between 14 and 28%, as shown in
Figure 7b.

It is noteworthy that the shape and curvature of tempera-
ture curves were not symmetrical to the charge curves. Con-
trary to charge, as the gas cooled down, an amount was
retained, at lower temperature than the ambient tempera-
ture. As a result, the desorption path on isotherms was dif-
ferent from the charge path. Furthermore, during this step,

Ž .the energy stored during pressurization charge had to be
resupplied to the system.

As for charge, the best operation was accomplished with
Ž .slow flow rate under hypothetical isotherm conditions IC .

As presented in most of the literature, IC would appear to be
more favorable for real operating conditions, while from ex-
perimental results and for all cases, it was not possible to
operate under this condition only for the infinitely slow flow
rate at which the impact of temperature gradients became
negligible. For the lowest flow rate, which should be closest

Ž .to a slow discharge in vehicles about 50 kW of power , the
temperature fell to 277 K at 15 MPa and 287 K at 5 MPa.
Calculated from the mass flow controller, the capacity losses

Ž .were between approximately 15 and 18% Figure 7b . For the
Ž .near adiabatic operation fast discharge , the lowest tempera-

ture drop was obtained with a high flow rate operating at 15
MPa. At the end, the wall temperature dropped to about 280
K, while the near-entrance temperature was about 256 K. The
volume-average temperature decrease was 30 K. Under these
conditions, the equilibrium was unfavorable to total desorp-
tion. It had a detrimental effect on performance correspond-
ing to 28% capacity loss. Fortunately, fast discharge was far
from vehicle running conditions.

Validation of mathematical models

Charge. Since it was not possible to represent the vast
amount of experimental and numerical data obtained at dif-
ferent column positions, we show only the temperature pro-
file for the given thermocouple position T near the entrance1
to the column. For this thermocouple, we observed the high-

est temperature rise that was representative of the thermal
behavior in the column. The physical parameters used in the
calculations are given in Table 2.

First, numerical simulations were performed to investigate
the influence of mass-transfer resistance on the final filling
time. From Figure 9 it can be seen that the experimental
pressure history behaves the same as the computed history,
with mass-transfer resistance and particularly near bed satu-
ration. Both the computed and experimental curves coincide
perfectly, mainly because mass-transfer resistance has a

Žstronger effect than hydrodynamic flow contrary to the first
.regime . In the absence of mass-transfer resistance corre-

sponding to instantaneous equilibrium, nominal pressure is
reached earlier with a steeper slope. Therefore, less time is
required because 10% less gas is stored.

Figure 10 shows the calculated and experimental tempera-
ture rise for thermocouple T at different pressures with1
different flow rates. For all cases, the agreement between ex-
perimental and numerical was good and the maximum tem-
perature elevations were well predicted. The model also pro-
vided a very good prediction of the transient behavior at the
beginning of charge. It demonstrated that a linear velocity
decrease in the bed was a reasonable approximation. Tem-

Figure 10. Comparison of model and experimental-bed
temperature profiles during charge.
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perature histories were most accurately predicted at slow flow
rates. However, the prediction of the temperature decrease
was less satisfactory at high flow rates. The calculated tem-
perature was slightly lower than the experimental tempera-
ture. This difference could be explained by the fact that the
model assumes that the bed and wall temperatures are equal.
An additional inaccuracy may have been due to the estima-
tion of convection heat transfer coefficient h with the sur-
roundings.

Figure 11 shows how the calculated temperature profiles
Ž .by the idealized model denoted model 1 will be affected by

neglecting the most important energy balance terms. Under
Ž .adiabatic conditions hs0 , the thermal effect is greater. The

heat generated is accumulated in the bed and has nowhere to
escape. Thus, a long time is required for temperature stabi-
lization. The maximum temperature was close to that ob-

Ž .tained experimentally 5 K more , which confirms that the
thermal behavior of the bed during the first charge regime
Ž .before temperature maximum is near the adiabatic one.

In the case where heat accumulation in the wall is ne-
Ž .glected model 3 , the temperature maximum is slightly over-

estimated by about 3 K, compared to model 1. During the
Ž .second regime after temperature maximum , the tempera-

ture decrease is more rapid toward equilibrium, which is
characterized by an absence of a tail, as for model 1. This
suggests that the heat released is directly dissipated to the
surroundings. This course characterized the wall effect, which
behaves like a thermal-energy reservoir, as indicated in the
experimental section.

In the last model numerical simulation, the heat generated
by compression was assumed to be negligible. The thermal
effect was underestimated and the temperature maximum was
less by 7 K than the maximum predicted by model 1.

From these runs, it is clear that only the complete model
adequately reproduces charge dynamics and can be useful for
engineering purposes to predict the temperature rise and to
choose operating conditions.

Figure 11. Computed temperature profiles during rapid
charge at Ps10 MPa showing, respectively,
the effects of neglecting.
Model 2: heat transfer with surrounding; model 3: wall heat
accumulation; model 4: heat generated by compression;
model 1 corresponds to complete charge model.

Figure 12. Comparison of model and experimental-bed
temperature average profiles during dis-
charge.

Discharge. During this step, the computation of tempera-
ture and pressure was maintained until pressure was equal to

Ž .0.15 MPa operating pressure engine . This was the stopping
criterion for the discharge computations.

The model and the experimental average temperatures are
fairly close in Figure 12. For relatively slow discharge, agree-
ment was very good. At 15 MPa in rapid discharge, the model
temperature predicted showed the greatest discrepancy with
the measured one. The same observation was also valid for
rapid discharge at 10 and 5 MPa. It is difficult to explain the
exact reason for this and many explanations can be sug-
gested. The first probably involves neglected mass-transfer
resistance. In rapid discharge, the assumption of instanta-
neous equilibrium becomes erroneous. The second explana-
tion involves the fact that, at these flow rates, the gradient

Žtemperature is very high in the column see the earlier dis-
.cussion of the experiment . The approximation of uniform

temperature and density in an axial direction becomes inac-
curate in computations. Nevertheless, the model captures the
essence of desorption dynamics: temperature drop for slow
flow rates, as for vehicle application.

For this case, Figure 13 shows the effect of neglecting the
important terms of the discharge model when predicting the
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Figure 13. Computed temperature profiles during slow
discharge showing, respectively, the effects
of neglecting.
Model 2: heat transfer with surrounding; model 3: wall
thermal conductivity; model 4: mass accumulation in the
bulk phase; model 1 corresponds to complete discharge
model.

temperature history. The results are comparable with those
previously obtained for the charge model: under adiabatic
conditions, the temperature drop is lower than that predicted

Ž .by model 1. However, a small difference only 2 K occurs in
the case where wall thermal conductivity is neglected. For a
rapid and average discharge time, the effective temperature
was declined successively from 8 to 5 K. Another effect asso-
ciated with the mass accumulation in the bulk phase cited

Žearlier see the section on mathematical modeling: discharge
.model was also demonstrated. The final discharge time at

the depletion pressure was not observed, not being as long as
in model 1. Thus, the corresponding temperature drop was
overestimated and there was only a small amount of gas dis-
charged.

Figure 14. Calculated temperature rise at 10 MPa dur-
( )ing rapid charge duration 300 s using AC35

( ) ( ) ( )I , carbon clothes ` , and AX21 ) as
adsorbent.

Effects of physical properties of the adsorbent on thermal
effects

Experimental results and comparisons with model predic-
Ž 2 .tions are specific to carbon AC35 surface area 1,000 m rg ,

which is produced on a large scale. Superactivated carbon
2 ŽAX21, with a surface area of 2,800 m rg despite its not being

.commercially available , might be more suitable for optimal
storage capacity. Nevertheless, the thermal effects would be
enhanced. From the present model predictions, this carbon
reaches a higher temperature than AC35 during charge, about

Ž .17 K Figure 14 . Thus, it involves a specific device for heat-
Žtransfer improvement to maintain optimal storage otherwise,

.the capacity losses were 18% . Concerning the carbon clothes
Ž 2 .surface area 1,800 m rg , the temperature rise was interme-
diate, between AC35 and AX21.

Another feature must also be taken into account for better
adsorbents: the bulk density. Of course, high surface area is
desirable in order to maximize the adsorption per unit of
mass, but the adsorbent bulk density must be increased. The
ideal adsorbent in the vehicular reservoir would have a high
bulk density, but would exhibit substantial adsorptivity. It
should also have good mechanical properties to avoid attri-
tion.

Conclusion
Two models for the charge and discharge reservoir have

been developed here that combine mass and heat balances
with a nonlinear isotherm in a packed bed. The proposed
models enable the prediction of the behavior of a dynamic
storage system for different operating conditions. They were
successfully validated under realistic conditions on a labora-
tory scale with granular activated carbon AC35. Three spe-

Ž .cific points were considered: 1 time of charge and dis-
Ž . Ž .charge; 2 charge and discharge step performances; and 3

storage pressure. The models were capable of predicting ax-
ial temperature rise during the charge step and radial tem-
perature drop during the discharge step. The model could be
used for large-scale reservoirs.

One significant result of this study is that thermal effects
reduce the storage capacity during charge and the amount
delivered during discharge, and need to be taken into ac-
count when applied to vehicles. It also appears that the
storage performance of better adsorbents can be reduced be-
cause of thermal effects, and enhanced by better adsorption.

Increasing the heat transfer between the bed and the sur-
roundings would reduce this negative effect for real vehicle
reservoirs. For this purpose, the following remedies exist.

v In order to enhance radial heat transfer, the gas flow can
Ž .be radially directed, as suggested by Chang and Talu 1996

for natural gas. The proposed device involves insertion of a
fairly small perforated tube into the central axis of the reser-
voir. The temperature will be more uniform and the storage
capacity losses will be decreased compared to the axial flow
direction. The second solution is based on an adsorbent
package. This package can be disk-shaped with the same ra-
dius as the reservoir, and directly in contact with the cylinder
wall. Therefore, the void space is reduced, and thermal con-
ductivity and energy transfer through the wall are increased.
This suggestion can be sustained, as disk adsorbents are
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Ž .available Bose et al., 1992 .
v To increase the flow of heat to the surroundings during

the discharge step, the wall reservoir can be kept externally
heated by passing the flow of discharged gases from the mo-

Ž .tor engine combustion or fuel cell through an external
jacket. This would avoid an important drop in temperature
while the vehicle runs.

v To improve the conductive transfer, the ratio of the wall
surface and the volume of the reservoir must be increased.
As in the vehicle, the space available is limited, and the
reservoir can be divided into several elongated tubes that
could also be finned.

v To compensate for the amount of hydrogen lost by over-
heating during charge, the reservoir can be filled at pressure

Ž .slightly higher from 6 to 15% than the target storage pres-
Ž .sure the percentage depends on the storage pressure .

An interesting development of this study is the optimiza-
tion of storage by adsorption when the high adsorption ca-
pacity of carbon nanotubes and carbon nanofibers is proven
true. The developed models can be used as predictive tools in
order to find optimum operating conditions for hydrogen
storage onboard the vehicle.
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Notation
As A q A , m2

1 2
A s internal area of the column, m2

1
A s wall area, m2

2
C shydrogen heat capacity, Jrkg ?Kp

C scarbon heat capacity, Jrkg ?Kp s
C ssteel heat capacity, Jrkg ?Kpw
D saxial dispersion coefficient, m2rsa x
D sexternal column diameter, m0
D s internal column diameter, mi
hsexternal wall heat-transfer coefficient, Wrm2 ? s
Ls length of the column, m

M smolecular mass of hydrogen, kgrkmolH 2
Pspressure, Pa

P s initial pressure, Pa0
rsradial position, m

r saverage particle radius, mp
Ž .r suniversal gas constant r s RrM , Jrkg ?Kg g H 2

Rscolumn radius, m
Ts temperature, K

T sambient temperature, K0
ts time, s

t scycle time, sc
us interstitial velocity, mrs
wssteel-wall thickness, m
xsaxial position, m
esbed-packing porosity

r scarbon density, kgrm3
s
rsgas density, kgrm3

r sgas density at P , m3
0 0

r ssteel density, kgrm3
w

l sbed effective thermal conductivity, Wrm ?Kb
l s wall thermal conductivity, Wrm ?Kw

D Hsheat of adsorption]desorption, Jrmol

Subscripts
axsaxial direction

ssadsorbent
ws wall column

Dimensionless groups
PrsPrandtl number
ResReynolds number
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