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Performance of a new highly conducti®e adsorbent matrix for ANG systems was e®al-
( )uated. The adsorbent composite block ACB was a mixture of superacti®ated carbon,

( )labeled MAXSORB and expanded natural graphite ENG , followed by consolidation.
ENG was used both as a ®ery high conducti®e matrix and as support for adsorbents.
Thermal conducti®ity is 30 times higher than that of acti®ated carbon packed bed. Dy-
namic methane discharges were studied experimentally with a 2-L ®essel filled with
ACB. The influence of both the discharge flow rate and heat-exchange conditions at the
reactor wall on the deli®ered methane capacity was in®estigated. The modeling of the
discharge process, ®alidated from experimental results, shows the efficiency of this ACB
with a 100-VrV deli®ered methane capacity under ®arious working conditions.

Introduction
Ž .Natural gas vehicles NGVs provide numerous benefits

Žboth as alternative fuel and as clean and safety fuel Talu,
.1992; Wegrzyn and Gurevich, 1996 . Natural gas is made up

of 90% methane. It is lighter than air and is only flammable
with about 10% volume in air. In addition, its ignition tem-
perature is close to 650�C, compared with 250�C for gasoline.

ŽDue to its low-energy density per unit volume Parkyns and
.Quinn, 1995 , current NGVs employ compressed natural gas

Ž .CNG . There are more than one million NGVs worldwide
Ž .today De Chauveron, 1996 . However, this technology re-

Ž .quires high pressure 20 MPa . High economic cost coupled
with a large mass of onboard reservoirs limit the practical use
of CNG technology.

A promising solution involves the use of suitable micro-
Ž .porous materials. An adsorbed natural-gas ANG system can

store natural gas by adsorption under moderate pressure: 3.5
Ž .MPa Wegrzyn and Gurevich, 1996 . The key to the success-

ful ANG storage is the development of highly microporous
adsorbents, that is, activated carbon and zeolites. Natural-gas
storage capacity of a suitable adsorbent is currently ex-
pressed in terms of the stored volume of natural gas per unit

Žof adsorbent volume, measured at normal conditions Ps0.1
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.MPa, Ts273 K . To be a commercially viable system, a de-
Ž .livered 150 VrV is necessary Parkyns and Quinn, 1995 .

Many researchers deal with the development of highly mi-
croporous adsorbents with high packing densities and large

Žspecific surface areas Alcaniz-Monge et al., 1997; Baker,˜
1998; MacDonald and Quinn, 1996, 1998; Manzi et al., 1997;

.Schwarz et al., 1998 , and simulations of the dynamic dis-
Žcharge of ANG vessel Chang and Talu, 1996; Lamari et al.,

.2000; Mota et al., 1995, 1997a,b; Zhou, 1996 . On the other
hand, few studies have been carried out on the experimental

Ž .results Chang and Talu, 1996; Jasionowski et al., 1989 .
Numerous aspects occur in ANG storage systems that af-

fect its performance, and hence, its viability. First, when dis-
charging an isothermal ANG vessel, an amount of gas is re-
tained at depletion pressure. The isothermal delivery gas ca-
pacity is therefore reduced by 10�15% of the total stored gas
capacity. Second, the thermal effects, relating to both heat
adsorption and desorption, which are 12�16 kJ �moly1 for

Žmethane adsorption on activated carbon Loughlin et al.,
1993; Parkyns and Quinn, 1995; Rychlicki and Terzyk, 1995;

.Salem et al., 1998 , limit the stored and the delivered gas
capacity, respectively. Therefore, a loss of 35%, compared to
an isothermal charge, can occur when charging an ANG ves-

Žsel under the adiabatic condition Chang and Talu, 1996;
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.Mota et al., 1997a . Third, the rate of fill and discharge is a
major factor influencing the exothermic and endothermic ef-

Ž .fects Chang and Talu, 1996 . Experimental results have
shown that the stored gas capacity is reduced dramatically

Žfrom 127 VrV to 76 VrV for an adiabatic fast fill Jasionow-
.ski et al., 1989 . The ideal way is to charge and discharge

natural gas at a low enough flow rate to get closer to isother-
mal conditions. Nevertheless, if the charge can be performed

Ž .over a long time overnight for the buses fleets , the dis-
charge flow rate is controlled by the energy demand of a nat-
ural gas motor vehicle. A discharge flow rate of a 25 Nl �miny1

corresponds to the energy demand of a car traveling at cruis-
Ž .ing speed Chang and Talu, 1996 . In addition, the required

high packing densities of activated carbon beds could create
mass-transfer problems that limit in the same way the deliv-

Žered capacity when discharging an ANG vessel Cook et al.,
.1999 . Consequently, the performances of ANG systems

closely depend on the heat- and mass-transfer properties of
the adsorbent. The ANG system is sometimes unable to meet

Žthe energy demand in real working conditions Chang and
.Talu, 1996 . Facing these problems, it is more important to

focus on the delivered volume of methane than stored vol-
ume in ANG technology.

Few solutions have been proposed and discussed in the lit-
erature to reduce the thermal effects generated during the

filling and the discharge of natural-gas storage cylinders. The
first approach consists of enhancing the thermal capacity by

Ž .using an in situ phase-change material salt hydrate that
consumes the heat of adsorption and supplies it during the

Ž .discharge process Jasionowski et al., 1989; Mota, 1995 .
However, this material must have a specific melting point near
the ambient temperature, whereas ANG technology is sup-
posed to operate under various ambient conditions. More-
over, this approach is limited by the disadvantage that the
occupying place by the change phase material is about 18%
of the total volume. The second solution, proposed by Chang

Ž .and Talu 1996 , is to enhance heat transfer from the wall to
the center of the ANG vessel by inserting a perforated tube

Ž .into the center of the vessel gas diffuser . By changing the
axial flow to radial flow, the temperature distribution in the
vessel is more uniform and allows reduction of the dynamic
loss. Furthermore, the place occupied by the perforated tube
is only 2% of the total volume. The last solution consists of
enhancing the conductivity of the adsorbent. Indeed, the poor
conductivity of the currently activated carbon packed bed is
not appropriate for their use in ANG technology, since the
volume of the delivered gas at depletion pressure decreases
as the activated carbon bed temperature decreases.

In this article, the enhancement of both conductive heat
transfer and heat exchange from the ANG vessel to the sur-

Figure 1. Experimental laboratory device.
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roundings are investigated. The enhancement of the effective
thermal conductivity, while keeping good mass-transfer prop-
erties, is performed by using a highly conductive matrix, made

Ž .up of expanded natural graphite ENG and superactivated
Ž .carbon Maxsorb . On the other hand, to increase the flow of

heat desorption from the vessel to the surroundings, the ves-
sel wall is maintained externally at a fixed temperature by
using an annular space wrapping around the vessel, where a

Ž .fluid water can flow axially by forced convection.
Ž .ENG is produced by a rapid heating 1,000�C of graphite

Ž .intercalated compounds GICs obtained from natural
Žgraphite flakes Ferriere et al., 2000; Yoshida and Hishiyama,`

.1991 . Current GICs were prepared by chemical oxidation
with HNO in a concentric sulfuric acid. ENG is highly porous3
Ž .� �0.8 and has been used as a conductive medium and

Ž .support for materials salts in thermochemical processes
Ž .Mauran et al., 1994 . The Maxsorb activated carbon, which

Ž .was referred to in the past as PX-21 Amoco patent and
Ž .AX-21 Anderson Development Company license is now

produced and sold under license by Kansai Coke and Chemi-
cals Company Ltd. It presents a large microporous volume

Žand a high surface area Carrott et al., 2000; Kaneko and
.Murata, 1997; Otowa et al., 1993; Quirke and Tennison, 1996 .

It already has been used for the storage of methane
Ž .Jasionowski et al., 1989; Manzi et al., 1997 .

The purpose of the present work is to investigate the be-
havior of ANG systems during discharge, with this new ad-

Ž .sorbent composite block ACB , made from Maxsorb and
ENG. A model was developed to predict the performances of
this new composite and to evaluate its benefits in terms of
methane delivery amount per unit adsorbent volume, under
real working conditions. The coupled heat- and mass-transfer
model also has been developed in order to understand the
phenomenon that could limit the performances. Experimen-
tal measurements are then compared with simulated results
in order to validate the model presented.

Experimental Study
Experimental laboratory apparatus

Figure 1 shows the experimental laboratory device. A
stainless-steel vessel of 2 mm thickness with a volume of about

Ž .2 L diameter�length: 110.3�215 mm was filled with the
new ACB. Four thermocouples are distributed radially
throughout the high-pressure vessel with a spacing of 1.1 cm,
and one on the reactor wall to evaluate the thermal gradients
during desorption. A classic pressure transducer and two mass
flow controllers record and control the pressure and the gas
flow, respectively. The amount of adsorbed gas at pressure

Ž .charge P s3.5 MPa was measured simultaneously by thec
Žmass flow controller and a gravimetric balance Sartorius ex-

.cellence, model E 12100S of 12-kg capacity with a 0.1-g reso-
Žlution. For safety reasons, a safety valve calibrated at 4.0

.MPa was on top of the storage vessel, and the apparatus was
placed in a safely-closed room. All the data were collected at
the interface of a microcomputer. Finally, pure methane
Ž .99.99% was used instead of natural gas in order to prevent
reducing the stored capacity due to natural gas composition
Ž .Mota, 1999 .

Experimental procedure
The experimental procedure is described as follows:
� At the start of each run, the storage vessel was degassed

during 14 h at a pressure of at least 102 Pa.
� The data-acquisition system was activated.
� A constant volumetric flow rate of methane in the 1�10-

Nl �my1 range was introduced into the reservoir containing
ACB. The adsorption step was terminated after the equilib-

Ž .rium was reached P s3.5 MPa, T s298.15 K .c o
� During the desorption step, a constant volumetric flow

rate of methane was applied via the downstream mass flow
controller. The experimental procedure was terminated when
the vessel was at uniform room temperature and depletion

Ž .pressure P s0.1 MPa . The amounts of methane recoveredo
by desorption down to atmospheric pressure and the temper-
atures were recorded as a function of time throughout the
experimental procedure.

Different external heat-exchange conditions at the vessel
wall were performed. The external fluid can be water as well
as air. When water was the external fluid, the storage vessel

Žwas placed in a cylindrical reservoir diameter�lengths150
.�400 mm where water flows axially at constant temperature

and flow rate. One run was performed with fiberglass insula-
tion wrapped around the storage vessel, and a second one
without a controlled discharge flow rate. The values of the
wall�heat exchange coefficients were calculated in detail
later. These different configurations assess the importance of
the phenomenon that could limit the performances.

Adsorbent composite block
ACBs were prepared by mixing ENG and activated carbon

powder and then by consolidating directly in the ANG cylin-
Ž .der diameter�height: 110.3�215 mm .

Maxsorb is a well-known high surface-area active carbon,
Ž .but it has a low bulk density Table 1 . However, in onboard

natural gas vehicles, the adsorbent must have a high bulk
density, and should not be friable. ENG is a vermiculite ma-

Ž .terial of a puffed-up appearance Figure 2a with a shape
factor lengthrdiameter of about 15 and a very low bulk den-
sity of 3 kg �my3. It has a wide range of applications relating

Žto both its thermal and mechanical properties Lepinasse et
al., 1994; Py et al., 2001; Toyoda and Inagaki, 2000; Union

.Carbide Trademark, 1968 . However, the simple mixture of
ENG with Maxsorb followed by compression does not pro-
duce a consolidated ACB. So the manufacturing procedure is
based on the simultaneous use of a thermoplastic polymer
w Ž . .xpolyvinyl alcohol PVA ; polyethylene glycol PEG as a me-

Žchanical binder, already proposed and tested Bose et al.,
.1990 , and ENG as a thermal binder, with superactivated car-

bon powder. The experimental procedure has been previ-
Ž .ously reported Biloe et al., 2001 . It leads to a consolidated´

Ž .matrix Figure 2b . The consolidation ensures the decrease of
the intergranular porosity and should increase the contact
between the Maxsorb powder and the ENG. In addition, the
in situ compression in the reactor induces an anisotropic con-
solidated matrix with two main directions, parallel and or-

Ž .thogonal also called radial , to the uniaxial direction of com-
pression. The preferential orientation of graphite layers nor-
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Table 1. Technical Data for Maxsorb
2 y1Ž .BET surface area m �g 3,270

y3Ž .Bulk density kg �m 300
3 y1 y3˚ Ž .Total pore volume for r �150 A m �kg 1.83�10

Ž .Moisture % 0.5
Ž .Ash % 0.3

pH 3.7
Ž .Mean particle diameter �m 72

mal to the direction of compression enhances the heat and
Ž .mass transfer in the radial direction Mauran et al., 1993 .

Ž .ACB was characterized by both its apparent density � ands
Ž .its weight ratio of ENG w . In this article, the compositel

used for the experimental measurements has a weight ratio
y3 Žof 25% of ENG, and an apparent density of 450 kg �m Ta-

.ble 2 .

Model
In this article, the proposed model takes its inspiration from

Žcurrent models described elsewhere Lamari et al., 2000;
.Mota et al., 1995, 1997a,b . The first objective of the model

presented is to gauge the thermal behavior of the ANG ves-
sel discharge and to evaluate the performance in terms of
delivered methane capacity under various conditions.

Table 2. Transfer Properties and Adsorption Characteristics
of the Adsorbent Composite Matrix

y3Ž .� kg �m 450s
Ž .w % 251

� 0.81o
2 y14Ž .k m 1�10

y1 y1Ž .� W �m �K 7.3
3 y1Ž .W cm �g 1.17o

y1Ž .E J �mol 15,884o
n 1.39

The general assumptions
The system is modeled on the form of three distinct media

Ž .Figure 3 : the ACB, the external fluid, and the vessel wall
separating them. Each of its media is subject to specific as-
sumptions described as follows:

� Ž .The geometry ratio diameterrlength of the reactor and
the presence of a gas diffuser allow us to consider a one-
dimensional problem according to the radial direction. All
the axial effects are neglected.

� Ž .The reactive gas phase methane behaves as an ideal
gas. The gas properties are thought to be constant in the range

Ž .of temperature and pressure 1�3.5 MPa, 245�298 K . Mean
values are taking into account. Also, the physical properties

Žof both the tube and the external fluid specific heat, density,

( ) ( )Figure 2. a Scanning electron microscopy of ENG, b and photo of ACB.
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Figure 3. One-dimensional system.

.and viscosity are thought to be constant in the range of pres-
Ž .sure and temperature Table 3 .

� Fourier’s and Darcy’s laws determine the heat and mass
flow in the composite, respectively.

� The adsorbed gas phase and the solid are locally in equi-
librium with the gaseous phase. One assumes the superposi-

Ž .tion of a local equilibrium Mota, 1995 .
� ŽAccording previous studies Mota et al., 1997a; Lamari

.et al., 2000 , natural convection inside the reactor was ne-
glected.

Heat and mass balances in the adsorbent composite block
According to the general assumptions, the mass balance in

the ACB is given by:

�
� q � q � q q�� � u s0, 1Ž . Ž . Ž .o g s g g� t

where � is the accessible porosity for the gas, and varieso
Ž .with the amount of adsorbed q Biloe et al., 2001 . The gas´

density, � , and the amount adsorbed, q, are related to bothg
the local pressure P and the local temperature T according
to the ideal gas equation and the well-known Dubinin-

Ž . Ž .Astakhov DA equation Dubinin and Astakhov, 1971 re-
spectively:

M Pg
� s , 2Ž .g RT

n
A

q P ,T s � W exp y . 3Ž . Ž .a o ž /	Eo

ŽThe Polanyi’s adsorption potential A Polanyi and Welke,

Table 3. Physical Properties of Maxsorb, ENG, and Tube

Ž .ENG Maxsorb Tube Gas CH4
y3Ž .� kg �m 112.5 337.5 8238 9.4
y1 y1Ž .C J �kg �K 840 1375 468 2316p

.1928 is given by

Ps
AsRT ln , 4Ž .ž /P

where P is the saturated vapor pressure. The adsorbed gass
density � , and the saturated vapor pressure P , were calcu-a s
lated according to Dubinin’s and Osawa’s expressions, respec-

Ž .tively Dubinin, 1975; Osawa et al., 1976 . The superficial ve-
locity of the gaseous phase, u , in the ACB is determined byg

Ž .the Darcy’s law Dullien, 1992 :

k
u sy �P . 5Ž .g �g

The heat balance in the ACB is given by

� �� 
h � q
C ,T y�� ��T y � s0, 6Ž . Ž .Ž .t s� t M � tg

where C is the overall volumetric heat capacity:t

C s �C qq �C , 7Ž .Ž . Ž .t p ps a

Ž . Ž .where �C and �C are the volumetric heat capacity ofp s p a
ACB and the adsorbed gas phase, respectively. Here, the vol-
umetric heat capacity of the gaseous phase is considered neg-
ligible. On the other hand, the heat capacity per unit mass of

Ž .the adsorbed gas phase, C , has been taken to be equal top a
Ž . Ž .that of the liquid phase Table 3 . The mass balance Eq. 1

Ž .and the heat balance Eq. 7 are coupled through the depen-
dence of q with respect to T and P. The initial conditions
are:

T r ,ts0 sT , 8Ž . Ž .o

P r , ts0 sP , 9Ž . Ž .c

where T and P are the room temperature and the chargeo c
Ž .pressure 3.5 MPa , respectively. The boundary conditions are

expressed as follows:

� T
s0, 10Ž .

� r rs ro

� T
�y� sh T yT , 11Ž .Ž .rsrs t t 1� r rs r1

and

� P
s0, 12Ž .

� r rs r1

Žwhere T is the temperature of the tube. At rs r gas dif-t o
.fuser border , a constant discharge flow rate, ®, was applied

according to the procedure of calculation described in detail
later.
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Heat balance for the tube
The tube exchanges heat with the ACB and the external

fluid through a heat exchange coefficient h and h , respec-st t f
Ž .tively Figure 3 .

The heat equation for the tube is written as

h S� T h S t f t ft st st
��C s T yT q T yT , 13Ž .Ž . Ž .Ž .rsrp t f t1t � t V Vt t

where S and S are the different exchange surfaces, and Vst t f t
is the volume of the tube wall. The external fluid can be wa-
ter or air. In both cases, a constant temperature T definesf
the external fluid. The initial conditions for the tube and the
external fluid are:

T sT sT . 14Ž .t f o

Model Parameter Values and Resolution Method
Both the transfer and microporous properties of ACB are

listed on Table 2. The obtained values have been measured
using the experimental apparatus and procedure developed
by CNRS-IMP. In this section, a brief description of the ex-
perimental device and procedure is presented. A more de-

Žtailed description has been given elsewhere Biloe et al., 2001;´
.Mauran et al., 2001; Olives and Mauran, 2001 .´

Adsorption isotherm and isosteric heat of adsorption
The microporous properties of activated carbon in the ACB

were determined by CH adsorption. Adsorption isotherms4
were performed using a high-pressure volumetric device
Ž .Guillot et al., 1997 under pressure up to 7 MPa and at three

Ž .temperature levels 253 K, 273 K, and 298 K . The micro-
porous structures derived from Dubinin-Astakhov analysis are
listed in Table 2. Due to the fact that ENG is inert with
respect to the adsorption of methane, the microporous char-
acteristics of ACB depend only on the microporous proper-
ties of adsorbent, that is, Maxsorb. Thus, the DA analysis was

Ž .applied from the corrected in mass of ENG adsorption
isotherms. The isosteric heat of adsorption was calculated

Ž .from the slopes of the experimental curves ln PrP vs.0
y1rT , derived from adsorption isotherms. The obtained
value was closed to 16 kJ �moly1.

Heat- and mass-transfer properties of ACB
The effective thermal conductivity was determined by the

current method of the one-dimensional steady-state heat flow.
Ž .A small sample of ACB of cubic section 2.5 cm was placed

between two standard bars of known thermal conductivity
Ž .aluminum, ceramic, and so on . The heat flow was imposed
through both the sample and the standard bars, via two plates
at controlled temperature. Thermal conductivity is close to
7.3 W �my1�Ky1. The obtained value is about 40 times larger

Žthan that of an activated carbon packed bed Cacciola et al.,
.1995 . The high conductivity results from both the high in-

trinsic conductivity of graphite and very good contacts be-
tween the graphite planes and superactivated carbon powder.

ŽA model has been described elsewhere Olives and Mauran,`
.2001 that correlate the thermal conductivity at a different

Ž .weight ratio of ENG w and according to different apparentl
Ž .densities � .s

The permeability is calculated so that the simulated fields
of pressure and discharge flow rate are fitted on those exper-
imental results. The permeability is the only term that is
identified in the proposed model. The value obtained is close
to 1�10y14 m2. This value is in relatively good agreement
with that given elsewhere on ACBs with various densities and

Ž .mass weight of ENG Biloe et al., 2001 . Permeability is´
smaller than that of powdered activated carbon without con-

Ž y10 y12 2 .solidation 10 �10 m . The mass transfer in the ACB
is influenced by the geometric flow path as well as by the
accessible porosity. In view of the large accessible porosity of
ACB, the low permeability value thus results in a significant

Ž .tortuosity or low input pore diameter Mauran et al., 2001 .
Other studies in progress will make it possible to conclude
the discussion.

Heat transfer exchange coefficients
According to various heat-exchange conditions at the reac-

tor wall, the wall-heat transfer coefficient h takes differentt f
values. In both cases, the wall-heat exchange coefficient ht f
is connected with a heat-transfer coefficient by forced con-
vection, which is expressed as a function of Prantl and

ŽReynold numbers by a well-known correlation Incropera and
.Dewitt, 1996 . If the external fluid is water and for a 4-L �

miny1 constant water flow rate, the value of h is close tot f
700 W �my2 �Ky1. On the other hand, if the external fluid is
air, the heat-transfer coefficient h is about 20 W �my2 �Ky1.t f

As regards the heat exchange coefficient h , one supposesst
that the transfer of heat is not limiting, compared with h .t f
As a matter of fact, the consolidation procedure ensures a
very good contact between the ACB and the surface’s reac-
tor. The value selected is 2,500 W �my2 �Ky1.

Resolution method
ŽThe set of nonlinear differential equations Eq. 1 and Eq.

. Ž7 with the initial and boundary conditions Eqs. 8�12 and
. Ž .14 are solved by the control-volume method Patankar, 1980

using an implicit scheme. First, supposing a pressure value in
Žthe gas diffuser taken as the second boundary condition for
.the mass balance , the fields of pressure and temperature are

estimated by an iterative procedure of prediction�correction.
Knowing the pressure and temperature fields at time t, the
pressure and temperature fields were successively calculated
at time tqdt and compared with those estimated. This pro-
cedure was repeated, until a relative convergence criterion of
1% on both the temperature and the pressure was not
achieved. It was the first loop of the program. Second, the
discharge flow rate was calculated and compared with the

Ž .one imposed experimental flow rate . If the both rates were
not equal, the pressure in the gas diffuser was reappraised by

w � Ž .a dichotomy method on a sequence of interval P t ,rsro

x � Ž .P , where P t is the estimated gas diffuser pressure atrsro o

time t. The fields of pressure and temperature were recom-
Ž .puted together by the first loop . Next, the new flow rate
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Table 4. Experimental Conditions
y2 y1 y1Ž . Ž .No. h W �m �K ® NL �mint f

Heat external transfer 700 5
Ž .with water HETW

Heat external transfer 20 10
Ž .with air HETA

was compared a second time. This procedure was repeated
until a second relative convergence criterion of 1% on the
discharge flow rate was achieved.

Results and Discussion
Discharge characteristics and model ©alidation

Experimental and simulated temperature, pressure, and
flow-rate profiles, respectively, were determined for both
wall-heat exchange coefficients h and discharge flow ratest f
®. In this section, only two analyses of the discharge of the
ANG vessel are presented, according to the two specific ex-

Ž .perimental conditions Table 4 .
Temperature Profiles. Figures 4a and 4b show experimen-

tal and simulated temperatures at various radial positions in
the reactor, as a function of time for both the HETW and
HETA experimental conditions. At first, the ANG cylinder is

Ž . Ž .at room temperature T and charge pressure P s3.5 MPa .o c
At ts0, a constant discharge flow rate is imposed. It leads
to imposition of pressure in the gas diffuser. The generated
pressure gradient immediately places the ANG vessel in the
desorption condition. The reactor cools down due to the heat
of desorption, with a minimum temperature near the gas dif-

Ž .fuser T , of 258 K and 293.5 K for the HETA and HETW1
experimental conditions, respectively. It corresponds to a 40

K and 5 K temperature drop, respectively. The average tem-
perature drop of the ACB is close to 37 K and 4 K, respec-
tively, under these conditions. At the same time, the wall-

Ž .temperature drop T is about 35 K and 1.5 K, respectively.t
Thus, the temperature gradients in the ACB are very small
for both experimental conditions. The higher one is close to 5

Ž .K for the largest detrimental condition HETA . These first
results indicate the efficiency of ENG. The high value of
thermal conductivity ensures enhancement of conductive heat
transfer in the ANG vessel, if there is no heat transfer limita-

Ž .tion at the reactor wall that is, for a high value of h . Thist f
allows it to easily supply heat for the desorption step.

Ž .For the HETW experimental condition Figure 4a , the
temperature at first decreases slightly in the ACB, after which
the reactor follows an isotherm path. This path corresponds
to the necessary temperature gradient between the external

Ž .fluid’s temperature water and the average temperature of
the ACB, to supply the required heat for the desorption step,
corresponding to the desired discharge flow rate. This ther-
mal gradient is related for the given surface’s reactor to the
value of h .t f

Ž .For the HETA experimental condition Figure 4b , due to
the fact that the wall-heat exchange coefficient h is small,t f
the thermal behavior of the ANG vessel is close to adiabatic
thermal behavior. The constant decrease in the temperature
is directly linked to the endothermic desorption as well as the
discharge flow rate.

When the discharge flow rate cannot be ensured any more
Ž .at time tG� , the temperature increases. This increase re-
sults from the conductive heat transfer in the ACB as well as
the heat transfer from the ACB to the environment. Due to
the high value of conductivity of the ACB, the time it takes to
return to room temperature depends mainly on the value of

( ) ( ) ( )Figure 4. Experimental symbols and simulated lines temperatures at different radial positions for a HETW and
( )b HETA discharge experimental conditions.
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the wall-heat transfer coefficient h . For example, when thet f
Ž .heat transfer to the surroundings is not limited HETW , the

Ž .increase in temperature is very fast 15 minutes . On the other
Ž .hand, from the HETA experimental condition Figure 4b ,

one can see that the principal limitation is located at the
wall-heat transfer’s level, resulting in a longer time before

Ž .equilibrium T is reached. If it’s not critical for the dis-o
charge process, it would be the case for the charge step, where
the fill’s time must be as short as possible.

The delivered methane capacity is close to 94 VrV and 71
VrV for the HETW and HETA experimental conditions, re-
spectively.

Model Validation. According to the numerous simplifying
assumptions, the model describes very well the dynamic be-
havior of the ANG vessel. The simulated temperature pro-
files are in good agreement with the experimental tempera-
ture profiles, especially for the experimental condition
HETW. The largest discrepancy is close to 1 K.

For the HETA experimental condition, during the dis-
Ž .charge step at a constant discharge flow rate t�� , the sim-

ulated endothermic pick is slightly higher than the experi-
mental one. The difference is close to 7 K. This difference
could be explained by the value of the specific heat capacity
of the adsorbed gas phase. In addition, during the second

Ž .regime tG� , the simulated temperatures are higher than
the experimental ones that exceeded 3,500 s. This difference
results mainly in gas condensation at the reactor wall, whereas
the model assumes both constant temperature and wall-heat
exchange coefficient.

Figures 5 and 6 show experimental and simulated pressure
profiles in the gas diffuser and discharge flow rate profiles,
respectively. The figures show very good agreement between
the model and experimental results. This agreement demon-
strates the validity of the proposed model.

( ) ( )Figure 5. Experimental symbols and simulated lines
pressure profiles in the gas diffuser for HETW
and HETA discharge experimental conditions.

( ) ( )Figure 6. Experimental symbols and simulated lines
discharge flow-rate profiles for HETW and
HETA discharge experimental conditions.

Influence of constant discharge flow rates
Figure 7 shows the simulated average thermodynamic path

of the ACB in the Clausius-Clapeyron diagram for various
flow rates, and for the special case of h s700 W �my2 �Ky1.t f
The thermodynamic path depends on the physical properties

Ž .of the adsorbent Maxsorb by way of the isosteres. The
straight lines represent the isosteric network, derived from

Ž .the DA equation Eq. 3 . Each line corresponds to an isostere
where the amount of adsorbed gas remains constant. In addi-
tion, each line is separated from each other by a constant

Ž . y1 Ž .step equal to 0.012 g CH �g Maxsorb . The different4
average paths were calculated from the average volumetric
pressure and temperature, respectively, during the desorp-
tion step.

For the lowest discharge flow rate, the desorption step is
very close to the isothermal condition. At the end of the dis-

Ž .charge at constant flow rate ts� , the average pressure and
temperature, respectively, are close to those at equilibrium
Ž .P , T .o o

In general, at the beginning of the discharge step, the pres-
sure gradient immediately places the ANG vessel in the des-
orption condition. The decrease in the average pressure of
the ACB coincides with a decrease in the average tempera-
ture. This temperature and pressure drop increases with in-
creasing flow rate. When the rate of discharge cannot be en-
sured anymore, the limitations by the heat andror mass
transfer becomes effective.

In practice, the desired discharge flow rate cannot be en-
sured any longer when the pressure in the gas diffuser is equal
to 0.1 MPa. Then, the corresponding average pressure and

Žtemperature in the ACB, respectively represented by sym-
.bols ` on Figure 7 , allow us to see that this phenomenon

Ž .heat andror mass transfer is the most limiting one. If the
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(Figure 7. Influence of discharge flow rates, v NL �
�1)min , on the average thermodynamic path

of ACB in the Clausius-Clapeyron representa-
tion.
The symbols, `, denote the end of the discharge at con-

Ž .stant flow rate ts� .

characteristic point of the system is situated at a pressure far
Ž .from the depletion pressure P , the mass-transfer limitationo

becomes dominant. Similarly, if the characteristic point of the
system is situated at a temperature lower than room temper-

Ž .ature T , the heat-transfer limitation becomes dominant.o
This last limitation could result from heat transfer limitation
either by conduction in the ACB or by convection outside the
reactor wall.

As expected, Figure 7 shows that the limitation of heat
andror mass transfer occurs at an increasingly higher level of
pressure and temperature as the discharge flow rate in-
creases. When the discharge flow rate increases from 1 NL �
miny1 to 20 NL �miny1, the average temperature falls from

Ž . Ž298 K A, characteristic point to 287 K B, characteristic
.point , and the average pressure in the ACB goes from 0.12

MPa to 0.35 MPa, respectively.
The heat flux consumed by the endothermic desorption is

proportional to the desired discharge flow rate. The increase
in the rate of discharge requires increased heat flux in order
to reduce the temperature drop.

As shown by Figure 7, for rates less than 10 NL �miny1,
the thermodynamic paths are similar. After a small tempera-
ture drop, the reactor follows an isotherm path. As described
previously, the temperature drop corresponds to the temper-
ature gradient, between the water temperature and the aver-
age ACB temperature, which is necessary in order to supply
the required heat desorption at a given discharge flow rate.
This consideration indicates that the rate of heat exchange
between the reactor and the surroundings is the rate deter-
mining the discharge process. For higher rates, the thermody-

Figure 8. Influence of wall-heat exchange coefficients,
( �2 � 1)h W �m �K , on the average thermody-t f

namic path of ACB in the Clausius-Clapeyron
representation.
The symbols, `, denote the end of the discharge at con-

Ž )stant flow rate ts� .

namic path is more ‘‘rounded,’’ indicating that the heat and
mass transfer are coupled.

It’s interesting to show the average thermodynamic path of
the ACB during a discharge, without controlling the rate of

Ž .flow ®™� , which returns to impose a constant gas pressure
in the diffuser close to 0.1 MPa. Figure 7 shows that the reac-
tor cools down to an average temperature level of 273 K in
only 53 s. The corresponding average pressure is 0.55 MPa.
The complete discharge takes close to 15 min, which shows
the good transfer properties of the ACB. The rapid pressure
decrease indicates that the mass transfer is not very limiting
for this ACB. If it is not realistic to discharge an ANG system
under this condition, it would be at the time of the charge
step. The good heat and mass transfer of the ACB will be,
without all other considerations, very beneficial in terms of
charge time, compared with traditional systems not employ-
ing ENG. Experimental results to validate this significant as-
pect are in progress.

Influence of wall-heat exchange coefficients
Figure 8 shows the simulated average thermodynamic path

of the ACB in the Clausius-Clapeyron diagram for various
wall-heat exchange coefficients. Three wall-heat exchange co-
efficients were chosen according to three specific experimen-
tal conditions: nearly adiabatic desorption, desorption with
air, and water, respectively, at a constant discharge flow rate
of 5 NL �miny1. These different configurations show the im-
portance of the wall-heat transfer limitation.
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The temperature drop increases as the wall-heat exchange
coefficient decreases. As expected, the higher the wall-heat
transfer coefficient the lower the average temperature drop.
As described previously, the thermal effects are more impor-
tant for the lower h , because the required heat for the de-t f
sorption is not supplied. For adiabatic desorption, the reac-
tor cools down to 259 K. This corresponds to an average tem-
perature drop of about 30 K. This temperature drop there-
fore increases the residual amount of gas at depletion pres-
sure, reducing the dynamic delivered methane capacity by
25% compared to isothermal discharge.

However, an interesting aspect must be noted. At the end
of the discharge at constant flow rate, the pressure is the
same as for all wall-heat exchange configurations. The aver-
age pressure in the ACB is close to 0.15 MPa. It is then evi-
dent that a small mass-transfer limitation occurs for a 5-NL �
my1 discharge flow rate. The main limitation is located on
the level of heat exchange between wall and the surround-
ings. Although good heat and mass transfer of ACB have been
achieved, it is necessary to maximize the convective heat ex-
change between the wall and the surroundings. In this article,
this has been achieved by axially flowing water around the
annular space that surrounds the ANG vessel.

From Figure 8, one can see a very interesting phe-
nomenon. Indeed, in spite of a very significant drop in tem-
perature, the adsorbent is practically desorbed at the end of
the discharge at constant flow rate. This is caused by the po-
sition of the isosteres in the Clausius-Clapeyron diagram.
Thus, a small amount of gas remains at depletion pressure.
The activated carbon used is thus ideal for the desorption
step, which explains why it is so often used for this process.

Impact of ENG on performances of ANG systems
The performance of ANG systems is usually defined as the

methane volume delievered, measured at normal conditions
Ž .Ps0.1 MPa, Ts273.15 K per adsorbent volume. ANG
must have a value close to 150 VrV if it is to be economically

Ž .competitive with CNG Parkyns and Quinn, 1996 .
ŽUnder real working conditions constant discharge flow

.rate , the impact of ENG on performances is evaluated by
the dynamic efficiency
. This is defined as follows

Qdd

s , 15Ž .

Qdi

where Q and Q are the delivered gas volume per ad-dd di
sorbent volume under dynamic conditions and isothermal
condition, respectively.

The delivered methane volume per adsorbent volume un-
der isothermal conditions is close to 100 VrV. This value is
more likely due to the high micropore volume of Maxsorb

Ž y3.than to its density in the ACB 337.5 kg �m .
Figure 9 shows experimental and simulated values of dy-

namic efficiency vs. the discharge flow rate with respect to
the two wall-heat exchange conditions. Good accuracy can be
seen between experimental and simulated results. The largest

Figure 9. Dynamic efficiencies vs. various constant
discharges flow rates.
The symbols and the curves denote the experimental results
and model, respectively.

discrepancy is not more than 5%, again showing the validity
of the proposed model.

For discharge flow rates less than 5 NL �miny1 and the
prevailing wall-heat exchange conditions, except adiabatic
desorption, the dynamic efficiency is greater than 90%. So
the delivered methane capacity was situated between 90 and
100 VrV.

Beyond 5 NL �miny1, the dynamic efficiency decreases be-
cause the required heat to desorption is not enough. This
phenomenon results more in wall-heat exchange limitations
than in heat- and mass-transfer properties of the ACB. As
described previously, the transfer properties of the monolith
are less limiting, ensuring both very weak thermal gradients
in the reactor and rapid discharge step.

Conclusion
ANG technology is an attractive alternative for reducing

both the high pressures and cryogenic temperatures required
Ž .for current gas storage CNG, LNG . Most of the scientific

research has been focused on the development of highly mi-
croporous adsorbents. A performance level of 150 VrV has
been achieved already, but from theoretical calculations that
derived from adsorption isotherms. Nevertheless, thermal ef-
fects dramatically reduce the delivered methane capacity.
Current adsorbents are not adapted because of their very low

Ž y1 y1.conductivity �s0.2 W �m �K . One of the solutions was
to use an inert binder as the conductive medium.

In this article, the thermal behavior of ANG vessel dis-
charge with a new adsorbent composite block has been inves-

Žtigated. The ACB consisted of an inert graphite binder ex-
.panded natural graphite and Maxsorb, the well-known acti-

vated carbon. The reactive mixture obtained has very inter-
esting transfer and adsorption properties.
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The first objective was to evaluate the practicable use of
this ACB under various dynamic and realistic conditions.
Therefore, an experimental test rig was set up. In addition, a
general model was formulated, based on previous research.
This model couples the heat and mass transfer of the ACB.
Simulated results were validated by several experimental con-
ditions, including various constant discharge flow rates and
wall-heat exchange conditions. Simulated and experimental
results showed the efficiency of the proposed ACB during
the desorption step. This efficiency leads successfully to a de-
livered methane capacity close to 100 VrV under various
practical dynamic conditions. For a cruising radius of 300 km,
a natural-gas vehicle traveling at normal speed needs 52 L of

Ž .reactor for 100 delivered gas volume per reactor volume .
Reduced to the tested 2-L experimental reactor, the required
discharge flow rate is closed to 1 NL �miny1. For this rate
and the current wall-heat exchange conditions, the ANG ves-

Ž .sel works according to isothermal conditions Figure 9 .
The next important step will be to optimize the ACB for

both the charge and discharge steps. The objective will be to
minimize the charge time and to maximize the delivered
methane capacity under dynamic conditions while increasing
the adsorbent density in the ACB. This objective bypasses by
the acquisition of the transfer properties of many ACBs with
various implementations. Further studies are already in
progress.

Notation
E scharacteristic energy of adsorption, J �moly1

o
kspermeability, m2

nsDA exponent
Pspressure, Pa
rsradius, m

Rsperfect gas constant, J �moly1 �Ky1

Tstemperature, K
W stotal microporous volume, cm3�gy1

o

Greek letters
	saffinity coefficient


hsisosteric heat of adsorption, J �moly1

�sconductivity, W �my1 �Ky1

� sgas viscosity, Pa � sg

Subscripts
asadsorbed

ddsdelivered under dynamic conditions
disdelivered under isothermal conditions
fsfluid
gsgas
sssolid

stssolid-tube
tstube

tfsfluid-tube
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