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Abstract. A model for the simulation of the discharge process of adsorbed natural gas reservoirs is presented. The objective of this
work is to contribute to the development of a large-scale low-pressure reservoir vessel for adsorbed natural gas storage and
transportation applications in Brazil. The complete derivation and analyses of the two-dimensional transient equations for energy,
momentum and mass conservation are presented in this work. The derived equations are complete including convective terms. After
solution, assumptions related to the slow discharge process are made to simplify the set of equations. Natural gas is modelled as
pure methane, whose thermodynamic behaviour is modelled as ideal gas. The adsorption process is modeled according to Langmuir
or Virial equation, depending on the adsorbent media considered inside the reservoir. The finite difference method was used to
obtain a numerical solution for the model. Finaly, the results obtained with the presented model are compared to theoretical and
experimental data available in the literature for validation purposes.
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1. Introduction

Natural gas is becoming an economically attractive fuel for many industrial applications in Brazil. However, the use
of natural gas is still limited due, basically, to four factors: (1) conventional fuels, such as gasoline and diesel, are the
most popular fuels in developed countries and they have been in use by internal combustion engines since its invention;
(2) oil derivates have a large application in the chemical industry; (3) the energy density of Compressed Natural Gas —
CNG (close to 11 MJ/Litre) is lower than that for liquid fuels (e.g., energy density for gasoline is around 32 MJ/Litre);
thus, (4) the storage and transportation of natural gas are not convenient when compared to conventional liquid fuels.
When natural gas is in the gas phase, transportation occurs in gas pipelines and storage is performed in high-pressure
cylinders, as CNG at pressure levels around 20 MPa. Although this technique provides storage capacity of 200 V/V
(volume of stored natural gas at Standard Pressure and Temperature conditions — STP, per unit storage volume), it re-
quires reliable and safe cylinders as well as costly compressing equipment. If the natural gas is in the liquid phase, as
Liquefied Natural Gas — LNG, volumes as large as 600 V/V can be transported in ships and trucks. In this case, the gas
must be cooled to temperatures as low as —160°C. This technique is energetically expensive as heat leaks during trans-
portation and storage vaporizes the LNG. Also, to be reused, the gas must be vaporized in appropriate equipment.

A new technology, however, has emerged as an alternative to CNG and LNG. It is known as Adsorbed Natural Gas
— ANG (Burchell and Rogers, 2000; Litzke and Wegrzyn, 2001). Adsorption is the gas molecules uptake process in an
interfacial layer (usually a highly porous media), whether by capillary condensation or by Van der Walls forces (Gregg
and Sing, 1982). In the case of natural gas, the uptake process occurs at relatively low pressures, in the order of 3,5 to 5
MPa, which provides three main benefits: (1) compression costs reduction, (2) increased safety of the reservoir, and (3)
design flexibility of the storage tanks. Despite these benefits, the storage capacity of ANG reservoirs is lower than LNG
and CNG, being of the order of 90 V/V (Brady et al., 1996) up to 164 V/V (Inomata et al., 2002). The U.S. Department
of Energy storage target for ANG vessels was set at 150 V/V and it was later revised to 180 V/V.

According to Biloé ef al. (2002), the performance and viability of an ANG system depends closely on the micro-
porous characteristics of the adsorbent as well as on the heat and mass transfer properties. The problems affecting ANG
technology associated with the heat and mass transfer properties can be summarized as follows:

1) The adsorption phenomenon that occurs during the charge of an ANG reservoir is an exothermic process. The
increase in temperature, caused by the release of latent heat of adsorption, results in less stored methane capacity under
dynamic conditions (see Fig. 1 — left). During discharge of the ANG reservoir, the desorption process is endothermic,
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which causes the adsorbent bed to cool down. This causes some amount of gas to be retained inside the reservoir at
depletion pressure, reducing the delivered methane capacity (Fig. 1 — right). The thermal effects depend closely on the
heat transfer properties of the adsorbent bed as well as on the external heat exchange at the vessel wall (Mota et al.,
1997 and Vasiliev et al., 2000);

2) The high packing densities required for adsorbent beds (MacDonald and Quinn, 1998) create mass transfer limi-
tations that limit the delivered and stored gas capacities (Mota et al., 1997 and Biloé et al., 2002).

The present work will focus on the complete theoretical derivation and analyses of the two-dimensional transient
equations for energy, momentum and mass conservation. The derived equations are completed including convective
terms. After solution, assumptions related to the slow discharge process are made to simplify the set of equations. Natu-
ral gas is modelled as pure methane, whose thermodynamic behaviour is modelled as ideal gas. The adsorption process
is modelled according to Langmuir or Virial Equation, depending on the adsorbent media considered for the reservoir.
The finite difference method was used to obtain a numerical solution for the model. Finally, for validation purposes, the
results obtained with the presented model are compared to theoretical and experimental data available in the literature.
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Figure 1. Charge (left) and discharge (right) processes of an ANG system.

2. Theoretical Analysis

Figure 2 shows the two-dimensional transient physical model analysed as an ANG reservoir. A cylindrical vessel of
external radius R, and length L, with a wall thickness of J,, is considered. The gas flows outwards from the cylinder
through a cylindrical opening of radius R, at the origin of the system, at a constant mass flow rate. Heat transfer by
natural convection (%.,) between the external walls of the cylinder and the surroundings at 7., is considered. The acti-
vated carbon bed is considered to be composed of activated carbon pellets with an effective porosity of ¢, Figure 2
also sketches the differential volume used for the derivation of the energy and mass balance equations. The volume has
dimensions of Az by Ar, and is centred at the point (z, 7). So, this differential volume has a volume given by AV =
2nrArAz. In the following sections, the mass continuity, energy balance and adsorption equilibrium relation are pre-
sented and discussed.

Mota et al. (1997) considered a carbon bed with activated carbon spheres with particle size of R, radius and poros-
ity of ¢,. The packing density is given by p, and bed porosity by ¢. In order to make easier the comprehension of fol-

lowing items, some assumptions are presented now. The subscripts (s), (g) and (a) will represent respectively solid, gas
and adsorbed phases.
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Figure 2. Physical model for the slow discharge process of an ANG reservoir.
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2.2. Energy Balance in the Reservoir

The two-dimensional (z, 7) energy equation presented here accounts for the contribution of the solid phase (adsorb-
ent), gas phase (adsorbate), and the adsorbed phase in the total energy stored in the reservoir. Also, the contribution of
the energy transfer by heat diffusion in the solid phase is considered. The latent heat of adsorption is considered as a
rate of internal heat generation. The assumptions made for the energy conservation equation derivation are: (1) instanta-
neous phase equilibrium between the adsorbed phase and the gas phase within the porous structure, (2) the local tem-
perature of the adsorbent and free gas volume is the same due to a high intensity heat transfer between solid and gas
phases (Bejan, 1995). Also, (3) for the solid and adsorbed phases, the internal energy depends only on the local thermo-
dynamic temperature (Moran and Shapiro, 2000) and (4) the adsorbed phase is considered incompressible (Tien, 1994).
As the discharge process is considered to be slow, (5) the pressure gradient inside the cylinder is negligible (Mota et al.,
1997), i.e, the pressure is a function of time. Figure 3 shows the energy balance in the differential volume of Fig. 2.

Instantaneous phase equilibrium is assumed between the adsorbed phase and the gas phase within the porous struc-
ture, and the local temperature, say 7(z, ), of the adsorbent and free gas volume is the same due to a high heat transfer
intensity between solid and gas phases (Nield and Bejan, 1992). For the differential control volume shown in Fig. 3, the
first law of thermodynamics can be written as:
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The left hand side of Eq. (1) can be written as:
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where E" is the internal energy by unit volume, E is the energy flow at control volume faces and e is the specific
internal energy of each state is given by:
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According to Mota et al. (1997) the effective porosity ¢, 0f a porous bed made of compacted pellets of porosity ¢,
can be expressed by:

Py =0+(1-9)p, 4)

Considering that the energy conversion during the expansion or compression, 7 , of the gas is negligibly small
(Vasiliev et al. 2000), Eq. (1) can be rewritten as follows:
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The heat of adsorption can be expressed in terms of the latent (isosteric) heat of adsorption (AH) and the rate of
change of the adsorbed phase concentration (0g/0t), as follows (Tien, 1994):
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Figura 3: Energy balance for a GNA reservoir.
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o = pSAH%Qm’ArAz) (6)
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The balance of energy in the control volume by the fluid flow and heat diffusion can be written as follows:
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where u and w are the axial and radial velocity components respectively, and e g, ” and ¢, are the axial and radial com-
ponents of the heat flux vector. Substituting Egs. (6) to (10) in Eq. (5), one’s obtain:
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Some other assumptions are required now: 1) for the solid and adsorbed phases, the internal energy depends only
on the local thermodynamic temperature (Moran and Shapiro, 2000 and Tien, 1994):

de, =c, dT; and de, =c, ,dT (12)

2) The adsorbed phase is considered incompressible (Tien, 1994) and the specific heat of the adsorbed phase is ap-
proximately equal the specific heat of the gas (¢, , = ¢,,.):

C,.=C,,=cC, (13)

3) As the adsorption process is superficial, the adsorbed phase density can be expressed in terms of solid phase density
and adsorbed phase concentration (Tien, 1994):

Pu= P4 (14)
4) For the gas phase, the internal energy is written in terms of the enthalpy (/,), density (o,) and pressure (P):

h, =e, +Pv, (15)
5) The Fourier law applies to the heat fluxes in the homogeneous porous bed:
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The change in the gas phase specific enthalpy (%,) can be expressed by the following thermodynamic relation:
dh, =Tds, +(1/ p,)dP (18)

where T is the absolute temperature and ds, the gas phase specific entropy change. As specific entropy is a function of 7'
and P, its variation is given by:
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P T
From the Maxwell’s relation (found in Moran and Shapiro, 2000), one’s obtain:
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Substituting the relations (20) in Eq. (19), provides:
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Equation (21) can be substituted in Eq. (18), resulting in:
1
dh, =c, dT + p—(1 - pT)dP (22)
4

Equation (22) can be plugged in the first term on the left hand of Eq. (17):
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Doing the same for the two last terms of right side of Eq. (17):

o(p,uh,) o(p,uT) o(uP) o(rp,wh,) o(rp,wT) o(rwP)
= +(1-BT)=—L: and —f & ¢ T2 24 (-BT 24
e g TUEADTS or e @9
Rewriting Eq. (17) provides the following general form:
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For an ideal gas assumption, = 1/T (Bejan, 1995), Eq. (25) becomes:
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In the equations (25) and (26), the three first terms on the left hand represent the thermal energy stored in the con-
trol volume by the gas, the solid and the adsorbed phases, respectively. The fourth term represents the heat of adsorp-
tion effects (AH). The remaining terms on the left hand side represent the reversible portion of energy due to the gas
compressibility effects. The terms on the right hand side of Egs. (25) and (26), represent the diffusion and convection of
heat within the activated carbon bed.

2.3. Mass Balance in the Reservoir
Figure 4 sketches the mass balance for the differential control volume shown in Fig. 2. The mass balance accounts

for the net gas phase flow rate in the control volume, and the rate of phase change of the adsorbed and gas phases into
the differential control volume. According to Fig. 4, the mass balance can be written as follows:
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Figure 4: Mass balance for a GNA reservoir.
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The net mass flow rates in the control volume can be written as the product of the density, velocity and area:

= Zm - Zm @27
cv in out

= [pgu(ZﬂrAr) +Pg w(Zm”Ax)ln +
cr (28)

ol p,uRrrAr o p, wRrrAx
—[P& ( ) Ax + p,w(27rAx) +—[pg (6 ) Ar}
r
out

o(pp,AV) L 9pAY)
ot ot

- {pgu(meAr) +

Equation (28) can be simplified by summing up the similar terms to provide:
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From the third assumption [Eq. (14)], it follows that:
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The ideal gas equation correlates p,, P and 7.
2.4. Adsorption equilibrium relation (adsorption isotherms)

In almost all cases of adsorption, the parameters used in the adsorption equilibrium relation can be determined only
from experimental data (Tien, 1994). Mota et al. (1997) presents the following experimentally obtained Langmuir equi-
librium relation for the adsorption of methane in a G216 activated carbon bed:

q=(q,bP)/(1+bP) (31
g, =559207%, and b=1,0863x10" exp(806/T)

where ¢ is the adsorbed phase concentration, P is pressure, and 7' is temperature.
Chang and Talu (1996) presented a Virial form of the adsorption isotherms for the adsorption of methane in active
carbon as follows:

P=gM, exp[(k, +k,/T)+(k;+k,/T)q] 32)

where M, is the molecular weight of the gas, and k; to k, are temperature independent parameters determined by regres-
sion steps. For the case described by Chang and Talu (1996), the value for the constants are k; = 6,1317, k, =—-2019,25,
k; = 0,220956 and k4 = 29,72837. Several other papers and works provide experimental data for the adsorption of natu-
ral gas in different compounds of activated carbons (Brady, 1996; Brady et al., 1996; MacDonald and Quinn, 1998; and
Ariyadejwanich et al., 2003). These experimental data can be used for comparison with the different equilibrium rela-
tions presented here, or to derive new coefficients for these relations (Gregg and Sing, 1982).
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2.5. Slow Discharge Process

The natural gas admission in a power cycle is controlled by power requirements of the system. In this case, dis-
charge time is increased considerably by the slow rate of natural gas discharge, which usually occurs at a constant mass
flow rate outward the cylinder at the opening (Mota ef al., 1997). The heat of adsorption during this process decreases
the temperature of the adsorbent bed, which in turns, increases the amount of natural gas retained inside the cylinder at
depletion (Biloé et al., 2002). However, the discharge process is not adiabatic, and the heat transferred from the sur-
roundings to the cylinder partially compensates this “cooling” effect. As the discharge process is considered to be slow,
the pressure gradients inside the cylinder are negligible. This assumption leads to u(t, x, r) = w(¢, x, r) = 0 during the
slow discharge. Therefore, the energy equation is simplified to provide:

or o dP
(goejfcpsgpg + 0, +Pscp,gq)5+psAH aq 2 0 = k V T (33)

The mass flow rate can be obtained by integrating the mass conservation equation (Eq. 30) in the entire cylinder
domain (0<z<Le0<r<R,,):
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which can be expanded to:

0= 2”{.[ I { 6&+qu }rdrdx+J‘ '[ {a(pgu)} xdr+J‘0LJ.ORM[@}drdx} (35)

The first term on the right hand side of Eq. (35) represents the mass variation of natural gas, in the adsorbed and gas
phases, inside the cylinder. The solution of the last two integrals provides the following relation:

L

0=2 O (L (R drd ext x= Ld ”:Rﬂld 3
- Ev[o -[0 (9P + pygrdr x+.[ [pg J r+j [rpgwlzo x (36)

The last integral vanishes, once w =0 at » = 0 and at » = R,,,. The velocity component u at x = 0 has two values: (1)
for 0 < r < Ry, the gas leaving the cylinder has a constant velocity determined by the constant mass flow rate (u = u,,);
(2) for Ry <r < Ry, u =0 at the cylinder wall. Also, at x = L, u = 0. Therefore, the second term can be split in two inte-
grals, as follows:

R

“ [pg Jigdr} (37

0

0=2x {%j: J'OR (9P, + pyq)rdrds + j A r[ pgu ] dr+ j

The last integral vanishes, as # = 0 at x = 0 and at x = L for Ry < r < R,,,. The argument of the second integral be-
comes (—Pq cpttcn) as u=0atx =L, and u = u., at x = 0 for 0 <7 < R,. So, Eq. (37) becomes:

a L Rexl RO
11 oy paydrds = [ 7 py ey 2erdr (38)

The right hand side of Eq. (38) represents the mass flow rate (#1 ) leaving the cylinder at x = 0 and 0 < r < R,.
Therefore, the final form of the mass conservation equation is obtained:

d L R(’xt .
—J. I (pp, + p,q)rdrdx = m (39)
dtJdo Jo £

The solution of the discharge model is iterative. Equation (39) can be used to determine the gas phase pressure, P,
provided a constant mass flow rate for the discharge process. The energy equation (33) can be used to obtain the tem-
perature distribution inside the cylinder. Then, the state equation is used to obtain the gas phase density, p,, and the
adsorbed gas concentration is obtained from the equilibrium relation (31) or (32).
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2.6. Initial and Boundary Conditions

Initial conditions are required for temperature and pressure, and boundary conditions are required only for the tem-
perature. At the beginning of the discharge process, the cylinder is considered to be at a homogeneous and uniform
temperature and pressure, 77 and P, (the subscript 1 is used to distinguish the slow discharge initial condition for en-
ergy equation from the fast charge initial condition). The initial and boundary conditions are given as follows:

T(0,x,7)=T, (40)

P0)=F, (41)

a—T =0, atx=0,fort>0and 0 <r<R, (42)

ox |,

“ky;— +p.C, w5wa—T =h(Tm—T| ), atx=0,fort>0and Ry <r <R,y (43)

» ax x=0 ' at x=0 =0

k. a7 wCpO, a7 =n(T, —T| ) atx=L,fort>0and 0 <r<R,, (44)
) ax x=L ’ at x=L "
” oa £,y 0, oa WT,-T| . ), atr=R,, fort>0and 0<x<L (45)
‘ ar r=R,, ’ at r=R,, "

Z—T =0, atr=0,fort>0and 0<x<L (46)
r r=0

Although gas leaves the cylinder, it is considered that the discharge occurs isothermally at the opening (Vasiliev et
al., 2000). Boundary condition (42) accounts for this assumption. The cylinder walls thermal capacity is included in
boundary conditions (43) to (45) as well as the heat transferred to the system by the thermal control device [boundary
condition (46)]. The external wall heat transfer coefficient, 4, can be obtained from classical correlation for natural
convection in horizontal cylinders (Bejan, 1995).

2.6. Solution Methodology

A numerical approach based on the finite difference method was used to obtain an approximate solution for the
model. Equations (33), (39) and (40) to (46) were discretized using a fully implicit formulation, with centred differences
for the diffusion terms. The discretized version of equation (39) is:

1 J 1 J
0 0 .
{Z 2Py Pogipy + P AV = 2 2 (@ P+ P DAV, } A =m (47)

i=l j=1 i=l j=1

where i and j are indexes for the discretization in the z and 7 directions respectively, / and J are total number of nodes in
the z and r directions, and the superscript “0” indicates the previous time step values. The Mathematica 4.2 software
was used for the solution of the model’s equations. To control the convergence of the solution a successive over-
relaxation method was used with a relaxation coefficient equal to 0.5. The solution is iterative and proceeds as follows:

1. Based on the initial conditions, p’}; ;; and ¢°;; ; are calculated and the time step is increased by Az

2. The estimative of pressure is calculated from equation (47) based on the last temperature distribution available;

3. Estimates for p|; ;; and q;, ;; are calculated based on P and the estimative for the temperature distribution 7j; ;; is
calculated from the discretized version of Eq. (33);

4. The convergence criterion for pressure and temperature are checked and steps 2 through 4 are repeated succes-
sively until convergence is achieved;

5. Once convergence is achieved, P, Tj; , py;, ;1 and q; ; are stored, the initial boundary conditions for the next time
step are updated, and steps 1 through 5 are repeated until the pressure inside the reservoir achieves a given depletion
pressure P,. The convergence criterion used in this work compares the variation of the results for temperature and pres-
sure for two consecutives iterations, as follows:

k

T .-T1:. _ pk
gnﬁaXZMax[Abs[M]]xloo and ggaXZMax{Abs(P PP Hxloo (48)
[i.J]
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where &', and ¢"x are the maximum tolerances for temperature and pressure, respectively. Convergence analyses
were performed by the authors to determine the optimum values for &'y, & max, Az, Ar, and At (Lara, 2005).

3. Model Validation

For the model validation, two sets of data were used (Chang and Talu, 1996 and Mota et al., 1997). The parameters
used for the model validation are shown in Table 1. Chang and Talu (1996) presented a theoretical and experimental
analysis of the slow discharge process. They experimentally tested a 23,2 litres cylinder, which was instrumented with
four thermocouples at different radial positions and at the cylinder wall. Also, the gas pressure inside the cylinder was
monitored. Chang and Talu (1996) presented a one-dimensional transient theoretical analysis of the slow discharge of
the tested ANG vessel. Their model did not consider the gas compressibility effects either the contribution of the gas
and adsorbed phases in the energy stored inside the cylinder. The pressure history was determined by the solution of the
mass conservation equation. The effect of the cylinder wall was taken into account in the wall boundary condition (r=
R..). Figure 5 shows the comparison of the pressure history inside the cylinder obtained with the present model and the
experimental data of Chang and Talu (1996). The radial temperature distribution obtained with the presented model and
the experimental data presented by Chang and Talu (1996) is shown in Figure 6. The comparison between the presented
model and experimental data is good and the current simulation was able to capture the pressure transient and the tem-
perature gradient trends of the slow discharge process. The differences between the data resulting from the presented
model and the experimental data presented by Chang and Talu (1996) can be attributed to the poor discussion on the
experimental conditions (heat transfer coefficient on the external wall) presented by Chang and Talu (1996).

Table 1. Parameters used for model validation.

Author: Chang & Talu (1996) Mota et al. (1997)
Activated carbon bed properties:
Type N/A G216 carbon pellets
Density — p, 975,0 kg/m’ 410,0 kg/m’
Specific heat —c,, 1052,0 J/kg.K 650,0 J/kg.K
Effective conductivity — kr 0,212 W/m.K 1,2 W/m.K
Effective porosity — ¢ 0,5 0,74
Cylinder geometry:
Material Stainless steel Stainless steel
Density — p,, 7800,0 kg/m’ 7900,0 kg/m’
Specific heat —c,,,, 502,6 J/kg K 496,2 J/kg K
External radius — R, 0,1 m 0,14 m
Length— L 0,74 m 0,85 m
Inlet radius — R, 0,00476 m 0,005 m
Thickness — &, 0,0055 m 0,01 m
Operational conditions:
Initial pressure [MPa] 2,1 MPa 3,5 MPa
Depletion pressure [MPa] 166,0 kPa 101,325 kPa
Initial temperature [K] 291,0 K 285,0 K
Ambient temperature [K] 291,0 K 285,0 K
Flow rate 6,7 L/min 0,018 kg/min @
Adsorption characteristics:
Equilibrium relation Virial equation Langmuir equation
Heat of adsorption AH =fR;, q) AH=-1,1x10° Jkg

"Matrix made of Expanded Natural Graphite (ENG) and Superactivated Carbon (Maxsorb).
2 Value inferred from performance coefficient data provided by Mota et al. (1997).

Mota et al. (1997) presented a one-dimensional transient theoretical analysis of the slow discharge of a 50 litres
ANG cylinder, were emphasis was given to thermal and mass diffusion effects in the activated carbon bed. Natural gas
was modelled as ideal gas pure methane. Although these authors presented a complete energy equation, the pressure
history was imposed, and not determined by the mass conservation equation. The imposed pressure history led to a
constant mass flow rate at the cylinder outlet. Figure 7 shows the comparison of the radial temperature profile obtained
in this work and the theoretical data obtained by Mota et al. (1997). The comparison between the current and Mota et
al. (1997) analyses is fair, and the presented model was able to reproduce the same radial temperature gradient trends.
Figure 8 shows the comparison between the performances coefficient obtained with the current analysis and the data
presented by Mota et al. (1997) as a function of discharge time. The performance coefficient is defined as the ratio
between the real mass of methane delivered and the mass of methane delivered if the discharge process was isothermal:
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Figure 5: Comparison of pressure history Figure 6: Comparison of radial temperature distribution
(Chang and Talu., 1996) (Chang and Talu., 1996)

The authors of the present work believe that the methodology used in the current model to determine the pressure
history is more physically consistent than the methodology used by Mota et al. (1997). The power requirement of a
given system (e.g., internal combustion engine) controls the consumption of fuel, thus imposing a mass flow rate at the
outlet of the reservoir. This hypothesis is mathematically modeled by Eq. (39). To impose a pressure history to the res-
ervoir, a pressure control valve would be required at the outlet, which is not the usual case. The differences in the theo-
retical data obtained with this model and the theoretical data presented by Mota et al. (1997) is due to this methodology
difference. Figure 9 shows the influence of discharge time on the cylinder temperature radial profile at the end of each
discharge process with different flow rates. The fast discharge does not increase the quantity of discharged mass for the
reason that the temperature gradient is higher due the low rate of heat diffusion, taking to lower temperatures.

30 [ T T T T T T T T T T T T T T T T T T T T T T T T ] 1’00 T T T T T T T T T
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7/Rext Discharge duration time [hours]
Figure 7: Comparison of radial temperature distribution Figure 8: Comparison of performance coefficient
(Mota et al., 1997) (Mota et al., 1997)
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Figure 9: Final Radial Temperature Profile for discharge times.

4. Conclusion

A two-dimensional model for the slow discharge process was presented and discussed. The derivation of energy
balance, mass continuity and adsorption equilibrium relation equations referring to mathematical modelling, the ther-
modynamic and physical conditions that involves the natural gas discharge process in cylindrical reservoir as well the
assumptions were presented and discussed. The validation using Mota et al. (1997) data was satisfactory, as the data
obtained by model showed the same trends of the theoretical data obtained by these authors. The differences between
the two models are attributed to the method Mota et al. (1997) determined the pressure profile. The validation of the
model showed that the methodology presented here is in agreement with the physics of the slow discharge process. In
order to make a rigorous validation, the results obtained by the present model were compared to the experimental data
presented by Chang and Talu (1996). The comparison between pressure profiles was satisfactory for the validation of
the pressure calculation method of the present work. For the temperature profiles, the results showed the same trends,
although Chang and Talu did not present consistent information about the values of some experimental parameters, such
as the convection heat transfer coefficient they used.

5. Nomenclature

cp Isobaric heat capacity Vv Volume

hy Forced convection heat transfer coefficient z Axial coordinate

R Natural convection heat transfer coefficient

ke Effective thermal conductivity Greek Symbols:

L Cylinder length AH Latent (isosteric) heat of adsorption

m Mass flow rate " mx  Max. tolerance for pressure convergence
P Pressure e'max  Max. tolerance for temperature convergence
P, Depletion pressure Oy Cylinder wall thickness

q Adsorbed phase concentration Do Effective porosity

Ry Cylinder filling opening radius P Density

Jiom Cylinder external radius

r Radial coordinate Subscripts:

T Temperature (a Adsorbed phase

T, Surrounding temperature (e Gas phase

t Time (s Solid phase

Ow Cylinder wall properties
(o Initial condition

1"
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