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a b s t r a c t

In this study, the influence of the adsorbent bed dimensions, convective heat transfer coefficient between
the cooling fluid and adsorbent bed and the thermal conductivity of the solid adsorbent material on the
transient distributions of the solid and gas phase temperature difference, differences in the adsorbate
concentration predicted by the instantaneous equilibrium and linear driving force (LDF) models, solid
phase temperature, gas pressure and adsorbate concentration inside the adsorbent bed of a solid sorption
cooling system have been investigated numerically for a nearly isobaric adsorption process. Silica gel/
water is selected as the working pair. A transient two-dimensional local thermal non-equilibrium model
has been developed that takes into account both internal and external mass transfer resistances. The local
volume averaging method has been used to derive the macro-scale governing conservation equations
from the micro-scale equations. It has been found that generally, the effects of the parameters investi-
gated on the transient distributions of the temperature difference between the phases, difference in
adsorbate concentration between the instantaneous equilibrium and LDF models, and gas phase pressure
gradients are negligible small. The thickness of the adsorbent bed for the given adsorbent bed length and
thermal conductivity of the solid adsorbent material have a large influence on the transient distributions
of the solid phase temperature and adsorbate concentration. On the other hand, the transient tempera-
ture and adsorbate concentration distributions are only slightly affected by the variation of the adsorbent
bed length and convective heat transfer for the conditions studied.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Traditional air-conditioning technologies can have numerous
adverse impacts due to both the energy they consume and the
refrigerants used including the following: contributing to environ-
mental problems such as climate change, ozone depletion, and pol-
lution [1–6]; contributing to infrastructure problems by stressing
the electric generating, transmission and distribution infrastruc-
ture by increasing the peak demand for electricity [2]; contributing
to economic problems through the cost of supplying this energy
[2,3]; contributing to reducing energy security problems if energy
must be imported to meet this demand [5]. Thermally driven cool-
ing systems powered using solar energy or waste heat such as
absorption, adsorption, and desiccant systems have the potential
to reduce or eliminate many of these problems [4,6]. The present
work is focused on adsorption cooling systems. Dieng and Wang
provide an excellent overview of this technology [7]. The heart of
ll rights reserved.
.036

: +90 3122102536.
metu.edu.tr (_I. Solmus�).

hanical Engineering, Atatürk
this technology is a thermal compression process using an adsor-
bent bed that replaces the mechanical compression process in a
vapor-compression cycle. This adsorbent bed is alternately cooled
and heated, which in turn alternately causes the bed to adsorb
refrigerant at a low pressure and desorb refrigerant at high pres-
sure, thus producing a thermally powered compression process.

The overall performance of thermal powered adsorption cooling
(TPAC) systems is typically limited by heat and mass transfer lim-
itations inside the adsorbent bed due to the poor thermal conduc-
tivity of the solid adsorbent, and internal (intraparticle) and
external (interparticle) mass transfer resistances. Therefore, many
attempts have been made to improve the heat and mass transfer
characteristics of the adsorbent beds for a TPAC system. However,
reducing heat transfer resistances inside a bed tends to increase
the mass transfer resistances and vice versa. Therefore, heat and
mass transfer conditions inside the adsorbent bed need to be
understood well to design a high performance adsorbent bed. Over
the past few decades, various mathematical models have been
developed to understand the heat or heat and mass transfer mech-
anism inside the adsorbent bed of TPAC systems. These models are
summarized in Table 1 in terms of their important characteristics
and their most important characteristics in terms of the present

http://dx.doi.org/10.1016/j.ijheatmasstransfer.2012.05.036
mailto:er24dem@hotmail.com
mailto:solmus@metu.edu.tr
http://dx.doi.org/10.1016/j.ijheatmasstransfer.2012.05.036
http://www.sciencedirect.com/science/journal/00179310
http://www.elsevier.com/locate/ijhmt


Nomenclature

av area of gas–solid interface per unit volume, m�1

Cp specific heat, J kg�1 K�1

De equivalent diffusivity in the adsorbent particles, m2 s�1

Do reference diffusivity, m2 s�1

dp average diameter of the adsorbent particle, m
Ea activation energy of surface diffusion, J mol�1

h convective heat transfer coefficient between the adsor-
bent bed and cooling fluid, W m�2 K�1

hgs interfacial convective heat transfer coefficient,
W m�2 K�1

K permeability, m2

km mass transfer coefficient within the adsorbent particles,
s�1

k thermal conductivity, W m�1 K�1

L length of the adsorbent bed, m
Nud Nusselt number
P pressure, kPa
Pr Prandtl number
Q heat of adsorption, J kgw

�1

R universal gas constant, J mol�1 K�1

Red Reynolds number
Rg specific gas constant for water vapor, J kg�1 K�1

Ri inner diameter of the adsorbent bed, m
Ro outer diameter of the adsorbent bed, m
r radial coordinate, m
T temperature, K
t time, s

vr gas phase velocity in radial direction, m s�1

vz gas phase velocity in axial direction, m s�1

X adsorbate concentration, kgw kgad
�1

X1 equilibrium adsorption capacity, kgw kgad
�1

z axial coordinate, m

Greek symbols
l viscosity, Ns m�2

q density, kg m�3

et total porosity
eb bed porosity
ep particle porosity
kg e effective thermal conductivity for the gas phase,

W m�1 K�1

ks e effective thermal conductivity for the solid phase,
W m�1 K�1

Subscripts
c cooling
co condenser
e evaporator
g gas phase
re regeneration
i initial
s solid phase
sat saturation
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research are as follows. The equations were proposed for the heat
transfer within a porous medium typically assuming a mobile
gas (vapor) phase, an immobile solid phase (adsorbed adsor-
bate + adsorbent), and Local Thermal Equilibrium (LTE) between
the gas and solid phases. However, LTE assumption is no longer va-
lid in some circumstances [8] and thus, an energy equation for each
phase needs to be developed, i.e., Local Thermal Non-Equilibrium
(LTNE). The adsorbate gas flow from a solid adsorbent particle sur-
face to inner points of the particle and through the voids between
the solid adsorbent particles are generally referred to as internal
and external mass transfer, respectively. The resistance to internal
mass transfer is typically predicted using the Linear Driving Force
Table 1
Classification of the existing mathematical models in terms of their important
characteristics.

References Dimension Internal mass
transfer
resistance model

External mass
transfer
resistance model

Energy
equation

[9–11] 3D LDF Darcy’s equation LTE
[12,13] 1D LDF Uniform pressure LTE
[12,13] 1D SD Uniform pressure LTE
[12–14] 1D Adsorption

equilibrium
Uniform pressure LTE

[15–19] 2D LDF Darcy’s equation LTE
[20,21] 2D Adsorption

equilibrium
Ergun’s equation LTE

[23] 2D LDF Uniform pressure LTE
[24] 0D

(Lumped)
LDF Uniform pressure LTE

[25,26] 2D LDF Darcy’s equation LTE and
LTNE

[22,27] 2D Adsorption
equilibrium

Uniform pressure LTE

[28] 1D Adsorption
equilibrium

Darcy’s equation LTE

[29] 1D LDF Darcy’s equation LTE
(LDF) or Solid Diffusion (SD) models. Occasionally, resistance to
this type of flow is neglected and adsorption equilibrium is as-
sumed. This assumption is reasonably good for adsorbent particles
with small diameters. Darcy’s or Ergun’s equation is used widely to
account for the resistance to external mass transfer. On the other
hand, in these models external mass transfer resistances are often
ignored and a uniform pressure is assumed, especially if the per-
meability of the bed or/and working pressure of the adsorbate is
high.

These previous studies show that even though the performance
of TPAC units have been widely studied for different design param-
eters and operating conditions [9–24], little attention has been fo-
cused on investigating the transient heat and mass transfer
behavior of the adsorbent bed of the TPAC units [25–29].

Mhimid [25] studied the heat and mass transfer in a zeolite bed
during water desorption using the LTE and LTNE models and the
results showed that the LTE assumption is not valid in regions with
high rates of heat transfer (at the wall where external heating oc-
curs, in the region where the vaporization takes place). Jemni and
Nasrallah [26] investigated transient heat and mass transfer in a
metal-hydrogen reactor and they concluded that the LTE model
is not valid in the whole reactor. Guilleminot and Meunier [27]
investigated numerically and experimentally heat and mass trans-
fer in a non-isothermal fixed bed solid adsorbent reactor and they
concluded that the uniform pressure model is more realistic than
the uniform temperature models proposed previously. Yong and
Sumathy [28] compared heat transfer only and combined heat
and mass transfer models for transport processes in an adsorbent
bed and they proposed two general criteria to perform an order
of magnitude analysis to determine when the simpler heat transfer
only model is appropriate. Demir et al. [29] performed a numerical
study to investigate the effects of porosity on heat and mass trans-
fer in a granular adsorbent bed and they found that the distribu-
tions of temperature and adsorbate concentration are strongly
influenced by the bed porosity.
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The objective of the present work is to perform a numerical
study to investigate the dynamic behavior of the adsorbent bed
of an adsorption cooling unit during the adsorption process. A tran-
sient two-dimensional LTNE model that accounts for both internal
and external mass transfer resistances has been developed using
the local volume averaging method. Most of the models proposed
previously assume LTE between the vapor and solid phases with-
out fully justifying the validity of this assumption. Therefore, one
of the innovative points of this study is to compare the predictions
resulting from the LTNE and LTE models to better understand
when LTE can be assumed.

2. Description of the adsorbent bed

A schematic view of the adsorbent bed using the silica-gel/
water working pair is shown in Fig. 1. All the dimensions of the
adsorbent bed and the thermo-physical properties of the silica-
gel/water pair are presented in Table 2. The primary components
of the adsorbent bed are an inner vacuum tube, a mass transfer
tube, a larger tubular shell and a single top cover for the vacuum
tube and the tubular shell. Silica-gel granules are packed in the
annulus between the vacuum and mass transfer tubes and a vapor
gap is left at the top of the vacuum tube to allow better vapor
transfer in the axial direction. The vacuum tube is inserted into
the larger tubular shell and a heat transfer fluid circulated between
the shell and vacuum tube to cool down the adsorbent bed during
the adsorption process. Refrigerant vapor enters the vacuum tube
through the top cover and flows both in the radial and axial direc-
tions. The right hand side from the center line of the adsorbent bed
represents the plots in the results.

3. Mathematical modeling

The 2D domain modeled is labeled as Modeling Domain in
Fig. 1. The right and bottom edges are in thermal contact with
the heat transfer fluid and are referred to as the heat transfer
boundaries. The top and left edges are assumed to be well-insu-
lated and are modeled as being adiabatic.

The adsorbent bed consisting of vapor adsorbate, adsorbed
adsorbate, and solid adsorbent is a discontinuous medium and
thus, it is not suitable for theoretical modeling. For this reason,
the local volume averaging method has been used to model this
discontinuous medium as a nearly continuous one. The details of
this method can be found in references [8,30–32]. The governing
macroscopic conservation equations are derived by taking the
average of the microscopic ones over the averaging volume.
Annulus 

Vacuum tub

Vacuum tube is fixed to

Shell 

Inlet of t

Top cover

Outlet of       
the HTF

Silica-gel
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Z

R

Refrigerant inlet

Fig. 1. A schematic view of the
In this study, the combination of the adsorbed adsorbate and
solid adsorbent are modeled as a single solid and are referred to
collectively as the solid phase. The adsorbed adsorbate is consid-
ered as being immobile and in thermal equilibrium with the solid
adsorbent, and its volume fraction is assumed negligible. The
resulting model is therefore two-phase (vapor and solid) with sin-
gle phase flow (vapor).

The mathematical model proposed in this study is primarily
based on the following assumptions and simplifications:

� the size of the adsorbent particles and the bed porosity are
spatially uniform;

� the adsorbate’s vapor phase is assumed to be an ideal gas;
� radiative heat transfer, viscous dissipation and the work done

by pressure changes are neglected;
� the surface porosity is considered to be equal to the total

porosity;
� physical properties such as thermal conductivities, specific

heat capacities and viscosity are not a function of
temperature;

� the thickness of the outer walls for the vacuum tube are
assumed to be very thin and hence, its thermal resistance is
neglected.

3.1. Mass conservation equation

The macro-scale mass conservation equation for the adsorbate
gas is written as:

et
@ðqgÞ
@t
þ 1

r
@ðrqgv rÞ

@r
þ
@ðqgvzÞ
@z

þ ð1� etÞqs
@X
@t
¼ 0 ð1Þ

The dispersive transport term was neglected since it is generally
very small compared with the convective term and this is based
on the order of magnitude analysis given by [30]. The local vol-
ume-averaged velocity is assumed to be equal to the superficial or
Darcy’s velocity. The density of the vapor adsorbate was considered
to be uniform within the averaging volume [8] and hence, the
intrinsic phase average density was replaced with the point density
while the equation above was derived from its micro scale form.

The volume fraction of the gas phase, eg, is assumed to be equal
to the total porosity, et, and is evaluated using [9],

et ¼ eb þ ð1� ebÞep ð2Þ

Finite internal mass transfer rates are modeled using the LDF model
[9]. The adsorption rate is assumed equal to this internal mass
transfer and therefore adsorption equilibrium is not assumed.
e
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@X
@t
¼ kmðX1 � XÞ ð3Þ

Here km is the internal mass transfer coefficient given by:

km ¼ 60 De=d2
p ð4Þ

and De is the equivalent diffusivity in the adsorbent particles which
is expressed as:

De ¼ Do expð�Ea=RTsÞ ð5Þ

The equilibrium adsorption capacity of the adsorbent to the adsor-
bent’s temperature and the adsorbate’s pressure, i.e., X = f (P, Ts),
may be evaluated using the following modified Dubinin–Astakhov
(D–A) equation [33].

X1 ¼ 0:346 exp½�5:6ðTs=Tsat � 1Þ1:6� ð6Þ
3.2. Momentum equation

External mass transfer resistances are included in the present
model, which can lead to significant bulk pressure gradients.
Darcy’s equation including only viscous effects is used to describe
the velocity field of the vapor adsorbate in the computational do-
main. The inertial effects accounted for by Ergun’s equation are ig-
nored because of the very low speed of the vapor adsorbate flowing
through the voids between the adsorbent particles.

v ¼ � K
lg
rP ð7Þ

Here K is the permeability which can be calculated by the fol-
lowing semi-emprical Blake-Kozeny equation,

K ¼
d2

pe3
b

150ð1� ebÞ2
ð8Þ
3.3. Energy conservation equations

During the energy transport inside the adsorbent bed, it was
considered that local non thermal equilibrium between the gas
and solid phases is significant. Therefore, two different energy con-
servation equations are developed to determine the separate tem-
perature fields of the gas and solid phases.

3.3.1. Energy conservation equation for the gas phase
The macro scale energy conservation equation for the gas phase

is written as:

Cpgqg eg
@Tg

@t
þ v r

@Tg

@r
þ vz

@Tg

@z

� �
þ ð1� etÞqs

@X
@t

CpgðTs � TgÞ

¼ 1
r
@

@r
rkg e

@Tg

@r

� �
þ @

@z
kg e

@Tg

@z

� �
þ avhgsðTs � TgÞ ð9Þ

The area-averaged temperatures are represented by volume-aver-
aged temperatures. The intrinsic phase averages of density and
temperature are represented by the point density and temperature,
since the variation in the density and temperature over the averag-
ing volume is considered to be very small [31].

3.3.2. Energy conservation equation for the solid phase
The local volume-averaged macroscopic energy conservation

equation for the solid phase is derived in the same way as for
the gas phase. It is given by:
qsð1� etÞ½Cps þ XCpw�
@Ts

@t
¼ 1

r
@

@r
rks e

@Ts

@r

� �
þ @

@z
ks e

@Ts

@z

� �

� avhgsðTs � TgÞ þ ð1� etÞqs
@X
@t

Q ð10Þ

The fluid–solid specific surface area for spherical particles is deter-
mined by [25]:

av ¼ 6ð1� etÞ=dp ð11Þ

The interfacial heat transfer coefficient for the spherical particle is
evaluated by [25]:

Nud ¼ 2þ 1:8Pr0:33Re0:5
d ð12Þ

where, Red = qgvdp/lg, Nud = hgsdp/kg, Pr = lgCpg/kg.
The equation of state for the adsorbate vapor phase is written

as:

P ¼ qgRgTg ð13Þ
3.4. Initial and boundary conditions

Temperature, pressure and adsorbate concentration gradients
are investigated where T = T(t,r,z), P = P(t,r,z), and X = X(t,r,z).

The temperatures (solid and gas), pressure and adsorbate con-
centration distributions in both directions inside the adsorbent
bed are initially considered to be uniform.

Tgð0; r; zÞ ¼ Tsð0; r; zÞ ¼ Ti; Pð0; r; zÞ ¼ Pi; Xð0; r; zÞ ¼ Xi ð14Þ

Referring to the analysis domain in Fig. 1, at the r = Ri (left)
and z = L (top) boundaries it is assumed that the vapor pressure
is equal to the evaporator pressure and the temperature gradients
for both the solid and gas phases are zero (i.e., adiabatic
boundaries).

Pðt;Ri; zÞ ¼ Pe ð15Þ

Pðt; r; LÞ ¼ Pe ð16Þ

@Tg

@r
ðt;Ri; zÞ ¼

@Ts

@r
ðt;Ri; zÞ ¼ 0 ð17Þ

@Tg

@z
ðt; r; LÞ ¼ @Ts

@z
ðt; r; LÞ ¼ 0 ð18Þ

At the r = Ro (right) and z = 0 (bottom) boundaries the pressure
gradient is zero since the walls are impermeable and a convective
heat transfer boundary conditions exists for the solid and gas
phases.

@P
@r
ðt;Ro; zÞ ¼ 0 ð19Þ

@P
@z
ðt; r;0Þ ¼ 0 ð20Þ

�kg e
@Tg

@r
ðt;Ro; zÞ ¼ hðTg � TcÞ ð21Þ

�ks e
@Ts

@r
ðt;Ro; zÞ ¼ hðTs � TcÞ ð22Þ

�kg e
@Tg

@z
ðt; r;0Þ ¼ hðTg � TcÞ ð23Þ

�ks e
@Ts

@z
ðt; r;0Þ ¼ hðTs � TcÞ ð24Þ
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4. Solution procedure

The nonlinear coupled governing partial differential equations
under consideration were solved numerically using the finite dif-
ference technique. The central differencing, first order upwind
scheme, and forward differencing were used to discretize the sec-
ond order spatial derivatives, convective, and unsteady terms,
respectively. The resulting set of nonlinear algebraic equations
was solved iteratively by the combination of the alternating direc-
tion implicit (ADI) method, the Newton–Raphson iteration scheme
and a block tridiagonal matrix solver algorithm (Thomas algo-
rithm). The grid distribution in the computational domain is uni-
form and nine algebraic equations were solved at each grid
point. A computer simulation program based on the numerical pro-
cedure above was written in Matlab to perform the parametric
investigation. In the simulation program, at each time step, itera-
tions were terminated when the calculated difference between
the two successive iterations of any dependent variable was
<10�6. The main simulation parameters used in the computer sim-
ulation program are given in Table 2.

The influence of the number of grid points and time steps on the
solid phase temperature at nearly thermal equilibrium case and
various locations in the computational domain is shown in Table
3. It can be seen from Table 3 that the difference between the re-
sults obtained for two different grid sizes (5 ⁄ 25 and 10 ⁄ 50)
and time steps (0.5 and 1 s) is quite small. Therefore, the number
of grid points is varied in the range between 20 ⁄ 80 and
25 ⁄ 100 and the time step is selected as 0.25 s to ensure the reli-
ability of the numerical computations.
Table 2
Main simulation parameters.

Parameter Value Unit References

Cpg 1800 J kg�1 K�1

Cps 924 J kg�1 K�1 [34]
dp 5e�4 m [34]
Do 2.54e�4 m2 s�1 [34]
Ea 4.2e4 J mol�1 [34]
h 100 W m�2 K�1

kg 0.024 W m�1 K�1

ks 0.198 W m�1 K�1 [34]
L 0.1 m
Pco 4.246 kPa
Pe 1.228 kPa
Ri 0.01 m
Ro 0.02 m
Tc 40 �C
Tre 100 �C
eb 0.37 [34]
ep 0.42 [34]
Q 2693 kJ kg�1 [34]
lg 1.5e�5 kg m�1 s�1 [20]
qs 2027 kg m�3 [34]

Table 3
Effects of the number of grid points and time steps on the solid phase temperature (K)
at nearly thermal equilibrium case and various locations in the computational
domain.

Dt = 0.5 s Dt = 1 s

5 ⁄ 25 10 ⁄ 50 5 ⁄ 25 10 ⁄ 50

r, z (m) 0.012, 0.088 314,329935 314,379638 314,334036 314,383828
0.018, 0.088 313,802534 313,845411 313,804846 313,847829
0.012, 0.012 313,998231 314,032621 314,001147 314,035600
0.018, 0.012 313,623038 313,652964 313,624663 313,654667
5. Results and discussion

The effect of the adsorbent bed dimensions in the axial and ra-
dial directions, the convective heat transfer coefficient and the
thermal conductivity of the adsorbent material on the transient
distributions of the temperature difference between the phases,
the solid phase temperature, the pressure, the adsorbate concen-
tration and the difference in the adsorbate concentration calcu-
lated from the instantaneous equilibrium and LDF models have
been investigated numerically, and the results are presented be-
low. For each parametric study all the parameters given in Table
2 are kept constant except the parameter investigated i.e., adsor-
bent bed length.

A schematic view of the isobaric adsorption process on a Cla-
peyron diagram is shown in Fig. 2. At the starting point of the
adsorption process for all simulations (A), the adsorbate concentra-
tion, the solid and gas phase temperatures, and the pressure
throughout the adsorbent bed are uniform and are equal to
0.2 kgw kgad

�1, 348.5 K and 1.2282 kPa, respectively. At this point,
the temperatures for the gas and solid phases were calculated by
means of the regeneration temperature of the adsorbent bed
(Tre), condenser pressure (Pco), and evaporator pressure (Pe) given
in Table 2. The adsorption capacity of the solid adsorbent was as-
sumed to be constant as the pressure inside the adsorbent bed
was decreased from the condenser (Pco) to the evaporator (Pe) pres-
sure. The adsorption process was terminated at point B where the
adsorbent bed nearly reached thermal, mechanical and chemical
equilibrium conditions and the values of the solid phase tempera-
ture, pressure and the adsorbate concentration throughout the
adsorbent bed at this point (B) are presented in the Figs. 5–7
(3rd column) for various adsorbent bed lengths, respectively.
5.1. Temperature difference between the phases for the LTNE model

The temperature difference between the solid and gas phase in-
side the adsorbent bed was not taken into account in most of the
studies published previously (see Table 1). Typically, in these stud-
ies, a single energy equation was used by assuming LTE between
the phases without showing the validity of this assumption. How-
ever, it is stated in the literature [8] that this assumption may not
be correct in some circumstances and it may lead to unrealistic
simulation results. Therefore, one of the main objectives of this
study is to investigate the validity of this assumption for the
parameters investigated. For this purpose, two different energy
Tc Th

Pco

B

-1/Ts

lnP

Desorption

XminXmax

Pe
AAdsorption

Tre

Fig. 2. A schematic view of the adsorption process on a Clapeyron diagram.
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conservation equations were developed to determine the separate
temperature fields of the gas and solid adsorbent phases.

A parametric study of the transient distributions of the temper-
ature difference between the solid and gas phases was performed
for the following parameters and ranges: adsorbent bed length
(0.05–0.2 m) and thickness (0.005–0.015 m); HTF convective heat
transfer coefficient (25–400 W m�2K�1); and, thermal conductivity
of the solid adsorbent material (0.2–1.5 W m�1K�1). For brevity
only the condition of Ro = 0.015 m at t = 50 s is presented in Fig. 3
as this is representative of the other conditions. The heat transfer
fluid flows past the right hand and bottom sides of Fig. 3, which re-
sults in large rates of heat transfer and temperature gradients at
these boundaries. Conversely, the left and top sides are modeled
as adiabatic boundary conditions and therefore the temperature
gradients go to zero at these boundaries. Generally, the tempera-
ture difference between the phases is only significant (>4 �C) close
to the outer boundaries exposed to the HTF, especially, during the
first few seconds. However, this temperature difference typically
becomes <4 �C for process times >50 s and decays toward zero as
the time progress. The temperature difference between the phases
at a given time increases with decreasing values of the adsorbent
bed thickness and convective heat transfer coefficient and increas-
ing values of the thermal conductivity of the solid adsorbent mate-
rial, but is relatively insensitive to changes in adsorbent bed length.
Therefore, it can be concluded that decreasing conductive and
increasing convective thermal resistances resulting in low Biot
number increases the temperature difference between the solid
and gas phases. Consequently, the results obtained in this part of
the study indicate that LTE assumption is reasonable for the range
of conditions explored and thus, this assumption can be used for
the simplicity.
5.2. Adsorbate concentration difference between the instantaneous
equilibrium and LDF models

The difference in the adsorbate concentration distributions for
the instantaneous equilibrium and LDF models for the various
values of the adsorbent bed length and thickness, convective heat
transfer coefficient and thermal conductivity of the solid adsor-
bent material are investigated and the range of values explored
is the same for Section 5.1. The results presented in Fig. 4 are rep-
resentative of the results for the other conditions and for brevity
these other results are discussed but not presented graphically.
The difference in adsorbate concentration between the instanta-
neous equilibrium and LDF models for all the parameters studied
is generally negligible small and thus, typically, the instantaneous
equilibrium adsorption model can be used instead of the LDF
models for the modeling of the adsorbate concentration without
leading to any significant computational errors under the given
conditions. The difference in adsorbate concentration between
the instantaneous equilibrium and LDF models decreases with
increasing process time. This can be explained by the fact that
the rate of adsorbate concentration calculated from the instanta-
neous equilibrium adsorption model is quite high at the early
time steps of the process due to the high heat transfer rate and
negligible pressure gradients and it decreases as time goes. On
the other hand, the rate of adsorbate concentration computed
from the LDF model is relatively slow at all times because of
the internal mass transfer resistances. Therefore, initially, the
adsorbate concentration difference between the instantaneous
equilibrium and LDF models is relatively large and this difference
decreases as time increases.
5.3. Adsorbent bed length

Isotherms of the solid phase, isobars and contours of the adsor-
bate concentration for adsorbent bed lengths of 0.05, 0.1 and 0.2 m
and at times of 300, 900 and 1800 s are shown in Figs. 5–7, respec-
tively. It is clear that the temperature, pressure and adsorbate con-
centration distributions inside the adsorbent bed is only slightly
affected by variations in the adsorbent bed length for the given
adsorbent bed thickness, especially for adsorbent bed lengths
>0.1 m. The temperature and adsorbate concentration gradients
in the axial direction are only significant near the bottom boundary
at the early stages of the process. However, in the radial direction
these gradients are not only considerable near the right heat trans-
fer boundary but also throughout the rest of the bed. Temperature
and adsorbate concentration gradients in both directions gradually
become insignificant as the time progress. It can be concluded that
the heat and mass transfer inside the adsorbent bed can be approx-
imated as one dimensional in the r direction for large values of
adsorbent bed length, but the two-dimensional effects cannot be
neglected for aspect ratios nearly equal to one. The pressure gradi-
ents throughout the adsorbent bed are generally negligible. The
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resistance to adsorbate vapor flow in the axial direction is higher
than that in the radial direction as a result of the high aspect ratio.
Initially, the pressure at the heat transfer boundaries decreases
suddenly due to increasing value of the adsorbate concentration
since there is a sharp temperature drop at these boundaries. Thus,
the adsorbate vapor in the interior of the adsorbent bed starts to
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move from the high pressure to low pressure regions. As a result of
this, the adsorbate concentration at the outer boundaries increases
suddenly. After half an hour, the adsorbent bed nearly reaches
thermal, mechanical and chemical equilibrium conditions.
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5.4. Adsorbent bed thickness

The influence of the adsorbent bed thickness on the distribu-
tions of the solid phase temperature, pressure and adsorbate con-
centration are presented in Figs. 8–10, respectively. The adsorbent
bed thickness has a great influence on the temperature and adsor-
bate concentration distributions. The heat and mass transfer inside
the adsorbent bed depend strongly on the radius when the adsor-
bent bed thickness is decreased for the given adsorbent bed length.
However, the pressure distribution is only slightly affected by the
variations in the adsorbent bed thickness, and generally the uni-
form pressure assumption is valid. The bed approaches thermal,
mechanical and chemical equilibrium conditions after 600, 1800
and 3700 s for adsorbent bed thickness 0.005, 0.01 and 0.015 m,
respectively. The reason behind this result is that the thermal resis-
tance inside the adsorbent bed increases with increases in the
adsorbent bed thickness and this results in longer times to equilib-
rium. Therefore, the adsorbent bed thickness should be kept as
small as possible to improve the heat transfer conditions and as re-
sult, reduce the process time. However, this conclusion is based on
the assumption that the mass of the shell is neglected. Addition-
ally, it is quite obvious in Fig. 8 that the adsorbent bed thickness
(Ro � Ri) should not be >0.01 m for good heat transfer characteris-
tics. Improving the heat transfer conditions makes it possible to
reach the chemical equilibrium condition in a shorter time as well
since the adsorbate concentration is mainly a function of temper-
ature and pressure.
5.5. Convective heat transfer coefficient

The variation of the solid phase temperature, pressure, and
adsorbate concentration inside the adsorbent bed for values of
the convective heat transfer coefficient between the adsorbent
bed and heat transfer fluid of 25, 200 and 400 W m�2K�1 at times
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Fig. 8. Transient solid phase temperature, K, distribution for various adsorbent bed
of 600, 1200, and 2000 s are presented in Figs. 11–13, respectively.
The simulations were terminated after 2000 s as the system was
close to equilibrium. The temperature distribution, and thus pres-
sure and adsorbate concentration distributions as well, are nearly
insensitive to the variation of the convective heat transfer coeffi-
cient due to the low thermal conductivity of the adsorbent mate-
rial. The pressure distribution throughout the adsorbent bed is
generally uniform except at early time steps of the process. This
is due to the fact that the temperatures of the solid and gas phases
near the heat transfer boundaries decreases under the given
boundary conditions and as a result of this the adsorbate concen-
tration increases and the pressure decreases. Consequently, the
pressure gradients inside the adsorbent bed becomes significant
and adsorbate vapor flows from high pressure to low pressure
regions and thus the pressure also decreases at the adiabatic
boundaries. In terms of the thermal response of the system little
benefit is seen in increasing the value of the convective heat
transfer coefficient above 200 W m�2K�1 since there is not any
significant difference between the 200 and 400 W m�2K�1 in
terms of temperature, pressure and adsorbate concentration
distributions.
5.6. Thermal conductivity of the solid adsorbent material

The variation of the solid phase temperature, pressure and
adsorbate concentration inside the adsorbent bed at 150, 300
and 500 s for thermal conductivities of the solid adsorbent material
of 0.2, 0.75 and 1.5 W m�1K�1 are shown in Fig. 14–16, respec-
tively. It is clear in Fig. 14 that heat transfer conditions inside the
adsorbent bed are affected positively by increases in the solid
phase thermal conductivity. Temperature gradients in the both
directions decrease when the thermal conductivity of the solid
adsorbent material is increased. The thermal equilibrium condition
(maximum temperature difference within the bed is <3 �C) is
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thicknesses. [1st row Ro = 0.015 m, 2nd row Ro = 0.02 m, 3rd row Ro = 0.025 m.]
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Fig. 9. Transient pressure, kPa, distribution for various adsorbent bed thicknesses. [1st row Ro = 0.015 m, 2nd row Ro = 0.02 m, 3rd row Ro = 0.025 m.]
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nearly satisfied for the adsorbent bed having a thermal conductiv-
ity of 1.5 W m�1K�1 for process times equal to 500 s. However, at
this time instant, temperature gradients are comparatively high
for a thermal conductivity of 0.2 W m�1K�1. Therefore, the specific
cooling power of the adsorption cooling system can be improved
considerably by eliminating the limiting effects of the heat transfer
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rate inside the adsorbent bed. Pressure distributions for the three
cases are generally uniform but the pressure distribution for the
k = 1.5 W m�1K�1 is slightly less than the others at early time steps
of the process due to the high adsorption rate. This is due to the
fact that the heat transfer rate is comparatively high and this re-
sults in a sudden temperature drop inside the adsorbent bed. As



z 
(m

)

0.
23

5

0.
24

4

0.
25

3

0.
26

3

0.
27

2

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

0.
26

1

0.
26

6

0.
27

2

0.
27

8

0.
28

3

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

0.
27

9

0.
28

2

0.
28

5

0.
28

7

0.
29

0

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

z 
(m

)

0.
24

3

0.
25

1

0.
26

0

0.
26

8

0.
27

6

0.
28

5

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

0.
26

9

0.
27

4

0.
27

8

0.
28

3

0.
28

7

0.
29

2

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

0.
28

6

0.
28

7

0.
28

9

0.
29

1

0.
29

3

0.
29

4

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

r (m)

z 
(m

)

0.
24

4

0.
25

2

0.
26

0

0.
26

8

0.
27

7

0.
28

5

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

r (m)

0.
27

0

0.
27

4

0.
27

9

0.
28

3

0.
28

7

0.
29

2

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

r (m)

0.
28

6

0.
28

8

0.
28

9

0.
29

1

0.
29

3

0.
29

5

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

Fig. 13. Transient adsorbate concentration, kgw kgad
�1, distribution for three convective heat transfer coefficients and times. [1st row h = 25 W m�2K�1, 2nd row

h = 200 W m�2K�1, 3rd row h = 400 W m�2K�1and 1st column t = 600 s, 2nd column t = 1200 s, 3rd column t = 2000 s.]

r (m)

z 
(m

)

33
0.

0

32
8.

2

32
6.

4

32
4.

6

32
2.

8

32
0.

9

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

r (m)

32
2.

3

32
1.

3

32
0.

3

31
9.

3

31
8.

3

31
7.

2

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

r (m)

31
7.

5

31
7.

0

31
6.

5

31
6.

1

31
5.

6

31
5.

1

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

z 
(m

)

33
5.

6

33
2.

6

32
9.

7

32
6.

7

32
3.

7

32
0.

7

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

32
7.

9

32
5.

9

32
3.

9

32
1.

9

31
9.

9

31
7.

9

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

32
1.

6

32
0.

4

31
9.

3

31
8.

1

31
7.

0

31
5.

8

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

z 
(m

)

34
2.

4

33
7.

6

33
2.

9

32
8.

1

32
3.

3

31
8.

6

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

33
9.

4

33
5.

1

33
0.

7

32
6.

4

32
2.

1

31
7.

8

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

33
4.

7

33
1.

2

32
7.

6

32
4.

0

32
0.

4

31
6.

8

0.01 0.012 0.014 0.016 0.018 0.02
0

0.02

0.04

0.06

0.08

0.1

Fig. 14. Transient solid phase temperature, K, distribution for various adsorbent material conductivity. [1st row ks = 0.2 W m�1K�1, 2nd row ks = 0.75 W m�1K�1, 3rd row
ks = 1.5 W m�1K�1 and 1st column t = 150 s, 2nd column t = 300 s, 3rd column t = 500 s.]

5286 _I. Solmus� et al. / International Journal of Heat and Mass Transfer 55 (2012) 5275–5288
a result of this, the adsorption rate increases and the pressure de-
creases, and this pressure drop is not compensated for by an in-
crease in the vapor diffusion flux. Adsorption equilibrium
condition inside the adsorbent bed is achieved in a comparatively
short period of time when the thermal conductivity of the solid
adsorbent material is high.
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6. Conclusions

Based on the numerical model developed and for the conditions
explored, the conclusions about the current study can be summa-
rized as follows:
� The temperature difference between the solid and gas phases
are generally insignificant. Hence the local thermal equilibrium
assumption is generally valid. The exception is during the early
stages of the process.
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� The adsorbate concentration difference between the instanta-
neous equilibrium and LDF models is small and varies only
slightly over the range of parameters investigated. Hence, the
internal mass transfer resistances are negligibly small for these
conditions.
� The distribution of the gas phase pressure inside adsorbent bed

does not vary significantly for all the cases and thus, a spatially
isobaric bed assumption can be accepted without leading to any
significant computational errors.
� The heat and mass transfer inside the adsorbent bed occurs

almost exclusively in the radial direction when the ratio of
the adsorbent length over adsorbent bed thickness is >10.
� The adsorbent bed thickness has a large impact on the heat and

mass transfer inside the adsorbent bed. The adsorbent bed
thickness should not be more than 0.01 m for good heat transfer
rates and hence, shorter cycle times. The heat and mass transfer
gradually becomes one dimensional (almost only in the r direc-
tion) when the adsorbent bed thickness is decreased for a fixed
adsorbent bed length.
� The heat and mass transfer inside adsorbent bed is nearly insen-

sitive to variations in the heat transfer fluid convective heat
transfer coefficient since the thermal conductivity of the solid
adsorbent material is low. Therefore, based on heat and mass
transfer considerations the value of the convective heat transfer
coefficient does not need to be more than 200 W m�2K�1 since
increasing value of the convective heat transfer coefficient
(>200 W m�2K�1) does not lead to any significant decrease in
the temperature, pressure and adsorbate concentration
gradients.
� The solid phase thermal conductivity has a strong influence on

the heat and mass transfer conditions inside the adsorbent bed
and both conditions can be improved considerably by using
highly conductive adsorbent materials, fins, or other thermal
enhancements.
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