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In this study, a new comprehensive model is developed that can predict the effective thermal conductiv-
ity and thermal contact resistance of the packed bed adsorbers, as a function of water uptake, number of
adsorbent layers, particle size, bed porosity, temperature, contact pressure, and gas pressure. The pro-
posed model is successfully validated against experimental data for AQSOA FAM-Z02, measured by a heat
flow meter. The relative differences of the experimental data and predicted values for the packed bed
effective thermal conductivity are 2% and 3% at 25 and 80 �C, respectively. By increasing the water uptake
from 0 to 0.3 kg kgads�1 , effective thermal conductivity of a 2 mm FAM-Z02 randomly packed bed is pre-
dicted to increase by 17% for temperature of 25 �C and 18% for temperature of 80 �C.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

Heating and cooling demands account for 60% of energy
demand in the residential buildings [1], which are mainly supplied
by conventional fossil fuels [2]. The use of renewables can lead to a
significant reduction in fossil fuel consumption and greenhouse
gas emissions. Thermal energy storage (TES) is an effective solution
for exploiting heat sources with intermittent nature, i.e. renew-
ables and waste heat. High energy storage density, low heat loss
and using non-toxic and non-polluting refrigerants make adsorp-
tion TES (ATES) more appealing and effective for heat/cold storage,
compared to the other thermal storage methods [3,4]. Packed bed
adsorbers are widely used in adsorption cooling systems [5,6],
adsorption dehumidification [7,8] and ATES [9,10], since they pro-
vide higher cooling/heating energy per volume compared to the
adsorber beds with coated or consolidated adsorbent materials
[11]. However, the low thermal conductivity of adsorbent materi-
als, 0.1–0.8 Wm�1 K�1 [12], and high thermal contact resistance
(TCR) between the adsorbent particles and adsorber bed metal sur-
faces suppress the overall performance and reduce the competi-
tiveness of the available packed bed adsorption systems.

To investigate and optimize the heat transfer performance of a
packed bed adsorber, effective thermal conductivity of the packed
bed adsorber as well as TCR should be measured and modeled
properly. Although thermal conductivity measurement of adsor-
bent packed beds offers the possibility of realistically analyzing
their thermal performances, it is costly and difficult to run the
thermal conductivity measurement in large-scale for varying parti-
cle size, number of layers, filling gas pressure, relative humidity,
contact pressure, water uptake, and temperature. Therefore, a
comprehensive model for the packed bed effective thermal con-
ductivity is vital to accurately analyze, predict, and improve the
thermal performance of a packed bed adsorber.

Although importance of TCR has been raised in the literature
[13–15], little has been shown regarding the modeling of TCR
inside the adsorber bed. To consider the effect of TCR in the ther-
mal conductivity calculations, the measured TCR from the available
experimental data was fed into the theoretical models, in the liter-
ature [16,17]. Rezk et al. [17] presented a lumped analytical model
for thermal conductivity of a silica gel packed bed and they applied
a correlation fitted to the measured TCR, reported in Ref. [18], to
their model.

The first type of effective thermal conductivity models is based
on the analytical or numerical solutions to the Laplace’s equation
[19]. Maxwell analytical solution, which is based on the assump-
tion of no thermal influence between individual particles, falls in
this category [19]. On the other hand, numerical models of packed
bed thermal conductivity, which do not need such limiting
assumptions, suffer from high computational cost and time.

Introducing thermal resistance network for the packed bed
adsorber is another type of solutions for modeling the effective
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Nomenclature

A surface area of the packed bed, m2

ATES adsorption thermal energy storage
aL radius of microcontact, mm
aT thermal accommodation coefficient
b volume fraction
d adsorbent particle diameter, mm
d displacement, mm
e adsorbent particle porosity
E Young’s modulus, GPa
F contact force, N
FCC face center cubic arrangement
k thermal conductivity, W m�1 K�1

ktot packed bed total thermal conductivity (effects of TCR is
included), W m�1 K�1

keff ;bed packed bed effective (medium) thermal conductivity
(effects of TCR is not included), W m�1 K�1

L packed bed length (thickness), mm
m number of adsorbent particles in each adsorbent layer
n number of layers of adsorbent particles
r adsorbent particle radius, mm
m Poisson’s ratio
x water uptake, kg kgads�1

P gas pressure, Pa
Psat saturation pressure at adsorbent temperature, Pa

Pcontact contact pressure at the contact of adsorbent particle and
the metal surface, Pa

_Qg;micro micro-gap heat flow, W
_QG;macro macro-gap heat flow, W
_QC;macro macro-contact heat flow, W
_Qc;micro micro-contact heat flow, W
R thermal resistance, K W�1

SC simple cubic arrangement
w packed bed solid fraction
T temperature, K
TCR thermal contact resistance, K W�1

Subscripts
bed packed bed
cell cell
contact at the contact of adsorbent particles and the heat ex-

changer metal surface
eff effective
g adsorbate gas
p adsorbent particle
s solid particle (adsorbent skeleton)
tot total
w water
wet wet adsorbent particle
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thermal conductivity of the packed bed adsorbers [19]. Griensinger
et al. [20] experimentally and theoretically studied the effective
thermal conductivity of zeolite powder, introducing three main
parallel heat transfer paths: pure solid, pure fluid, and mixed
solid-fluid paths. They defined tuning parameters by fitting the
theoretical curve to the measured values [20]. Similarly, Dawoud
et al. [21] developed a model to calculate the effective thermal con-
ductivity of wetted zeolite 4A, assuming an isotropic distribution
of adsorbed water inside the zeolite crystal. They introduced a tor-
tuosity factor for conductive heat transfer and their model took
into account the Knudsen conductivity of the vapor phase through
the curve fittings to their experimental data [21]. Nevertheless,
thermal conductivity models of small amount of adsorbent sample,
i.e. an adsorbent particle or powder, cannot be a good representa-
tive of a large-scale packed bed adsorber, since they do not take
into account all the thermal resistances inside the packed bed,
including the thermal resistance between the adsorbent particles
as well as TCR.

Another type of effective thermal conductivity models is based
on calculating thermal conductivity of a unit cell (as a representa-
tive of the repeating units in a packed bed), using thermal resis-
tance network or basic models such as Maxwell. Luikov et al.
[22] defined a thermal resistance circuit for an elementary cell,
containing a solid skeleton and the surrounding gas. The boundary
unit cell and water uptake were not considered in their study [22].
In addition to their model, Sarwar and Majumdar [23] took into
account the effects of the water content on thermal conductivity
of the packed bed adsorbers, although interstitial gas pressure
and the contact pressure were not considered as variables in this
model [23].

In this work, a new comprehensive analytical unit-cell model is
developed to predict effective thermal conductivity of a packed
bed adsorber as a function of numbers of adsorbent layers, adsor-
bent properties, particle size, water uptake, temperature, contact
pressure, roughness, particle arrangement, and gas pressure. TCR
is also taken into account in the calculation of the total thermal con-
ductivity of the packed bed adsorbers. Young’s modulus of a 2-mm
diameterAQSOAFAM-Z02particle is alsomeasured for thefirst time
and used in this model. This model is applicable to both open and
closed adsorption systems and provides a platform for a comparison
of thermal performancebetweenopen and closed packedbed adsor-
ber under various conditions. The present model is validated with
the experimental data, collected by heat flow meter method.
2. Present model

Modeling of effective thermal conductivity of a packed bed
adsorber consists of two main parts: (1) modeling the effective
thermal conductivity of an adsorbent particle, taking account of
adsorbent water content, and (2) modeling the effective thermal
conductivity of the packed bed adsorber. It is assumed that the
steady state condition was reached for both temperature and
uptake. Therefore, the uptake of the adsorbent particles is corre-
sponded to the equilibrium water uptake at steady-state tempera-
ture and relative humidity (or pressure ratio, P=Psat , for the closed
adsorption systems).

Since natural convection in the small voids between the adsor-
bents can be neglected [24], and in both model and experimental
data, the heat flow is downward to eliminate the natural convec-
tion [25,26], and radiation is negligible in the packed beds at low
temperatures (below 600 �C [27]), heat transfer occurs via conduc-
tion through solid adsorbent and conduction through the intersti-
tial gas. These conductive heat transfer mechanisms take place in
macroscale and microscale levels. Fig. 1 shows the macro-
contact, QC;macro, micro-contact, Qc;micro, macro-gap, QG;macro, and
micro-gap, Qg;micro, heat flow lines, for simple cubic (SC) arranged
packed bed.
2.1. Effective thermal conductivity of a packed bed adsorber

In this study, thermal conductivity modeling of a packed bed is
performed based on the unit cell approach, where thermal conduc-
tivity calculation is made for an elementary cell, shown in Fig. 2a,



Fig. 1. Heat conduction in a packed bed adsorber, including: (i) macro-contact heat flow, _QC;macro , (ii) macro-gap heat flow, _QG;macro , (iii) micro-contact heat flow, _Qc;micro and
(iv) micro-gap heat flow, _Qg;micro .
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as a representative of the entire packed bed medium. It is assumed
that the heat conduction in the unit cell is one dimensional, which
leads to isothermal top and bottom surfaces while the lateral walls
are adiabatic due to symmetry [28]. Fig. 2b illustrates the unit cell
and the associated thermal resistance network. The thermal resis-
tance of a unit cell consists of: (1) bulk thermal resistance of par-
ticles, Rp, (2) macro-contact constriction/spreading resistance,
RC;macro, (3) microcontact constriction/spreading resistance, Rc;micro,
(4) resistance of the interstitial gas in the micro-gap, Rg;micro, and
(5) resistance of interstitial gas in the macro-gap, RG;macro.

Bahrami et al. [28] developed compact analytical models to pre-
dict the micro/macro constriction/spreading and micro/macro-gap
resistances in packed beds of high conductive particles (i.e. particle
thermal resistance was much less than the gas resistance). In the
present study, their analytical solutions are followed, as a platform
for dry adsorber bed, while particle thermal resistance is also con-
sidered, and afterwards extended for the thermal conductivity of
wet adsorber bed, considering the adsorbent particle water uptake.
The equations used in this study are presented in Appendix A, and
more details are found in Ref. [28].

These micro and macro thermal resistances depend on the ther-
mal and physical properties of the adsorbent material, including
thermal accommodation, aT;p, and Young’s modulus, Ep (see Appen-
dix A). Few information is available concerning the properties of
Fig. 2. (a) Packed bed adsorber of adsorbents with diameter of dp , for simple cubic (S
equivalent electrical circuit.
AQSOA FAM-Z02. Table 1 provides the specifications of FAM-Z02,
reported in the literature. Thermal accommodation, which repre-
sents the energy exchange process through gas-surface collision,
affects both macro-gap and micro-gap resistances (see Appendix
A). Adsorption can increase the thermal accommodation up to 5
times, compared to the clean surfaces [29] and aT can reach higher
than 1 [30]. The thermal accommodation coefficient of zeolite was
considered 1.95, as a fitting parameter in Ref. [21]. Here, assuming
a clean surface for the adsorbent, a correlation for thermal accom-
modation of clean surfaces, which is developed by Song and Yova-
novich [29], is used (see Eq. (A24) in Appendix A).

Particle contact resistance depends on the Young’s modulus of
adsorbent material. A thermomechanical analyzer (TMA Q400EM
from TA Instruments), shown in Fig. 3a, with precision of ±0.1%
was used to measure the Young’s modulus of the adsorbent parti-
cle. As shown in Fig. 3a, a 2-mm diameter FAM-Z02 particle was
compressed with linear ramp force up to 1 N in a dry nitrogen
environment at room temperature, between the quartz glass sam-
ple stage and macro-expansion probe with a 6.07 mm diameter
contact area. The value of 0.5736 GPa�1 was obtained for
ð1� m2pÞ=Ep (see Fig. 3b). Assuming a value of 0.3 for Poisson ratio,
the Young modulus of FAM-Z02 was 1.59 GPa.

Using the unit cell thermal resistance network, shown in Fig. 2b,
the total thermal resistance of the unit cell is obtained by:
C) arrangement [28] and (b) a unit cell of the SC-arranged adsorber bed with the



Table 1
Specifications of AQSOA FAM-Z02.

Material FAM-Z02

Provider Mitsubishi Plastic Inc.
Chemical formula Al0.56Si0.02P0.42O2 [31]
Structure IZA code SAPO34 CHA [32]
Differential heat of adsorption, kJ kgw�1 3240 (298 K) [33]
Bulk density, kg m�3 0.6–0.7 [33]
Specific heat, J kg�1 K�1 0.822 (303 K)

0.942 (363 K) [33]
Thermal conductivity, W m�1 K�1 0.117 (303 K)

0.128 (363 K) [33]
Particle diameter, mm 0.1–2 [33]
Pore diameter, Å 3.8 [32]
BET surface area, m2 g�1 590 [31]

717.8 [34]
Pore volume, cm3 g�1 0.2769 [31]

0.27 [34]
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Rcell ¼ 1

ð1=Rc;micro þ 1=Rg;microÞ�1 þ RC;macro

þ 1
Rp þ RG;macro

" #�1

ð1Þ

The effective thermal conductivity of each cell can be found by
keff ;cell ¼ Lcell=ðRcellAcellÞ, which is also the effective thermal conduc-
tivity of the packed bed, keff ;bed, considering a homogenous med-
ium. Number of unit cells in each layer of a SC-arranged adsorber
bed is equal to the number of adsorbent particles in the layer, m.
Thermal resistances of the unit cells along the length of bed (i.e.
in the heat transfer direction) are in series, while they are parallel
to each other in the direction perpendicular to the heat transfer
path. Thus, the thermal resistance of the adsorber medium is
Rbed ¼ ½Lbed=ðkeff ;bedAcellÞ�=m, where Lbed is the bed length in the heat
transfer direction.

The TCR in the unit cells adjacent to the two metal surfaces of
heat exchanger medium, are also in series with the medium resis-
tance (Rbed). Thus, the total bed resistance is Rtot ¼ Rbed þ TCR. To
this end, the total thermal conductivity of a dry packed bed can
be found from:

ktot ¼ Lbed
AðRbed þ TCRÞ ð2Þ
Fig. 3. (a) Thermomechanical analyzer (TMA Q400EM from TA Instruments) and a AQSO
probe and (b) the force applied on the adsorbent particle versus half-displacement of th
where A ¼ m Acell is the total area of the metal surface.
Similarly, all the thermal resistances in the adsorbent particle

and the gas are calculated for the face center cubic (FCC) arrange-
ment, using related equations in Ref. [28] and the parameters in
Table 2, for FCC arrangement.

2.2. Effective thermal conductivity of an adsorbent particle

Effective thermal conductivity of an adsorbent particle is influ-
enced by thermal conductivities of the solid adsorbent, adsorbed
water and the filling gas inside the pores of adsorbent particle.
Fig. 4a and b show schematics of a wet adsorbent and the unit cell
for a wet SC-arranged packed bed adsorber. The above-mentioned
model for the dry packed beds can be extended to account for the
heat transfer through the adsorbed water. A wet adsorbent is an
inhomogeneous medium of three components: (i) solid particle
(adsorbent skeleton), (ii) adsorbed water on the surface of adsor-
bent pores and (iii) interstitial gas, which is air in open adsorption
system and water vapor in the closed adsorption system.

Having been treated as a homogeneous medium, the wet adsor-
bent particles are modeled by the effective-medium approxima-
tion (EMA). Among various models of EMA, Bruggeman’s method
for multi-component medium is selected, since it is applicable to
arbitrary volume fractions [35]. Therefore, the effective thermal
conductivity of a wet adsorbent particle, kp;wet , can be calculated
as follows,

X3
i¼1

bi
ki � kp;wet

ki þ 2kp;wet
¼ 0; where

X3
i¼1

bi ¼ 1 ð3Þ

where bi is the volume fraction of each component. Volume fraction
of solid particle, water and gas are obtained from Eq. (4).

bs ¼ 1� e

bw ¼ x
qs

qw
ð1� eÞ

bg ¼ e�x
qs

qw
ð1� eÞ

ð4Þ

where e is the porosity of the adsorbent particle and qs is the pore-
less density of the adsorbent material.
A FAM-Z02 particle placed between quartz glass sample stage and macro-expansion
e adsorbent particle at 25 �C.



Table 2
Specifications of SC and FCC arrangements of packed bed.

Packing arrangement Solid fraction, wbed Bed length, Lbed Cell area, Acell Cell length, Lcell Boundary cell length, Lb�cell

SC 0.524 n� dp d2p dp dp=2

FCC 0.740 ððn� 1Þ
ffiffiffi
2

p
=2þ 1Þ � dp d2p=2

ffiffiffi
2

p
dp=2 dp=2

Fig. 4. (a) Schematic diagram of a wet adsorbent and (b) a unit cell for a SC-arranged wet packed bed adsorber with the equivalent electric circuit.

Fig. 5. Rtot � A versus bed thickness for 2-mm FAM-Z02 packed beds with water
uptake of 0.30 ± 0.02 kg kgads�1 at temperatures of 25 and 80 �C and under contact
pressures of 0.7 kPa, including experimental data and model results for SC, FCC and
the randomly packed bed.
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When the thermal conductivity measurement of the dry adsor-
bent particle is done in atmospheric condition and the reported
thermal conductivity of adsorbent also includes the effects of the
thermal conductivity of gas (air), two components (i = 2) can be
considered: (i) adsorbed water, with the volume fraction of
x qs

qw
ð1� eÞ and (ii) a combination of air and solid adsorbent, with

volume fraction of 1�x qs
qw

ð1� eÞ.
The effective thermal conductivity of the wet adsorbent parti-

cle, kp;wet , which is calculated from Eq. (3), should be plugged into
Eqs. (A2), (A3) and (A6), to calculate micro-contact (Rc;micro;wet) and
macro-contact (RC;macro;wet) resistances, and consequently the effec-
tive thermal conductivity of the wet packed bed, keff ;bed;wet .

2.3. Asymptotic solution for intermediate solid fraction (randomly)
packed bed adsorber

The effective thermal conductivity of a randomly packed bed
(wbed � 0:6 [36]) falls between that of two arrangements: SC
(wbed ¼ 0:524), as the lower bound, and FCC (wbed ¼ 0:740Þ, as the
upper bound [37,38]. Thus, the thermal conductivity obtained from
the above-mentioned developed model for SC and FCC arrange-
ments, as two limiting cases, can be blended to find the thermal
conductivity of a randomly packed bed [38]. Assuming a linear
dependence for the thermal conductivity versus the packed bed
solid fraction, the following equation is applied for a randomly
packed bed.

wbed � wSC

wFCC � wSC
¼ keff ;bed � keff ;SC

keff ;FCC � keff ;SC
ð5Þ

where wSC , wFCC and wbed are the solid fractions of the SC, FCC and
any randomly packed bed arrangements, respectively. wbed for a ran-
domly packed bed adsorber can be assumed about 0.62 (porosity of
0.38 [39]) or can be chosen such that keff ;bed approaches the experi-
mental data collected for thermal conductivity of that randomly
packed bed. This asymptotic solution is applicable for any packed
bed adsorber with arbitrary solid fraction of wbed. Thus, the present
model is not limited by the bed arrangement, since it covers SC and
FC arrangements as well as any randomly-arranged packed bed
adsorber.

3. Results and discussion

The developed mathematical model, described in Section 2, is
coded into MATLAB and consists of four main sections: (i) water
uptake calculation, (ii) adsorbent particle thermal resistance, (iii)
packed bed cell resistance and (iv) packed bed boundary cell resis-
tance. Water uptake is calculated depending on the temperature
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and relative humidity from the equilibrium isotherm of the adsor-
bent. The water uptake is fed to the ‘‘particle resistance” code,
where the effective thermal conductivity of a wet particle is calcu-
lated. Having the effective thermal conductivity of the wet adsor-
bent particles, thermal resistances of the internal and boundary
unit cells are calculated in the ‘‘packed bed cell resistance” and
the ‘‘boundary cell resistance” sections, respectively.

Fig. 5 shows the Rtot � A of a FAM-Z02 packed bed adsorber ver-
sus the bed thickness (or number of adsorbent layers) at two tem-
peratures, 25 and 80 �C. As previously mentioned, SC arrangement
is the upper bound for thermal resistance (i.e. lower bound for the
thermal conductivity), while FCC arrangement is the lower bound
for thermal resistance (i.e. upper bound for thermal conductivity).
The present model for solid fraction, wbed, of 0.67, shows good
agreement with the experimental data collected at 25 and 80 �C
for two, four and six layers. The maximum relative difference is
16% for one layer, at 25 �C, where the share of the TCR in the total
resistance is significant, i.e. 67% of the total resistance [40]. The
present model captures the trend of the measured TCR in a quali-
tative comparison, however, the calculated TCR cannot be com-
pared quantitatively with the measured TCR, due to the FAM-Z02
dust observed on the metal sheets, possible surface oxidation of
Fig. 6. Effective thermal conductivity versus mean temperature of a 2-mm FAM-
Z02 randomly packed bed adsorber with water uptake of 0.30 ± 0.02 kg kgads�1 under
contact pressure of 0.7 kPa, including the result from the present model for wbed =
0.67 and experimental data [40].

Fig. 7. Total thermal conductivity versus temperature for 2-mm FAM-Z02 packed bed ad
kPa, for various numbers of adsorbent layers (comparison between experimental data
conductivity approaches the packed bed effective thermal conductivity.
the aluminum sheets, imperfect contact of the adsorbent and
locally warped aluminum sheets.

To provide the effective bulk thermal conductivity of a packed
bed adsorber, the effects of the TCR should be deconvoluted from
the total thermal resistance of the packed bed, as discussed in
Ref. [40]. Fig. 6 shows the effective thermal conductivity of the
2-mm diameter FAM-Z02 packed bed adsorber versus the mean
temperature inside the bed, in which the effects of TCR is deconvo-
luted. Effective thermal conductivity of the FAM-Z02 randomly-
packed bed adsorber varies between 0.188 and 0.204 Wm�1 K�1,
and slightly increases with the increase in temperature. The pre-
sent model can predict the keff ;bed accurately and the maximum rel-
ative difference between the results from model and experimental
data is 3% at 80 �C.

Total thermal conductivity of the packed bed adsorber is shown
in Fig. 7 for temperatures of 10–80 �C and various numbers of
adsorbent layers. By increasing the temperature, total thermal con-
ductivity increases because of a higher thermal conductivity of air
and adsorbent at higher temperatures, and a better contact of
adsorbent with the metal sheets and less TCR. As shown in Fig. 7,
the model successfully predicts the total thermal conductivity;
the maximum difference between the results of the model and
the experimental data occurs for lower temperatures and at lower
number of layers, where the effect of TCR on the total thermal con-
ductivity is the highest. As the number of layers increases, the ther-
mal behavior of the bed approaches an ‘‘effective” or continuum
medium and thermal conductivity becomes independent of the
number of layers. The present model shows that total thermal con-
ductivities, ktot , of 100 and 1000 adsorbent layers are close to one
another, and approach the effective thermal conductivity of the
packed bed medium, keff ;bed, as shown in Fig. 7.

The effect of water uptake on the total thermal conductivity of
4-layer FAM-Z02 packed bed adsorber is shown in Fig. 8a. Total
thermal conductivity of the randomly packed bed with uniform
adsorbent water uptake of 0.3 kg kgads�1 is predicted to be 19–20%
higher compared to an identical but completely dry bed, for the
mean temperature range of 10–80 �C. On the other hand, the total
thermal conductivity of a 4-layer FAM-Z02 packed bed at water
uptake of 0.3 kg kgads�1 is predicted to increase 14%, when the mean
temperature increases from 10 to 80 �C. As shown in Fig. 8b, effec-
tive thermal conductivity of the FAM-Z02 randomly packed bed is
predicted to increase by 17% from 0.163 to 0.191 Wm�1 K�1, at 25
�C, and by 18% from 0.179 to 0.211 Wm�1 K�1, at 80 �C, when the
water uptake increases from 0 to 0.3 kg kgads�1 .
sorbers, with water uptake of 0.30 ± 0.02 kg kgads�1 and under contact pressure of 0.7
and the present model). For higher numbers of adsorbent layers, total thermal



Fig. 8. Effect of water uptake change from 0 to 0.3 kg kgads�1 on the (a) total thermal conductivity of a 4-layer randomly packed bed and (b) effective thermal conductivity of the
randomly packed bed adsorber, under contact pressure of 0.7 kPa.

Fig. 10. Effect of the thermal conductivity of dry adsorbent on the effective thermal
conductivity of 2-mm FAM-Z02 packed bed adsorber with water uptake of 0.3 kg
kgads�1 and under contact pressure of 0.7 kPa.
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Fig. 9 shows the effect of adsorbent diameter on the effective
thermal conductivity of a SC-arranged packed bed of FAM-Z02,
while the bed thickness is kept constant at 12 mm (i.e. number
of adsorbent layers for 0.25 and 6 mm diameter particles are 48
and 2, respectively). As shown in Fig. 9, for a fixed bed length,
packed bed of smaller adsorbent materials has higher thermal
resistance and therefore lower thermal conductivity. However,
decreasing the adsorbent size leads to an increase in the uptake
rate and specific power (SP = averaged power/adsorbent mass)
[41], which should be considered in the adsorbent size selection,
as well.

Fig. 10 shows the effect of the thermal conductivity of the
adsorbent particles on the effective thermal conductivity of a wet
FAM-Z02 packed bed adsorber. Effective thermal conductivity of
the packed bed is higher for higher adsorbent thermal conductiv-
ity, although the increase rate in the keff ;bed becomes slower when
the thermal conductivity of the solid adsorbent particle passes 1
Wm�1 K�1. At high pressures (e.g. atmospheric pressure), the con-
trolling conductance is the thermal conductivity of the interstitial
gas. If thermal conductivity of the adsorbent particle increases to
100 Wm�1 K�1, effective thermal conductivity of the packed bed
adsorber is predicted to be 0.51 Wm�1 K�1 at 25 �C and 0.54 W
Fig. 9. Effect of particle diameter on the effective thermal conductivity of a SC-
arranged packed bed of FAM-Z02 with water uptake of 0.3 kg kgads�1 at 25 and 80 �C
and under contact pressure of 0.7 kPa. The bed thickness is fixed at 12 mm.
m�1 K�1 at 80 �C, when water uptake is 0.3 kg kgads�1 . To this end,
there is not much gain in improving the thermal conductivity of
the adsorbent particle in the packed bed adsorber above 1 W
m�1 K�1 for open (atmospheric) adsorption systems.
4. Conclusions

In this study, a comprehensive model was developed to predict
the effective thermal conductivity and TCR of a packed bed adsor-
ber, as a function of water uptake, number of adsorbent layers, par-
ticle size, bed porosity, temperature, contact pressure, and gas
pressure for SC, FCC, and any randomly packed bed. The model
was applicable to both open and closed (vacuum) adsorption sys-
tems. The maximum relative difference of the experimental data
and predicted value for the effective thermal conductivity of
packed bed adsorber was 2% at 25 �C and 3% at 80 �C. A parametric
study was conducted to evaluate the effects of the key parameters
on the effective thermal conductivity of the packed bed adsorber.
By increasing the water uptake from 0 to 0.3 kg kgads�1 , effective
thermal conductivity of a FAM-Z02 randomly packed bed was pre-
dicted to increase by 17 and 18% for temperatures of 25 and 80 �C,



Table A1
Equations used to find the thermal resistance of the unit cell, Rcell, [28,29].

Equations Eq. number Ref.

Rcell ¼ 1
ð1=Rc;microþ1=Rg;microÞ�1þRC;macro

þ 1
RpþRG;macro

� ��1 K W�1 A1 [28]

Rc;micro ¼ ½0:565Hmicðrp=mpÞ�=ðksFÞ K W�1 A2 [28]
RC;macro ¼ 1=ð2ksamacroÞ K W�1 A3 [28]

Rg;micro ¼ ð2
ffiffiffi
2

p
rpa2Þ pkga2L ln 1þ a2

a1þM=½2
ffiffi
2

p
rp �

� �n o.
K W�1 A4 [28]

RG;macro ¼ 2
pkg S ln S�B

S�Að ÞþB�A½ � K W�1 A5 [28]

ks ¼ 2kp;1kp;2
kp;1þkp;2

W m�1 K�1 A6 [28]

Hmicro ¼ c1ðdv=r0Þc2 Pa A7 [28]

r0 ¼ 1 lm, dv ¼
ffiffiffiffiffiffiffi
2p

p
aC;macro ¼ 0:95ðrp=mpÞ m A8 [42]

c1 ¼ HBGMð4:0� 5:77jþ 4:0j2 � 0:61j3Þ, j ¼ HB=HBGM Pa A9 [28]

c2 ¼ �0:57þ 0:82j� 0:41j2 � 0:06j3 A10 [28]
HBGM ¼ 3:178 GPa, 1:3 6 HB 6 7:6 GPa Pa A11 [28]

mp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
m2

p1 þm2
p2

q
; mp1 ¼ 0:076r0:52

p1
A12 [28]

rp ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2
p1 þ r2

p2

q
m A13 [28]

amacro
aH

¼ 1:605=
ffiffiffiffiffiffi
�P0

q
0:01 6 �P0 6 0:47

3:51� 2:51�P0 0:47 6 �P0 6 1

(
A14 [28]

�P0 ¼ P0=P0;H ¼ 1=ð1þ 1:37aðq=aHÞ�0:075Þ, a ¼ rq
a2H

A15 [28]

P0;H ¼ 1:5F=ðpa2HÞ Pa A16 [28]

aH ¼ ð0:75Fq=�EÞ1=3 m A17 [28]

�E ¼ ð1� m2p1Þ=Ep1 þ ð1� m2p2Þ=Ep2
h i�1 Pa A18 [28]

qp ¼ ð1=qp1 þ 1=qp2Þ�1 m A19 [28]

a1 ¼ erfc�1ð2P0=�HÞ, a2 ¼ erfc�1ð0:003P0=�HÞ � a1 A20 [28]

�H ¼ c1ð1:62ðrp=r0Þ=mpÞc2 GPa A21 [28]

M ¼ 2�aT1
aT1

þ 2�aT2
aT2

� �
2cg
1þcg

� �
1
PrK

m A22 [28]

K ¼ Pref
Pg

Tg

Tref
Kref ,

Kref : mean free path value at reference gas temperature Tref and pressure Pref

m A23 [28]

aT ¼ exp �0:57 Ts�Tref

Tref

� �h i
M�

6:8þM�

� �
þ 2:4l

ð1þlÞ2 1� exp �0:57 Ts�Tref

Tref

� �h in o
,

l ¼ Mg=Ms

A24 [29]

M� ¼ Mg monoatomicgas
1:4Mg diatomic=polyatomicgas

�
kg mol�1 A25 [29]

A ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2
p � a2L

q
, B ¼ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
q2
p � b2L

q
, S ¼ 2ðq�x0Þ þM, x0 ¼ a2L=ð2qÞ m A26 [28]
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respectively. At a constant bed thickness, effective thermal conduc-
tivity increased by increasing the adsorbent particle diameter, due
to the less resistances between the adsorbent particles. Improving
thermal conductivity of the solid adsorbent particle above 1 W
m�1 K�1, in an open system, was not worthy of consideration since
it led to a minimal increase in the effective thermal conductivity of
the packed bed adsorber.
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Appendix A

The equations which are used in the present model to find the
micro/macro-contact and micro/macro-gap resistances are listed
in Table A1 (for more details, see Refs. [28,29,42]).
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