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Thermal conductivity of CaCl2-silica gel composites adsorbent, which is generally used in water-based
adsorption cooling systems, can be enhanced by adding natural flakes graphite and consolidating the
mixture with a binder. In this study, a bound conduction model with a unit cell approach is employed
to predict the effective thermal conductivity of consolidated composite. The model takes the volume
fraction, flake size and orientation of the graphite flakes as input, and calculates the effective thermal
conductivity of the consolidated mixture. To validate the model result with experimental data,
consolidated adsorbents with 0–20 wt% graphite flakes were prepared and their thermal conductivity
was measured by Transient Plane Source (TPS) method. The results show that the addition of graphite
flakes into consolidated adsorbent increases thermal conductivity from 0.13 to 0.57 W�m�1�K�1 when
tested at 2% RH and 35 �C. The predictions of the model at steady-state condition qualitatively agreed
with the experimental data.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Heat-driven sorption technology, as a sustainable and clean
solution for thermal management and heat storage, has drawn sig-
nificant interest in academic and industrial research community.
This interest has been intensified in the last decade as environmen-
tal and climate changes issues are becoming major global chal-
lenges. Numerous studies aim to improve material sorption
performance, as it is at the core of sorption cooling or storage sys-
tems [1]. Due to the nature of sorption process, heat transport
properties, e.g. thermal diffusivity and thermal conductivity, of
the adsorbent material plays an important role in their perfor-
mance, since increasing thermal diffusivity can enhance the heat
transfer rate that leads to faster sorption/desorption cycles thus
more efficient (more compact) heat-driven sorption chillers [2]. A
key part of the sorption chillers design is developing adsorbent
materials (or composites) with superior hydrophilicity, high water
uptake capacity, low regeneration temperature (60–150 �C) [3],
and high thermal diffusivity. Silica gel [4] and silicoaluminophos-
phate [5] have suitable adsorption properties at operating condi-
tions of water-based sorption cooling systems, i.e. low
temperature (30–90 �C) and pressure (1.2–5.6 kPa); however,
these highly porous sorbents have low effective thermal conduc-
tivity 0.13 W�m�1�K�1 [6]. Methods used to improve heat transfer
in sorption beds include: (i) coating heat exchanger with adsorbent
material [2], this will reduce the thermal contact resistance at the
interface between the heat exchanger and the coated sorption
material; (ii) growing adsorbent on the adsorber bed surface [7];
(iii) adding thermally conductive materials such as metals [8]
and consolidating adsorbents in a thermally conductive porous
matrix [9], which lead to an increase in the bulk thermal conduc-
tivity of sorption composite. The effective thermal conductivity
of a wide range of adsorbents reported in the literature is shown
in Table 1.

Tanashev et al. [9] measured the thermal conductivity of hygro-
scopic salts (CaCl2 [10], LiBr and MgCl2) confined silica gel (KSK)
with 0.1–0.8 g/g water content using the transient hot wire
method at 290–300 K and observed an increase in thermal conduc-
tivity from 0.1 to 0.5 W�m�1�K�1 with increasing water content.
Aristov et al. [11] measured the thermal conductivity of consoli-
dated sorbents, silica gel (KSK) with 36.6 wt% CaCl2 and silica gel
(KSK) with 42.7 wt% LiBr and reported that the thermal conductiv-
ity increased significantly as the water uptake of the sorbent
increased, while the effect of temperature and pressure on thermal
conductivity was almost negligible. Restuccia et al. [12] developed
and experimentally validated a theoretical model to predict the
effective thermal conductivity of wet zeolite. The effective thermal
conductivity of zeolite 4A was measured by a hot wire method at
different temperatures and water content. All the above-
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Nomenclature

TPS Transient Plane Source
RH Relative Humidity
k thermal conductivity, W�m�1�K�1

b basic cell half side, m
rp particle radius, m
r disk radius, lm
t disk thickness, lm
w unit cell width, lm
a unit cell dimension, lm
R thermal resistance, K�W�1

T temperature, K
_Q heat flow rate, W
keff effective thermal conductivity, W�m�1�K�1

PVP polyvinylpyrrolidone
tsample sample thickness, mm
A sensor area, mm2

DT temperature rise between sensor and sample, K

Subscripts
e effective
p particle
m medium
L lower bound
U upper bound
g graphite flake
s continuous medium

Greek symbols
u volume fraction
n shape factor
w sphericity
q density, g�cm�3

h angle, degree
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mentioned studies showed a significant effect of water content on
the thermal conductivity of sorption composites.

Fayazmanesh et al. [16] synthesized consolidate composite
with addition of copper powder and graphite flakes. Graphite flake
particles are distributed evenly in composite adsorbent when
Table 1
Thermal conductivity of some adsorbent materials.

Adsorbent Thermal conductivity,
W�m�1�K�1

Calcined silica gel (KSK)/CaCl2 0.1–0.5

- Consolidated silica gel (KSK)/CaCl2 (36.6 wt%)
- Consolidated silica gel (KSK)/LiBr (42.7 wt%)

0.12–0.16
0.1–0.13

Consolidated silica gel (15 wt% binder) 0.24–0.26

- Compressed silica gel (KSK)/CaCl2
- Compressed silica gel (KSK)/LiBr
- Compressed silica gel (KSK)/MgCl2
- Alumina/CaCl2

0.12–0.5
0.16–0.4
0.14–0.42
0.12–0.41

Wetted zeolite 4A 0.17–0.25

Consolidated composite activated carbon 1–4

Consolidated silica gel (15 wt% binder)-graphite flake
(0–20 wt%)

0.13–0.42

Consolidated composite activated carbon 0.9–2.5

- CaCl2 (powder)
- CaCl2 (pellet)
- Composite-KP50 expanded graphite (20%) and CaCl2
- Consolidated composite- KP50 expanded graphite

(20) and CaCl2

0.31–0.39
0.11–0.14
0.4–0.47
0.31–0.47
copper powder particle inhomogeneously distributed at the
bottom surface of samples.

As shown in Table 1, composite adsorbent with expanded
graphite has higher thermal conductivity compared to silica or
zeolite based composites. This is while the thermal conductivity
Measurement method and conditions Ref.

- Transient hot wire method
- Water content (0–0.8 g/g)
- Temperature 16–27 �C

[10]

- Transient hot wire method
- Air pressure: 10–1,000 mbar
- Binder: 20 wt% aluminium hydroxide

[11]

- Guarded-hot plate apparatus
- Silica gel coated between copper plates
- Temperature: 35–50 �C
- Contact pressure: 0–90 bar
- Polyvinylpyrrolidone used as binder

[6]

- Transient hot wire method
- Measurements took place at 16–27 �C
- Water content (0–0.9 g/g)
- No binder used

[9]

- Transient hot wire method
- Filling gas: air at 1 bar
- Measurement temperatures (50–200 �C)
- Water content (0.02–0.2 g/g)

[12]

- ASTM E1530 guarded thermal flow meter method
- Samples with different ratio of activated carbon were made (33–

50%)

[15]

- Transient Plane Source (TPS)
- Connected to humidifier
- Measurement temperature 35 �C
- Relative Humidity 2–20% RH

[16]

- Guarded hot plate method
- Samples with different ratio of activated carbon and expanded gra-

phite were made

[17]

- Transient hot wire method
- Filling gas: air at 1 bar
- Measurement take place at different temperature
- Different pressure applied for making consolidated samples (0–

0.67–20)
- Dry samples

[18]
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Table 2
Composites prepared with SiliaFlash B60 silica gel matrix.

Sample name Adsorbent PVP Graphite flakes

CaCl2-S6-0%G 4 g, 1.71 g 1 g –
CaCl2-S6-5%G 4 g, 1.71 g 1 g 0.35 g
CaCl2-S6-10%G 4 g, 1.71 g 1 g 0.74 g
CaCl2-S6-20%G 4 g, 1.71 g 1 g 1.67 g

Fig. 2. Optical microscope images of graphite flakes.
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of silica-/zeolite-based composites are already increased consider-
ably by adding activated carbon.

The objective of this work is to develop a model to predict the
effective thermal conductivity of consolidated composite adsor-
bent containing graphite flakes, considering random orientation
of the graphite flakes. Assuming an effective medium theory
(applied for thermal conductivity modeling of nano-fluid [13]
and catalyst layer in polymer electrolyte membrane fuel cell
[14]) and establishing upper and lower bounds, as asymptotes
for thermal conductivity, a new model is developed for the effec-
tive thermal conductivity of consolidated adsorbent material con-
taining graphite as a function of the volume fraction and
orientation of the graphite flakes. Several consolidated samples
have been fabricated in our lab and tested to validate the proposed
model.
2. Experimental study

2.1. Sample preparation

Silica gel (SiliaFlash� B60, Lot 011112, Silicycle, Inc., Quebec,
Canada) with irregular shaped grains (0.2–0.5 mm), average pore
diameters of 6 nm and surface area (SBET) 514 m2�g�1 was com-
bined with different amount of graphite flakes (Sigma Aldrich,
+100 mesh) and 40,000 MW polyvinylpyrrolidone (PVP40,
Amresco) binder solution. The slurries were baked for one hour
at 50 �C, and then heated to 180 �C for one hour to cross-link the
binder. Table 2 shows silica gel composites based adsorbent pre-
pared with different amount of graphite flakes 0–20 wt%.
Fig. 1. (a) Sample arrangement schematic in TPS 2500S. (b) Nickel dou
2.2. Thermal conductivity measurement

A thermal constants analyzer (TPS 2500S, ThermTest Inc., Fred-
ericton, Canada) capable of precise measurement of thermal con-
ductivity, diffusivity and specific heat was used for this study.
The instrument has different sensor types and software modules
to perform measurements on bulk materials (isotropic and aniso-
tropic), thin films, powders and liquids. This apparatus uses the
transient plane source method in accordance with ISO Standard
22007-2.2. In this study, a bulk sensor (7577) with a 2 mm diame-
ter nickel double spiral insulated in a thin layer of Kapton is used
for both transient heating of the sample and temperature measure-
ments. A humidifier (P-10C-1C-2-0-031300-v7, Cellkraft AB,
Sweden) is connected to thermal constant analyzer to control the
humidity inside the TPS chamber.

For bulk material (isotropic) measurements, the sensor is placed
on either side of a pair of dried identical samples. After 20 min for
temperature and 2% RH humidity equilibration, measurements are
ble spiral insulated in a thin layer of Kapton sensor (Sensor 7577).



Fig. 3. Graphite flakes diameter measurement distribution of 100 particles.

Fig. 4. Comparison of various models with measured thermal conductivity of
consolidated composite adsorbents (CaCl2-S6-G) with different amount of graphite
flakes (0–20 wt%) at 2% RH.

Table 3
Existing effective thermal conductivity models.

Name Assumptions Equation Ref.

Maxwell’s
Model

� Dilute dispersion
� Spherical particles

k�e ¼ k�P ð1þ2/Þþ2ð1�/Þ
k�P ð1�/Þþð2þ/Þ

k�e ¼ ke=km
k�P ¼ kP=km

[13,19]

Hamilton
and
Crosser
Model

� Spherical and non-
spherical particles
(nspherical = 3,
ncylindrical = 6)

k�e ¼ k�P ½1þðn�1Þ/�þðn�1Þð1�/Þ
k�P ð1�/Þþðn�1Þþ/

k�e ¼ ke=km
k�P ¼ kP=km

[13,19]

Fig. 5. Disk-shape graphite flakes dispersed in consolidated composite, two
extreme cases establishing (a) a lower bound for thermal conductivity (same
direction with heat flow) and (b) an upper bound for thermal conductivity
(perpendicular to the heat flow direction).
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performed on each sample three times at different locations, a
standard deviation of 10% has been measured. The sample-sensor
assembly is shown in Fig. 1.

Effective thermal conductivity of the sample is calculated by

ksample ¼
_Q
A

tsample

DT
ð1Þ

where _Q is the power from the heat source, DT is the temperature
rise between the sensor and sample, A is the sensor area, and
tsample is the sample thickness.

2.3. Geometrical parameters of the consolidated graphite-doped
composite

Geometrical parameters, i.e. the particle size distribution and
graphite flakes size should be measured to be used as input to
the model. An optical microscope (Nikon Eclipse LV100) is used
to measure the shape and size distribution of 100 graphite flakes,
shown in Fig. 2.

Fig. 2 illustrates that the graphite flakes have irregular shapes
which make it difficult to use one geometry and one size for geo-
metric modeling. In this study, graphite flakes are assumed to have
a disk shape with a diameter, estimated through statistical mea-
surements. The statistical distribution of graphite flakes effective
diameter is shown in Fig. 3. The average thickness and diameter
for 100 measured graphite flakes is calculated to be 4.3 and
700 lm, with standard deviation of 7%.

3. Model development

Fig. 4 shows a comparison between the existing models in the
literature, listed in Table 3, and the present data for thermal
conductivity.

As shown in Fig. 4, Maxwell and Hamilton-Crosser models can
only predict the thermal conductivity for the sample with 5 wt%
and fail to predict higher graphite flake concentrations.

3.1. Bounds of conduction for disk shape particle in basic unit cell

In this section, following the methodology introduced in [13],
upper and lower bounds for steady-state through-plane heat
conduction in consolidated composite containing graphite flakes



Table 4
Material properties measured at RH = 2%.

qsilica gel (g�cm�3) qgraphite flakes (g�cm�3) rgraphite falke (lm) tthicknes (lm) ks [measured] (W�m�1�K�1) kg-in plane [20] (W�m�1�K�1) kg-through plane [20] (W�m�1�K�1)

0.5 0.64 700 4.3 0.135 750 8

Fig. 6. Lower bound for horizontal disk in unit cell with perpendicular isotherms.

Fig. 7. Upper bound for vertical disk in unit cell with parallel adiabats.
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samples are established for horizontally and vertically oriented
disk-shaped flakes, as schematically shown in (Fig. 5). A ‘‘unit cell”
is considered to represent the geometry of the consolidated com-
posite with the dispersed graphite flakes. The size of unit cell
depends on the volume fraction of flakes in each sample, and it
is calculated using the density of particles and continuous medium.
The model is compared to experimental data collected from con-
solidated composite adsorbent samples, to ensure that the data
lays between the upper and lower bound and it is then expanded
for particles with a range of orientation angles in a continuous
medium.

The assumptions used in development of the present are:

� Identical disk-shape graphite flakes are evenly dispersed
throughout the composite.

� The contact between the graphite flakes and the sorption mate-
rial is perfect, i.e. no thermal contact resistance is considered.
� The sorption material and graphite flakes have constant aniso-
tropic properties, listed in Table 4.

The sorption material in the composite used in this study is
CaCl2-silica gel-PVP40.
3.2. Unit cell with disk particles

3.2.1. Lower bound: perpendicular to the heat flow
A lower bound for effective thermal conductivity, and its asso-

ciated thermal resistance network, can be established by assuming
isotherms perpendicular to the direction of heat flow, as shown in
Fig. 6.

Based on the thermal resistance network shown in Fig. 6, the
lower bound of effective thermal conductivity of the consolidated
composite can be found from Eq. (2)



Fig. 8. Highest and lowest possibility of graphite flake orientation in unit cell is
shown. Thermal conductivity of consolidated composite adsorbents (CaCl2-S6-G)
with different amount of graphite flakes (0–20 wt%) at 2% RH.

Fig. 9. Thermal conductivity comparison of angled disk particle with uniform
distribution in porous mediumwith measured thermal conductivity of consolidated
composite adsorbents (CaCl2-S6-G) with different amount of graphite flakes (0–
20 wt%) at 2% RH.
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keff�L ¼
kswa2 ksða2 � pr2Þ þ kgpr2

� �
ksa2t þ ½ksða2 � pr2Þ þ kgpr2� � ðw� tÞ� � � a2 ð2Þ

where w and a are unit cell dimensions.

3.2.2. Upper bound: parallel to heat flow
To calculate the lower bound effective thermal conductivity of a

vertical disk particle in a cubic unit cell, parallel adiabats to the
direction of heat is assumed, shown in Fig. 7. The similar approach
for lower bound calculation used to determine upper bound.
To calculate R2 and R3, a new parameter introduced named as
Lg ,

Lg ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
r2 � d2

e

q
ð3Þ

Then, the total R2 and R3 can be calculated from

R2 ¼ 1
2t

Z r

0

a� Lg
Ks

þ Lg
Kg

� �
dðdeÞ ð4Þ

The upper bound effective thermal conductivity can be
calculated:

keff�U ¼
a
R r
0

a�Lg
ks

þ Lg
kg

h i
dðdeÞ

w � ksðwa� 2rtÞ R r
0

a�Lg
ks

þ Lg
kg

h i
dðdeÞ þ 2ta

h i ð5Þ
4. Results and discussion

The established upper and lower bounds for effective thermal
conductivity of consolidate adsorbent graphite flakes are shown
in Fig. 8. As expected the experimental data fall between the two
bounds.

In reality, the graphite flakes in the composite adsorbent are
expected to be randomly oriented. The introduced upper and lower
bounds are used, as two extreme cases, to predict the effective
thermal conductivity of the consolidated composites. Using a sim-
ilar approach, thermal resistance network and effective thermal
conductivity can be calculated for consolidated composites con-
taining graphite flake disks with different angles, as shown in Eq.
(6):

½keff�h� ¼ cos2ðhÞ �
a
R r
0

a�Lg
ks

þ Lg
kg

h i
dðdeÞ

w � ksðwa� 2rtÞ R r
0

a�Lg
ks

þ Lg
kg

h i
dðdeÞ þ 2ta

h i

þ sin2ðhÞ

� kswa2½Ksða2 � pr2Þ þ kgpr2�
½ksa2t þ ½ksða2 � pr2Þ þ kgpr2� � ðw� tÞ� � a2 ð6Þ

The effective thermal conductivity model of disk particles in dif-
ferent angles compared to the measured thermal conductivity of
S6-CaCl2-G, is shown in Fig. 9.

Bound conduction model for disk shaped particles in consoli-
dated sorbent composite shows good agreement with experimen-
tal model when the angel of the disk particles is 45�. The relative
difference between the experimental data and the modeling result
for low volume fraction disk shape thermally conductive additive
(0–10 wt%) in continuous medium is 10%. As shown in Fig. 8, gra-
phite flakes have a diameter range of 200–1300 lm which small
particles help to make a path through consolidated sorbent com-
posite and improve thermal conductivity.
5. Conclusion

Thermal conductivity of composite adsorbent containing gra-
phite flakes was measured and its effective thermal conductivity
with conduction bound method was modeled and measured at
35 �C (2% RH). The results showed thermal conductivity of consol-
idated composite increased significantly by adding thermally con-
ductive particles.

In addition to the experimental measurements, a new analytical
model was developed that can predict the effect of thermally con-
ductive additive on thermal conductivity of consolidated adsor-
bent. The model captured the trend while different disk shape
particles angle and size considered. This model is limited by geom-
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etry of additive, volume fraction, the dispersion of particles in
composite.

A pressure and temperature jump gravimetric test-bed is built
to evaluate the effect of additives on consolidated sorbent perfor-
mance. Durability of sorbent Coated on graphite sheet with and
without additives will be studied.
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