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ABSTRACT

This paper presents a new analytical quasi-steady-state model to estimate the effective thermal con-
ductivity and thermal diffusivity of wetted sorbent composites containing thermally-conductive additives
which is developed based on the effective medium theory, or unit cell approach, and covers all salient
morphological parameters, material properties, and operating conditions. The proposed closed-form so-
lution is validated with experimental data using several consolidated salt-in-matrix sorbents with silica
gel, CaCl,, polyvinyl alcohol (PVA) binder, and 0-15 wt.% of graphite flakes (GF), as well as 0-5 wt.% of
expanded natural graphite (ENG) as thermally-conductive additives fabricated and characterized in our
lab. The addition of 15 wt.% of GF, and 5 wt.% of ENG to the sorbent composite when tested with a rela-
tive humidity (RH) of 2%, resulted in 536%, and 572% enhancement in the effective thermal conductivity.
Also, increasing the sorbed water content in the composite with no thermally-conductive additives from
0.02 to 0.9 g-g~! caused 318% increase in the thermal conductivity.

Analytical modeling

© 2021 Elsevier Ltd. All rights reserved.

1. Introduction

The global cooling energy demand is projected to triple by
2050, which takes account of the likely effect of current policies
and targets, with nearly 70% of the increase coming from the res-
idential sector [1]. Meanwhile, countries accounting for more than
60% of global energy-related carbon emissions aim to bring their
emissions down to net zero by 2050 or soon after [2]. As more
than 80% of residential building energy consumption is used for
heating and cooling purposes, there is a rising interest in efficient
and sustainable heating, cooling, and thermal storage (heat trans-
former) systems that do not add more CO, to the environment [3].
One promising solution is heat-driven sorption technology. Sorp-
tion systems use benign environmentally friendly refrigerants, such
as water, have no noise or vibration problems, and can generate
cooling power from low-grade industrial waste heat or renewable
thermal energy sources with temperatures below 90 °C, such as
solar or geothermal heat [4].

High porosity sorbent materials-typically in the form of packed
beds or consolidated composite coatings in sorption systems - of-
ten have low thermal conductivity and thermal diffusivity which
impedes their heat transfer adversely affecting the overall perfor-

Abbreviations: TPS, transient plane source; RH, relative humidity; ENG, ex-
panded natural graphite; GF, graphite flakes; HEX, heat exchanger.
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mance. Low heat and mass transfer in sorbents result in low spe-
cific power (SP) which is one of the major limitations facing the
commercialization of sorption heat transformer systems. Therefore,
thermal conductivity of the consolidated sorbent layer is a funda-
mental property of the composite that can strongly affect the dy-
namic performance of sorption systems.

Several methods to enhance the heat transfer in sorption com-
posites have been investigated. One common approach has been
the addition of thermally conductive additives, which, when com-
bined with the sorbent and binder, form higher conductivity paths
to increase the overall thermal performance. The main challenge of
this method is that the thermal conductivity of the composites can
vary not only with composition, specifically the shape, and volume
percentage of the additive, but also with the preparation condi-
tions if they effect the overall density.

High thermal conductivity of graphite, along with the other
above-mentioned benefits, made it the most studied additive for
developing sorbent composite with the aim of improving thermal
conductivity [5]. Mauran et al. [6], for example, reported the ther-
mal conductivity of their CaCl,-ENG sorbent composites to be 10-
40 W-m~1.K~!. Wang et al. [7] measured the thermal conductiv-
ity for three types of sorbents namely, simple unconsolidated sor-
bent composite, consolidated sorbent composite with expanded
graphite as additive, and pure CaCl, powder using the hot wire
method. They reported that the thermal conductivity of the CaCl,-
expanded graphite consolidated sorbent composite to be in the
range of 7.05-9.2 W-m~1.K-! depending on the mass fraction of
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Nomenclature

k thermal conductivity, W-m~1.K~!
R thermal resistance, K-W~1
T temperature, K

Q heat flow rate, W

t thickness, m

r radius, m

L unit cell length, m

u uncertainty

dp pore size diameter, m

dc equivalent cubic diagonal, m
Greek

o thermal diffusivity, m2.s~1
1) water uptake, g-g~!

e porosity

0 density, kg-m—3

0 angle, degree

1) additive weight percentage
Subscripts

eff effective

m medium

p additive particle

S solid host matrix

w water

expanded graphite. Fayazmanesh et al. [8] studied the effect of
adding graphite flakes as a thermally-conductive additive to a sor-
bent composite made of CaCl, in a silica gel matrix. The thermal
conductivity of a set of sorbent composites made of silica gel B60,
CaCl,, and PVP40 with 0-15 wt.% of graphite flakes were measured
at 2 and 20 RH% using a transient plane source (TPS) method. Their
result indicates that the addition of 20 wt.% of graphite flakes in-
creased the thermal conductivity of the sorbent composite from
0.57- 0.78 W-m~1.K-1. Eun et al. [9] investigated the effect of
adding expanded graphite to sorbent composites made of silica gel.
They also studied the effect of porosity on the sorbent thermal
conductivity. Their results show the thermal conductivity of sor-
bent composites increased from 0.17 W-m~1.K~! to a thermal con-
ductivity range of 10-20 W m~1.K-! depending on the expanded
graphite mass ratio in the composite. Zheng et al. [10] studied the
effect of adding expanded natural graphite treated with sulfuric
acid (ENG-TSA) to a silica gel sorbent composite to improve the
thermal conductivity and adsorption performance of the compos-
ite. Their evaluation on non-equilibrium adsorption performance
and equilibrium adsorption performance showed enhancement of
both heat and mass transfer, respectively. They also reported that
by adding ENG to the silica gel composite, they measured the max-
imum thermal conductivity of 19.1 W-m~1.K~1, which is 270 times
higher than their pure silica gel composite.

During the sorption and desorption processes, the variation in
sorbate (water) content can significantly affect the thermal con-
ductivity and thermal diffusivity of consolidated sorption compos-
ites. For instance, Tanashev et al. showed that the thermal con-
ductivity of CaCl,/ mesoporous silica gel increased ~ 285% from
0.13 to 0.5 W-m~1.K~1, as the absorbed water content increased
from 0.1 to 0.8 g-g~! [11]. Although, there is clear evidence of the
dependence of thermal conductivity (k) on sorbent uptake, in the
majority of available models of sorption systems, it is assumed to
be a constant value [12-15]. Furthermore, there is no mechanistic
model that can predict the thermal conductivity/diffusivity of such
composites, as a function of pertinent morphological and operating
conditions, during the de/sorption process.
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A summary of published investigations of water uptake (w)
impact on the effective thermal conductivity of wetted porous
medium and their studied parameters is presented in Table 1. The
first study of the effect of water sorption on the thermal conduc-
tivity of a Si0,/CaCl, system was carried out by Aristov et al. using
a hot wire method [16,17]. They reported that thermal conductiv-
ity increased from 0.33 to 0.53 W-m~!.K-! when the water up-
take changed from 0.35 to 0.75 g-g~!. Freni et al. [18] measured
the thermal conductivity of two sorbent composites made of silica
gel with CaCl,, or LiBr as salt, using a hot wire method under vari-
ous conditions of vapor pressure (Pyy), temperature (T), and water
uptake. They observed a 0.10 and 0.15 W-m~!.K~! increase, respec-
tively, in the thermal conductivity of their composites if the mea-
surement ranges were chosen according to the operating condi-
tions of a typical sorption cooling cycle (10 mbar < P,y < 70 mbar,
40 °C < T < 130 °C).

Buonanno and Carotenuto [19] developed a model to predict a
porous medium’s effective thermal conductivity. Steady-state heat
conduction in a two-phase system was studied using a volume av-
eraging technique. Particle shape, roughness, and solid conductivity
were also investigated. McGaughey and Kaviany [20] presented a
molecular dynamic simulation-based analysis for thermal conduc-
tivity of a porous structure. The applied molecular dynamic sim-
ulation was rather sophisticated to be utilized in adsorption heat
pump system simulations. Lu et al. [21] experimentally studied the
effects of porosity, particle size, and natural convection on the ef-
fective thermal conductivity of a copper foam-air and copper foam-
water system. A linear correlation to describe the contribution of
fluid was proposed as a function of porosity and pore size. Da-
woud et al. [22] developed a theoretical model for predicting the
effective thermal conductivity of wetted zeolite. To validate their
model, the effective thermal conductivity of 4A zeolite-water was
measured by a transient hot wire method under various conditions
of vapor pressure, temperature, and water loading representing a
typical adsorption cooling cycle. However, various parameters were
estimated by fitting the experimental data which limits the appli-
cation of the model to a specific composite.

Tanashev and Aristov [23], measured the dependence of the
thermal conductivity of the two-component sorbent SiO,/CaCl, on
the sorbed water uptake. They also measured the thermal conduc-
tivity of sorbents made of mesoporous silica gel and alumina with
impregnated salt (CaCl,, MgCl, and LiBr;) [11]. For the three silica-
based sorbents, similar dependencies of effective thermal conduc-
tivity as a function of uptake, k(w), were found as: (i) a smooth
rise at w < w* = 0.4-0.55, where w* is the uptake threshold (i.e.,
in this case, when the mesopores of silica gel are completely filled
with the salt solution); and (ii) a sharp increase within the narrow
uptake range near the threshold uptake w*. The transition occurs
at the same fraction of the pore volume occupied by the salt so-
lution regardless of the salt confined. Their obtained results were
described by a heat transfer model in a porous wetted medium
developed by Luikov et al. [24] and modified by Bjurstrm et al.
[25]. Fayazmanesh et al. [8]. They studied the effect of water up-
take on the effective thermal conductivity of the sorbent composite
Si0,/CaCl, and graphite flake as a thermally conductive additive.
The thermal conductivity of a set of sorbent composites made of
silica gel B60, CaCl,, and PVP40 with 0-15 wt.% of graphite flakes
were tested at 2 and 20 RH%. The increase in the absorbed water
content from 0.06 to 0.19 g-g~! was shown to increase the thermal
conductivity of the sample from 0.3 to 0.48 W-m~1.K-1.

To the best of the authors’ knowledge, no prior study inves-
tigated the effects of all salient parameters, including water up-
take, porosity, and thermally conductive additives, simultaneously
on the effective thermal conductivity of sorption composites. The
absence of a mechanistic closed-form solution for the effective
thermal conductivity of sorbent composites is noticeable.
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Summary of the existing studies on the effect of water uptake on the effective thermal conductivity of sorption composites.

Ref. No. Sorbent/host matrix ~ Salt Approach Characteristics of the parametric study

[11, 23] Silica gel alumina CaCl, LiBr MgCl, Experimental Water uptake salt material host matrix material

[22] Zeolite 4A — Experimental theoretical model = Water uptake temperature

[18] Silica gel CaCl, LiBr Experimental Water uptake salt material temperature vapor pressure
[19] — - Volume averaging model Particle shape roughness solid conductivity

[20] Silica zeolite-A — Molecular dynamic simulation Water uptake

[25] Silica gel - Analytical model experimental Water uptake porosity temperature total gas pressure
[8] Silica gel CaCl, Experimental Water uptake additive particle (Graphite flakes)

[21] Copper foam — Experimental Air and water uptake porosity natural convection

This study aims to fill this knowledge gap by developing a new
1-D quasi- steady-state analytical model for the effective thermal
conductivity and diffusivity of a consolidated salt-in-matrix sorp-
tion composite. This methodology can be applied to other sorts of
sorption composites as well. The model considers the key morpho-
logical and operational parameters, including thermal conductivity
and density of silica, porosity, and pore size distribution of the host
matrix, along with the thermal conductivity, density, aspect ratio,
and size of the thermally conductive additive particles to deter-
mine the water uptake impact on the effective thermal conduc-
tivity of the composite during a sorption working cycle.

2. Experimental study
2.1. Sample preparation

Polyvinyl alcohol (PVA) binder (40,000 MW, Amresco Inc.) was
dissolved in water; subsequently, CaCl, (Calcium chloride C77-
500, 4-20 mesh, anhydrous, Fisher scientific), and silica gel (Sili-
aFlash® B150, Silicycle, Inc., Quebec, Canada) and different amount
of graphite flakes (808,091, 99% Carbon, + 100 mesh), consist-
ing of both 150 um fine particles and thin flakes up to 1.3 mm
long, Sigma-Aldrich, or expanded natural graphite (Timrex C-Therm
002 Z11021), consisting of 81 wum particles, IMERYS, were added
to the aqueous solution. The slurries were baked for one hour
at 80 °C and then heated to 180 °C for one hour to cross-link
the binder. Consolidated salt-in-matrix sorbent composites were
prepared with 0-15 wt% of graphite flakes or 0-5 wt% of ex-
panded natural graphite as thermally conductive additives. The
composition and total mass of the sorbent composites prepared in
this study are presented in Table 2. Scanning electron microscope
(SEM) images of sorbent composites made with silica gel, CaCl,,
PVA and 0, 20 wt.% of graphite flakes or 5 wt.% of expanded natu-
ral graphite as conductive additives are shown in Fig. 1(b), Fig. 1(a),
and Fig. 1(c), respectively.

2.2. Thermal conductivity and diffusivity measurement

A hot disk transient plane source thermal constant analyzer
(TPS 2500S, ThermTest Inc., Fredericton, Canada) capable of pre-
cise measurement of thermal conductivity, diffusivity, and specific
heat was used for this study. This apparatus uses a transient plane
source method following ISO Standard 22,007-2.2 [27]. The testbed

Table 2

Composition and total mass of sorbent composite samples.

measurement setup, including the sample assembly is shown in
Fig. 2.

The instrument has different sensor types and software mod-
ules to perform bulk material measurements (isotropic and
anisotropic), thin films, powders, and liquids. In this study, a bulk
sensor (7577) with a 2 mm diameter nickel double spiral insulated
in a thin layer of Kapton is used for both transient heating of the
sample and temperature measurements. Details of TPS testing can
be found elsewhere [8,28]. A humidifier (P-10C-1C-2-0-031,300-v7,
Cellkraft AB, Sweden) was connected to the thermal constant ana-
lyzer to control the humidity inside the TPS chamber. Also, a heat-
ing/cooling circulator was connected to the chamber to maintain a
constant controlled temperature.

For bulk material (isotropic) measurements, a sensor was
placed on either side of a pair of dried identical samples. After
20 min for temperature and the specified RH humidity equilibra-
tion, measurements were performed on each sample three times at
different locations, and a standard deviation of 10% was measured.

2.3. Uncertainty analysis

Following the same methodology as [29], the uncertainty of
thermal conductivity u, was calculated as:

U=, ju  +0? (1)

where, uy, is the measurement accuracy of the TPS instrument
and o is the standard deviation of the measurements. The value
of uy , reported by the manufacturer is 5% of the reading [30].

The uncertainty of diffusivity u, was calculated identically to
conductivity as:

Uy = /Uy +0F (2)

where, uym is set to be 5% of the reading and o is the standard
deviation of the measurements.

2.4. Geometrical parameters of the sorbent composite and additive
particles

Geometrical parameters, including the host matrix pore size
distribution, and graphite-based additive particle size should be
measured to be used as input to the present model. Nitrogen sorp-
tion isotherms of the samples were collected with a volumetric ph-
ysisorption analyzer (Autosorb iQ-MP, Quantachrome Instruments)

Name Silica gel (wt%)  CaCl, (wt%)  PVA (wt%)  Graphite flake (wt%)  ENG (wt%)  Dry mass (g)
CGO 45 45 10 0 0 7.54

CGF5 42.5 42.5 10 5 0 8.65

CGF10 40 40 10 10 0 8.60

CGF15 35 35 10 15 0 9.00

CENG1 445 445 10 0 1 10.54
CENG3 435 43.5 10 0 3 9.70

CENG5 425 42.5 10 0 5 10.80
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Fig. 1. SEM images of: (a) a sorbent composite made with SG-CaCl,-PVA and 20 wt.% of GF (colored in green) [26]; (b) a sorbent composite made with SG-CaCl,-PVA
without conductive additives; and (c) a sorbent composite made with SG-CaCl,-PVA and 5 wt.% of ENG (For interpretation of the references to color in this figure legend,

the reader is referred to the web version of this article).

Heating/cooling

N—

Sample-sensor

circulator
assembly
Dry gas Humid gas
| Water= > S | — Z R —
. e Sample-sensor Transient plane source
Air compressor Humidifier

insulated chamber thermal constant analyzer

Fig. 2. A schematic of a testbed measurement setup, including an air compressor, humidifier, TPS analyzer instrument, heating/cooling circulators, and a sample-sensor

assembly insulated chamber containing RH and temperature sensors.

to determine the average pore diameter (dp) and pore volume
(V). Prior to the testing, the samples were dried under vacuum at
150 °C for 6 h, followed by 2 h at 200 °C.

2.4.1. Pore size distribution

The differential pore volume distribution of the silica and com-
posite samples were obtained through the analysis of the adsorp-
tion branch of the N, isotherms and shown in Fig. 3. Based on the
measured data, the average pore size diameter for silica gel B150
was calculated as dp = 16.76 nm. This average pore size diame-
ter was used as a baseline and was a critical parameter to de-
termine the dimensions of the effective medium unit cell of the
present model. It would be also worthwhile to report that the to-
tal pore volume, and the surface area per gram were 1127 cc.g~!,
and 268.13 m2.g~!, respectively.

3. Model development
3.1. Thermal conductivity of the effective medium

In this study, an analytical model for the effective thermal con-
ductivity of the sorbent composite is developed based on a unit

cell approach, where the thermal conductivity calculation is made
for an elementary cell, shown in Fig. 5(b), as a representative of the
entire effective medium. Therefore, the thermal conductivity of the
composite is equal to that of the unit cell. It is assumed that the
heat conduction in the unit cell is one-dimensional, which leads to
the isothermal top and bottom surfaces, while the lateral walls are
adiabatic due to symmetry [31]. It is also assumed that the nat-
ural convection in the small pores between the sorbents can be
neglected [32], and radiation is also negligible at low temperatures
(below 600 °C [33]). Therefore, heat transfer occurs via conduction
through the solid host matrix and conduction through the intersti-
tial gas.

As shown in the SEM image of Fig. 1(a), and schematically pre-
sented in Fig. 4(a), the porous sorbent composite is represented as
a periodical structure with a skeleton so that the unit cell with a
simple geometry may be segregated. Moreover, due to symmetry,
the unit cell here is 1/16 of the periodical cubic structure shown
in Fig. 4(b). Following the methodology introduced by Luikov et al.
[24] and modified by Bjurstrom et al. [25], some modifications
have been made to the unit cell to better represent the morphol-
ogy of the sorbent composite. Fig. 5(a) shows the unit cell right
view, including the main geometrical parameters. The size of the
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The contact between graphite additive particles and the sorp-
tion material is perfect, i.e.,, no thermal contact resistance is
considered.

The sorption material and graphite additive particles have con-
stant anisotropic properties, listed in Table 3;.

Based on a previous study performed in our lab [34], the angle
of additive particles (f) is assumed to be 45 ° This assumption
can also be justified by considering the fact that the additive
particle distribution in the composite is random (Gaussian dis-
tribution), thus the angles could vary from 0 to 90 °.

Uniform pore size diameter is considered; the average mea-
sured pore size is used.

The absorbed water is considered as a distributed film with a

Pore Volume (cm3/g)

=N

0.5¢

40 60 80 100
Pore Size Diameter (nm)

120

Fig. 3. Pore size distribution for silica gel B150 from N, adsorption isotherms col-
lected using a volumetric physisorption analyzer (Autosorb iQ-MP, Quantachrome
instruments) in our lab to determine average pore diameter (d,) and pore volume
(V). The dashed line indicates the average pore diameter (d, = 16.76 nm).

unit cell depends on the average pore size diameter of the host
matrix (dp).

The model is developed for sorbents consisting of silica gel, salt,
binder, and graphite-based additive particles used for both adsorp-
tion and absorption. The assumptions used in the development of
the present model are:

e Thermodynamic equilibrium of the sorbent composite at each
partial pressure. Therefore, the uptake of the sorbent particles
corresponds to the equilibrium water uptake at a steady-state
temperature and relative humidity (or pressure ratio, P/Psy;, for
the closed adsorption systems).

» The binder effect is neglected due to its low concentration.

(a)

(not to scale)

Additive Particle Effective Medium

—~
—
—

uniform thickness of ty around the solid skeleton of the host
matrix.

Using the above assumptions, a thermal resistance network
is developed to represent the heat conduction in the unit cell
shown in Fig. 5(c). The first index of the resistances stands for
the medium through which heat is flowing, and the second index
stands for the length of the path of heat through this medium.

The thermal resistance network consists of: (i) bulk thermal re-
sistance of the solid silica, Rs, %; (ii) resistance of the thermal path
consisting of solid silica and absorbed water layers, Rsw,r,, RW’ ,75 ;
(iii) resistance of the thermal path consisting of solid silica, inter-
stitial gas (water vapor), and absorbed water layers, Rswg r, . ng ly ;

and (iv) resistance of interstitial gas in the mesopores, and inter-
granular pores of the sorbent composite, Rg. L-

The thermal resistance for each path is cazllculated based on the
average pore size diameter, measured thermal conductivity, silica
gel true density, and water density. The resistance of interstitial gas
in the mesopores is calculated using the same method developed
by Bahrami et al. [37,38].

Performing an order of magnitude analysis, the thermal resis-
tances in paths (iii) and (iv) are an order of magnitude higher than
the first two paths shown in Fig. 5(c). Paths (ii), (iii), and (iv) are
2, 12, and 17 times higher than path (i), respectively. This is due
to the considerable difference in the thermal conductivity of water
vapor as interstitial gas compared to that of solid silica and liquid
water.

(b)

Water

Sorbent

Fig. 4. (a) The effective medium illustration (not-to-scale), thermally conductive particle angle (6) is assumed to be 45 °, based on [20]; and (b) The silica gel pore unit cell

model proposed in this study.
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Fig. 5. (a) The right-view schematic of the unit cell, the unit cell here is 1/16 of the periodical cubic structure shown in Fig. 4(b); (b) A schematic illustration of the unit
cell; and (c) The thermal resistance network diagram of the unit cell with corresponding thermal paths.

Table 3
Material and geometrical properties of the sorption composites.

Silica gel Graphite flakes Expanded Natural graphite

True density Ksitica Bulk density KGraphite rer (pm) ter (4m) Bulk density Tene (pm) tEnG
(gem=3) [11] (W-m~1.K-1) [11] (gem=3) [34] (W-m~1.K-1) [35] [34] [34] (gcm=3) [36] [36] (pum)
24 1.35 0.64 8 544 43 0.04 40 81

The thermal conductivity and density of the salt solution are
calculated based on the mixing rule of effective medium approx-
imation theory using thermal conductivity and density of water,
and CaCl, at 25 °C [39]. However, as the thermal conductivity of
water and the saturated salt solution have a slight difference (max-
imum 8% for the saturated CaCl, solution), an approximate value of
0.6 W-m~1.K~! is used in the model.

Though the temperature effect on the thermal conductivity
of silica gel and CaCl, in the studied temperature range (20-
120 °C) is negligible, the thermal conductivity of liquid water has a
0.08 W-m~1.K~1 increase (12%) in this temperature range. Further
investigation indicates that this difference will result in a 0.7% in-
crease in the thermal conductivity of the effective medium. There-
fore, it can also be neglected to simplify the model.

An equivalent cubic diagonal of a spherical shaped object is de-
fined as the diagonal of a cube of equivalent volume. The equiva-
lent cubic diagonal, d, for the pore volume is calculated as:

de=14-d, 3)

Based on the geometrical assumptions of the unit cell, the solid
host matrix radius, rs, is calculated by solving the following equa-
tion using porosity (&), and the equivalent cubic diagonal (d.) as
follows:

_12nv3 53 97w,

- Tg, s E s

The absorbed water uptake layer thickness, ty, is also calculated
by solving the following equation using the true density (i.e., the
quotient of mass over the volume of a sample, without consider-
ing pores in the material (true volume).) of solid host matrix and
water (s, pw), water uptake (@), host matrix radius (rs), and the
equivalent cubic diagonal of the unit cell (d¢) as:

3 3d. 2 3d,rs
oo (3 3 e
B Ps <3dc

+1 (4)

w

(5)

Finally, based on the simplified thermal resistance network of
the unit cell, the thermal conductivity of the effective medium of

sorbent composite will be estimated by using the calculated equiv-
alent cubic diagonal, host matrix radius and water uptake layer
thickness from Eqs. (3)-(5) and the thermal conductivity of the
host matrix as below:

4/3/d,
L2k ) _ _k2
& o ~ 1.2 x[arctan(@) A/ 1.2ks ks]

V3
tw- (ks—0.6) o/ 1.2ks—k2

(6)

km =

1.2 xty1s

For this study, and generally, in the case of using silica gel B150
(B represents the particle size range of 200-500 pm, and 60 rep-
resents the average particle size reported by the supplier as 150 A)
as the host matrix, rs and t,, can be calculated using the following
correlations, which are derived for typical porosity range of silica
gels (i.e., 0.4 < ¢ < 0.8) and water uptake range of 0.01 < w < 0.99
both fitted with the coefficient of determination of r2 = 0.99.

re=—63¢+73 (7)

tw = 2.40 (8)

Using Eqgs. (7) and (8) in Eq. (6) will further simplify the effec-
tive thermal conductivity medium as:
_ (163 -14¢) — 1.4 +2.8

kin = 315— 16¢ (9)

The thermal conductivity of the effective medium is validated
with experimental data collected in our lab for sorbent compos-
ites made of SG B150, CaCl,, and PVA tested at a RH of 2-70%. As
shown in Fig. 6, the model can predict the thermal conductivity of
the sorption composite and the increasing trend as a function of
water uptake and shows a good agreement with the experimental
data with the average and maximum relative differences of 5.72%
and 10.66%, respectively.

3.2. Thermal conductivity of the sorbent composite, containing a
graphite-based additive particle

Following the methodology introduced by Fayazmanesh et al.
[34], the effective thermal conductivity of the sorbent composites
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Fig. 6. A comparison between the measured thermal conductivity and analytical
model for the sorbent composite CGO, without thermally conductive additives, over
a water uptake range of 0.02-0.9 (g-g~!).

containing conductive additive particles is calculated assuming that
identical disk-shaped additive particles are evenly and randomly
dispersed throughout the composite. The host matrix here is the
modeled by an effective medium and the host matrix thermal con-
ductivity (kp), is calculated using the correlations introduced in
the previous Section 3.1. In this way, the effect of water uptake,
host matrix pore size distribution, sorbent porosity, and the addi-
tive particles are taken into account.

In this study graphite flakes and expanded natural graphite are
chosen as thermally-conductive additives to the sorbent composite.
While thermal conductivity of these additives is similar, worm-like
fluffy expanded natural graphite has 16 times smaller bulk den-
sity, larger aspect ratio, and smaller particle size and thus is more
likely to create enhanced thermal paths to improve the heat trans-
fer in the composite. However, the low density of ENG poses some
volumetric challenges like decreasing the specific cooling or heat-
ing power per volume and also adversely affects the mechanical
strength of sorbent coatings.

The size of the unit cell depends on the volume fraction of ad-
ditive particles in each sample, and it is calculated using the addi-
tive particle dimensions, and the density of particles and effective
medium. Therefore, the effective thermal conductivity of the con-
solidated sorbent composite for additive particle with an angle of
® = 45 ° will be:

1 km[% + (kp — km)a]

ker = 5
2 % + (kp — km)(a — tp)

rp(2kpa — wry(kp — ki)

* rp(km.(a2 = 2rptp) - (2kpa — wrp(kp — ki))) + 2tpa

(10)

where, kp, 1p, tp are the thermal conductivity, and radius and thick-
ness of the additive particle, respectively, and a is the side length
of the cubic unit cell as shown in Fig. 4(a), and calculated as:

a=" 2ty /¢

(11)
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Fig. 7. A comparison between the measured thermal conductivity and analytical
model for the consolidated sorbent composites CGO, CGF5, CGF10, CGF15. Samples
were measured at 2, 20, 50 and 70% RH.

4. Results and discussion

The present analytical model for the effective thermal conduc-
tivity of consolidated sorbent composites (SG B150, CaCl,, and
PVA) containing 0-15 wt.% of graphite flakes or 0-5 wt.% of ex-
panded natural graphite are compared to the measured experi-
mental data of the samples shown in Fig. 7 and Fig. 8, respectively.
The analytical model can predict the experimental data rather well
with a minimum, maximum and averaged relative difference be-
tween the model and data of 0.02%, 7.69%, and 4.15%, respectively.

A parametric study has been carried out to show the variation
of the effective thermal conductivity of the sorbent composite with
water uptake, sorbent porosity, additive type, and additive content.
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Fig. 8. A comparison between the measured thermal conductivity and analytical
model for the consolidated sorbent composites CGO, CENG1, CENG3, CENG5. Sam-

ples were measured at 2, 20, 50 and 70% RH.
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Table 4

Baseline parameters for the parametric study.
Sorbent composite  RH (%) w (gg') Sorbent porosity  Additive type @ (Wt.%)
CGFO 2 0.02 Graphite flakes 0-15

Sorbent material properties and geometrical parameters of the unit
cell were considered as a baseline (shown in Table 4) in which
each parameter is changed over an arbitrarily chosen range while
other parameters were kept constant.

4.1. Impact of additives on the effective thermal conductivity of the
sorbent composite

The graphite flakes and expanded natural graphite additives
had different distributions in the composite samples, as well
as different particle sizes, aspect ratios, and specifically, the or-
der of magnitude difference in their bulk densities. Furthermore,
the expanded natural graphite had a significantly more pro-
nounced effect on the effective thermal conductivity of the con-
solidated sorbent composites. The thermal conductivity of the sor-
bent composites (CGO, CGF5, CGF10, CGF15) increased from 0.11
to 0.70 W-m~1.K-! as the graphite flake content was increased
from 0 to 15 wt.% when tested with a RH of 2, 536% enhance-
ment, shown in Fig. 7. The addition of 5 wt.% ENG to the sorbent
composites (CGO, CENG1, CENG3, CENG5) also increased the ther-
mal conductivity from 0.11 to 0.74 W-m~1.K~! when tested with
a RH of 2%, 572% enhancement, shown in Fig. 8. The reason be-
hind these improvements is that the addition of GF or ENG as
thermally-conductive additives lead to forming higher conductivity
paths to increase the effective thermal conductivity.

4.2. Water uptake impact on the effective thermal conductivity of
sorbent composite

In order to investigate the impact of water uptake on the effec-
tive thermal conductivity of the sorbent composite, the effective
thermal conductivity of SG, CaCl,, PVA composites made with 0-
15 wt.% of graphite flakes has been modeled and shown in Fig. 9.
The thermal conductivity of the sorbent composite CGO increased
from 0.11 to 0.46 W-m~1.K-! as the water uptake was increased
from 0.02 to 0.9 (g-g~!) for the sorbent with 0 wt.% of graphite
flakes, 318% enhancement. This increase is due to the relatively
higher thermal conductivity of water in comparison to the host
matrix and water vapor which eventually form thermal paths with
less thermal resistance. The result shows a good agreement with
the experimental data with the average and maximum relative dif-
ferences of 5.72% and 10.66%, respectively.

4.3. Impact of water uptake and additives on the thermal diffusivity
of the sorbent composite

To investigate the effects of water uptake and additive on the
thermal diffusivity (o) of the sorbent composites, the thermal dif-
fusivity of SG, CaCl,, PVA composites were made with 0-15 wt.%
of graphite flakes has been modeled using the following equation
and compared with the sample’s measurements in Fig. 10. The re-
sult shows a good agreement with the experimental data with the
average and maximum relative differences of 2.49% and 7.96%, re-
spectively.

_k
P Cp
where, p is sorbent composite bulk density, and ¢, is the specific
heat capacity.

(12)

N
N
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Fig. 9. The water uptake variation impact on the effective thermal conductivity of
consolidated sorbents CGO, CGF5, CGF10, and CGF15.

The thermal diffusivity of the sorbent composites (namely, CGO,
CGF5, CGF10, and CGF15) increased from 0.12 to 0.90 mm?2-s~! as
the graphite flake content was increased from 0 to 15 wt.% when
tested with a RH of 2%, an 650% enhancement. This significant in-
crease occurs because adding additive content not only increases
the effective thermal conductivity of the consolidated composite,
but also decreases the bulk density and specific heat capacity of
the composite.

On the other hand, though increasing water uptake raises the
effective thermal conductivity of the sorbent composite, it also in-
creases the bulk density and specific heat capacity of the compos-
ite which eventually leads to a less significant increase in the ther-
mal diffusivity. Therefore, as the water uptake was increased from
0.02 to 0.9 (g-g~1) for the sorbent composite CGF15 with a 15 wt.%
of graphite flakes, the thermal diffusivity of the sorbent composites
increased from 0.90 to 1.20 mm?2-s~!, 33% enhancement.

4.4. Impact of porosity on the effective thermal conductivity of
sorbent composite

After the model is validated with several data sets, we can use
the present model with a degree of confidence to predict the im-
pact of other key parameters, such as silica gel porosity on the ef-
fective thermal conductivity of the sorbent composite, the effective
thermal conductivity of SG, CaCl,, PVA composites made with 0-
15 wt.% of graphite flakes has been modeled and shown in Fig. 11.
The result shows a good agreement with the experimental data
with the average and maximum relative differences of 9.22% and
12.7%, respectively.

The thermal conductivity of the sorbent composite CGO in-
creased from 0.03 to 0.41 W-m~1.K-! as the porosity was de-
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Fig. 10. A comparison between the measured thermal diffusivity and analytical
model for consolidated sorbent composites CGO, CGF5, CGF10, CGF15. Samples were
measured at 2, 20, 50, and 70% RH.
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Fig. 11. The porosity variation impact on the effective thermal conductivity of con-
solidated sorbents CGO, CGF5, CGF10, CGF15, when tested with 2% RH.

creased from 80 to 40% for the sorbent with 0 wt.% of graphite
flakes at 2% RH, 1200% enhancement. Nevertheless, it is important
to note that decreasing porosity, depending on the case, can reduce
the water uptake capacity, which adversely impacts the sorption
kinetics. Therefore, performing optimization is necessary to choose
the porosity of silica gel.

The porosity of the sorbent composites CGO, CGF5, CGF10,
and CGF15 are calculated based on their measured bulk densi-
ties, weight percentage and true density of silica, CaCl,, PVA, and
graphite flakes in each composite. The uncertainty of porosity cal-
culations measured to be 6%.

International Journal of Heat and Mass Transfer 183 (2022) 122098

5. Conclusion

A new analytical quasi-steady-state model to estimate the effec-
tive thermal conductivity and thermal diffusivity of wetted sorbent
composites containing thermally-conductive additives has been de-
veloped that considers all salient morphological parameters, ma-
terial properties, and operating conditions. This included thermal
conductivity, specific heat capacity, and density of the sorbent
and additive materials, host matrix pore size distribution, porosity,
thermally conductive additive type and content, water uptake, and
temperature to predict the effective thermal conductivity and ther-
mal diffusivity of the consolidated sorbent composite under the
normal operating condition of an adsorption or absorption system.
This model was developed for silica gel-based composites, how-
ever; the proposed methodology can be extended and applied to
other sorts of sorption composites made with meso-porous host
matrix with constant anisotropic thermophysical properties over
the typical operating condition of sorption systems as well.

Several consolidated salt-in-matrix sorbents were fabricated
with silica gel, CaCl,, PVA binder, and 0-15 wt.% of graphite flakes
and with 0-5 wt.% of expanded natural graphite as thermally con-
ductive additives. The model has been successfully validated with
the measured thermal conductivity of our sorbent samples col-
lected at 25 °C with 2, 20, 50, and 70% RH.

The results showed that the addition of 15 wt.% of graphite
flakes or 5 wt.% of expanded natural graphite into consolidated
sorbents lead to a 536% (from 0.11 to 0.70 W-m~1.K-1), and 572%
(from 0.11 to 0.74 W-m~1.K~1) increase in thermal conductivity, re-
spectively, when tested at 2% RH and 25 °C. It was also shown that
the thermal conductivity of the sorbent composite CGO increased
from 0.11 to 0.46 W-m~1.K~! (a ~ 318% enhancement), as the wa-
ter uptake was increased from 0.02 to 0.9 (g-g~1).

Furthermore, a comprehensive parametric study was performed
investigating the impact of water uptake, porosity, pore size, ther-
mally conductive additive type, and additive content on the effec-
tive thermal conductivity and thermal diffusivity of the consoli-
dated sorbent composite. This study showed that the thermal dif-
fusivity of the sorbent composites (CGO, CGF5, CGF10, CGF15) in-
creased from 0.12 to 0.90 mm?.s~! as the graphite flake content
was increased from 0 to 15 wt.% when tested with a RH of 2%, i.e.,
an 650% improvement.

The present analytical model provides a reliable and easy-to-
use compact relationship that can be utilized as a useful tool to
enhance the heat transfer and overall performance of sorption sys-
tems.
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Appendix. Detailed calculations of thermal resistance model
development

The thermal resistance for each path is calculated based on the
average pore size diameter, measured thermal conductivity, silica
gel true density (i.e., the quotient of mass over the volume of a
sample, without considering pores in the material (true volume)),
and water density. The resistance of interstitial gas in the meso-
pores is calculated using the same method developed by Bahrami
et al. [37,38].

The first index of the resistances stands for the medium
through which heat is flowing, and the second index stands for
the length of the path of heat through this medium.

To calculate the thermal resistances, First, three additional pa-
rameters defined as:

ly=L-2r (13)
lw=L-2ry (14)
Tw="Ts+lw (15)

In thermal path (i), for conduction through the solid silica, R, |
*2

defined as:
L/2

L= —0—
S2 2
7

ks.( SS )

Next, in path (iv), for the conduction through the water vapor

(16)

gas phase in pores, Rg 1 defined as:
2
L/2
R, . = 17
857 kyl2/8 (17)

Path (ii) consists of two series of thermal resistances. The
first one, Rsw,r,, represents the combined solid/liquid water phase,
which is indicated with two parallel resistances labeled; Rs, and
Rw, respectively. The corresponding thermal resistance diagram
and schematic of path (ii) is shown in Fig. A.2. Defining the hor-
izontal element dy, we have:

y = rcosd (18)

dy = —rsinf,d6; (19)
0 d

Ro=f—P (20)
¥ ks.(rsints).5
0 d

Ro=f— (21)
Y ky.(r — rsinbs).5

therefore, Rqw,r, is calculated using the following:

1 1 1

_ . 22

Rer Rs R (22)

by integrating the dy element for (0, ¥), Rsw,r, is calculated as:

sinBsdos
(ks - sinfs + ky, - (1 — sinbs))

fid

1/‘7
_tWO

(23)

Rsw, Ts

10
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The second thermal resistance in this path, which represents
the thermal resistance to conduction through the above liquid wa-
ter phase, RW Is» 1S Written as:
3

_ Is/2
" k(5 -12)

Thermal path (iii) is quite similar to path (ii) except that it con-
sists of three solid, liquid, and gas phases each representing with a
parallel resistance naming; Ry, R,,, and Ry, respectively. The corre-
sponding thermal resistance diagram and side-view schematic for
this path is shown in Fig. A.3. Following the same methodology
used in path (ii), the horizontal element dy’ is defined:

R . (24)

Yy =rscos (05) = rycos (By) (25)
dy’ = —r,sin6sdo; (26)
The thermal resistances for each layer are written as:

0 dy’ 7 155in6;df T
RS’ = f y 1 = f s N > I =771 (27)

v ks.(rsinf).le 0 kerSinfsly  Kslw

0 dv’
Ry = — (28)

¥ kyrwSinGy,.

0 /
Ry =] A (29)

¥ kg.(rw — rwsindy). %
consequently, for conduction through the combined
solid/liquid/gas, Rswgr, is calculated as:

-1
1 1 1
Rswg.r, = (Rs + Ry + Rg> (30)
integrating the dy’ element for (0,y’) results in:
-1
ksl 23 sinBy,doy,

Rowg r, = = (lw -5 (ky.5inBy + kg.(1 — sinby)) (31)

The other thermal resistance in path (iii), which represents the
resistance to conduction through the pore area above the uptake
layer, Rg ), 2, is calculated as:

lw/2 4
kgbyry  kgrw

Rg,lw/z = (32)
Performing an order of magnitude analysis shown in Fig. A.4,
the thermal resistances in paths (iii) and (iv) are an order of mag-
nitude higher than the first two paths shown in Fig. A.1(b). This is
due to the considerable difference in the thermal conductivity of
water vapor as interstitial gas compared to that of solid silica and
liquid water. Therefore, the simplified thermal resistance network
shown in Fig. A.5 will include thermal paths (i) and (ii) only.

The thermal conductivity and density of the salt solution are
calculated based on the mixing rule of effective medium approx-
imation theory using thermal conductivity and density of water,
and CaCl, at 25 °C [39]. However, as the thermal conductivity of
water and the saturated salt solution have a slight difference (max-
imum 8% for the saturated CaCl, solution), an approximate value of
0.6 W-m~1.K~1 is used in the model.

Though the temperature effect on the thermal conductivity
of silica gel and CaCl, in the studied temperature range (20-
120 °C) is negligible, the thermal conductivity of liquid water has a
0.08 W-m~1.K~! increase (12%) in this temperature range. Further
investigation indicates that this difference will result in a 0.7% in-
crease in the thermal conductivity of the effective medium. There-
fore, it can also be neglected to simplify the model.
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Fig. A.1. (a) An illustation of thermal paths in the unit cell; and (b) The thermal resistance network diagram of the unit cell with corresponding thermal paths.
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Fig. A.2. The side-view illustration and thermal resistance diagram of the combined
solid/liquid phase in thermal path (ii) of Fig. A.1.

As shown in Fig. A.6, an equivalent cubic diagonal of a
spherical-shaped object is defined as the diagonal of a cube of

1
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equivalent volume. The equivalent cubic diagonal, deg, for the pore
volume is calculated as:

dc=1.396-d, (33)

Based on the geometrical assumptions of the unit cell, the solid
host matrix radius, rs, is calculated by solving the following equa-
tion using porosity (&), and d. as follows:

1273 5 97
e=—p r3- d—grs2 1 (34)
The absorbed water uptake layer thickness, ty, is also calculated

by solving the following equation using the true density of solid
host matrix and water (ps, pw), , Ts, d¢ as:

3 3d. 2 3d,rs
Ow —t, + (4\/§ 3rs)tw+ 55 tw
w="—
Ps 3d. 2
(#% )
Finally, based on the simplified thermal resistance network of

the unit cell, the thermal conductivity of the effective medium of
sorbent composite is calculated and simplified using MAPLE soft-

(35)

Fig. A.3. The side-view illustration and thermal resistance diagram of the combined solid/liquid/gas phase in thermal path (iii) of Fig. A.1.
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For this study, and generally, in the case of using silica gel B150
(B represents the particle size range of 200-500 pm, and 60 rep-
resents the average particle size reported by the supplier as 150 A)
as the host matrix, rs and t,, can be calculated using the following
correlations, which are derived for typical porosity range of silica
gels (i.e,, 0.4 < ¢ < 0.8) and water uptake range of 0.01 < w < 0.99
both fitted with the coefficient of determination of r2 = 0.99.

rs=-63c+73 (37)

tw = 2.40 (38)

Using Eqs. (25) and (26) in Eq. (24) will further simplify the
effective thermal conductivity medium as:

(163 —148) — 1.4¢ +2.8

31.5 - 16¢ (39)

km

To summarize the model development for the effective ther-
mal conductivity of consolidated sorbent composites with conduc-
tive additive particles, an algorithm flowchart is designed and pre-
sented in Fig. A.7.

Thermal conductivity of the sorbent composite, including a con-
ductive additive particle

Following the methodology introduced by Fayazmanesh et al.
[34], the effective thermal conductivity of the sorbent composites
containing conductive additive particles is calculated assuming that
identical disk-shaped additive particles are evenly and randomly
dispersed throughout the composite. The host matrix here is the
modeled by an effective medium and the effective medium ther-
mal conductivity (kp), is calculated using the correlations intro-
duced in the previous Section. In this way, the effect of water up-
take, host matrix pore size distribution, porosity, and the additive
particles are taken into account.

The size of the unit cell depends on the volume fraction of ad-
ditive particles in each sample, and it is calculated using the addi-
tive particle dimensions, and the density of particles and effective
medium. Therefore, the effective thermal conductivity of the con-
solidated sorbent composite for an additive particle with an angle
of ® = 45 °will be:

1 km[tpél;m + (kp - km)a]

keff = =
2 tp;;m + (kp — km) (@ —tp)

rp(2kpa — wrp(ky — kin))
rp(km.(a? = 2rpty) - (2kpa — wry(kp — kim))) + 2tpa
(40)

where, kp, 1p, tp are the thermal conductivity, and radius and thick-
ness of the additive particle, respectively, and a is the side length
of the cubic unit cell as shown in Fig. A.8. A schematic illustration

\

» d.

\

Fig. A6. Schematic illustration of an equivalent cubic diagonal of a spherical-shaped object.
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keff = f(kml kp; ¢, a, tp, Tp)

Fig. A.7. An algorithm flowchart for the present analytical model.

of an effective medium composite with conductive additive parti- A MATLAB code is developed to calculate the thermal resis-

cle cubic unit cell, and calculated as: tances, solve the equations, and estimate the effective thermal con-

ductivity and thermal diffusivity of consolidated sorbent compos-

5 ites based on the algorithm shown in Fig. A.7 as a function of the
a= J”Tp tp/® (41) measured input parameters.
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Fig. A.8. A schematic illustration of an effective medium composite with conduc-
tive additive particle cubic unit cell.
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