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Abstract

Sorption cooling and heating systems (SCHS) have recently drawn immense attention as
an alternative technology that enhances the efficiency of energy systems to reduce
reliance on fossil fuels for heating and cooling. However, they have not been widely
adopted mainly due to factors such as: i) the sorbents’ low thermal conductivity and
diffusivity; and ii) low heat and mass transfer due to the inadequacy of existing sorber bed
heat exchanger designs. To address these challenges, a pin fin sorber bed design is
proposed in this study as a potential alternative to conventional beds, which can provide
both high Coefficient of performance (COP) and enhanced heat and mass transfer inside
the sorber beds. To assess the performance of the proposed structure, a predictive model
is needed to provide accurate and fast evaluation of the SCHS performance as a function
of the geometric design and operating parameters. Consequently, a novel closed-form
analytical model is used to predict the sorption performance of a pin fin heat/mass
exchanger (PF-HMX) prototype, using the Eigenfunction expansion method to solve the
governing energy equation. The proposed transient 2-D solution, includes all salient
thermophysical and sorption properties, sorbent geometry, operating conditions, and the
thermal contact resistance at the interface between the sorber bed heat exchanger and
sorption composite. An analysis of variance (ANOVA) method is utilized to understand the
percentage contribution of each parameter on the specific cooling power (SCP) and COP.
It is shown that the amount of graphite flakes, sorbent thickness and fin radius on one
hand and the cycle time and graphite flake content on the other have the highest level of
contribution to the COP and SCP, respectively. Moreover, a parametric study found that
heat/mass exchanger (HMX) geometry, sorbent properties and cycle time counteract the
effects on the COP and SCP, which should be optimized simultaneously to build an
optimal design. The analytical model validated successfully using the sorption data from
a custom-built gravimetric large temperature jump (G-LTJ) test bed. The experimental
results show that the present PF-HMX design with a relatively low mass ratio (MR) can
achieve an SCP of 1160 W/kg sorbent, and a COP of 0.68 which are higher than the

previously published results in the literature.

Keywords: sorption system; analytical modeling; heat and mass transfer; coefficient

of performance; specific cooling power.
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A heat transfer area, m?

Bi heat transfer Biot number

c specific heat capacity, Jkg 'K
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Executive Summary

Over 60% of residential and 50% of commercial building energy consumption are
demanded for heating and cooling [2]. To date, more than 80% of global energy is
generated by fossil fuels, showing the significant potential role of thermal uses in our
global emissions picture[3]. Fifty-two percent of the global primary energy consumption is
dissipated to the ambient air as waste hea, and low-grade energies, temperature sources
below 100°C, form 63% of this waste heat [4]. Therefore, utilization of low-grade energies
offers substantial environmental benefits amid the world energy crisis. Regarding energy
considerations and the reduction of environmental pollutants, a promising alternative to
the conventional heating and cooling system is low-grade heat recovery through sorption
cooling heating systems (SCHS). Among the different cooling and heating systems, SCHS
have recently sparked immense attention as an alternative technology to enhance the
efficiency of energy systems and reduce our reliance on fossil fuels for the heating and
cooling of buildings and vehicles. However, SCHS are not currently widely adopted mainly
due to factors such as: i) the sorbents’ low thermal conductivity and diffusivity; ii) low heat
and mass transfer due to the inadequacy of existing sorber bed heat exchanger designs;
and iii) low operating pressure, all leading to inefficient, large and costly SCHS. To address
some of these challenges, sorber bed heat exchangers need to be specifically and

carefully designed for SCHS.
Objective

The objective of this study is to establish a systematic approach to propose and
develop a novel sorber bed HMX design to address the abovementioned challenges. The
systematic approach, includes modeling, assessing, manufacturing and testing a proof-
of-concept demonstration for SCHS as a potential alternative to the off-the-shelf sorber
bed HMX, which can provide a high SCP and COP with a relatively low mass ratio (MR).
Increasing the use of sorption systems would decrease greenhouse gas emissions and
reduce Canada’s dependence on fossil fuels. The compact and efficient sorber bed would
increase the marketability of sorption thermal energy storage, helping to sustainably meet
the extra demand on the global energy supply due to the increased utilization of heating

and cooling systems.
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Research methodology

A systematic approach is adopted to achieve the objectives of this Master’s

Program, and is summarized in the following milestones which were set and executed:

e Analytically developed a 2-D transient closed-form solution, which includes the
geometry of the HMX, salient thermophysical and sorption properties, as well as
the operational input parameters. It considers: (i) the transient behavior of the
sorber bed; and (ii) the thermal contact resistance at the interface between the

sorption material and the HMX;

o Explored the transient effect of adding thermally-conductive additives to sorbent

materials and their performance;

o Designed and fabricated a custom-built gravimetric large temperature jump (G-

LTJ) test bed in order to validate the analytical model;

o Estimated the effect of key design and operating variables and their level of
contribution to the performance of the sorption HMX, namely the COP and SCP;

and

¢ Analytically investigated the performance of the novel design versus the state-of-

the-art published research.
Contributions
The main outcomes of this project are highlighted as follows:

1. A novel closed-form analytical solution is developed for determining the
conjugated heat and mass transfer and performance of the sorber bed design.
The proposed transient 2-D solution for temperature distribution inside the
sorbent coating and the heat exchanger (HEX), includes all salient
thermophysical and sorption properties, HEX geometry, operating conditions,
and the thermal contact resistance at the interface between the sorber bed heat
exchanger and the sorption composite. The model successfully predicts
temperature variation, uptake, heat transfer, and the geometry effect. Using the

present 2-D model, a comprehensive parametric study is performed and it is

XVi



3.

found that the sorber bed geometry, heat transfer characteristics, sorbent
properties, and cycle time can have counteracting effects on the COP and SCP

and should be optimized simultaneously to build an optimal design in future;

The ANOVA method was utilized to understand the percentage of contribution
of each parameter, as well as to determine the coefficient of a multivariable
equation[5]. A Multi-way ANOVA has been done using the n-ANOVA function
in MATLAB to find each parameter contribution for the COP and SCP;

A gravimetric large temperature jump (G-LTJ) test bed is custom-built to

validate the analytical solution; and

It was shown that the present PF-HMX design with a relatively low mass ratio
(MR) can achieve a SCP of 1160 W/kg sorbent and a COP of 0.68, which is

higher than the previously published results in the literature.

Research Roadmap and Contributions

An analytical design tool for a pin fin sorber bed heat/mass exchanger

U

Experimental study Theoretical modeling
Investigated the transient effect of e Developed a 2-D analytical model
adding thermally  conductive to predict the sorption
additives to sorbent materials. performance of a pin fin
Designed and fabricated a heat/mass exchanger (PF-HMX)
custom-built gravimetric large prototype.
temperature jump (G-LTJ) test e Estimated the effect of key design
bed in order to validate the and operating variables and their
analytical model. level of contribution to the
Validated the model. performance of sorption HMX.

U

A novel compact sorber bed specifically designed for sorption systems for cooling

and heating applications
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Chapter 1.
Introduction and literature review

Heating and cooling systems consume over 60% of the residential and almost 50%
of the commercial building energy [2]. Powered by electricity, vapor-compression systems
(VCR) are the most common cooling technologies on the market. And since more than
80% of global energy— including electrical power generation [6], [7]- is generated from
fossil fuels, building heating and cooling systems are major greenhouse gas emitters [3],

which leads to catastrophic environmental impact, including climate change.

Furthermore, fluorocarbon-type refrigerants used in VCR systems are not only

potent greenhouse gases but also implicated in ozone depletion [8], [9].

In the transportation, industrial, and building sectors, low-grade thermal energy is
abundant, such as waste heat and solar energy. Hot water, furnaces, boilers, engine
exhaust, drier, air compressors are examples of available waste heat [10]. The Canadian
energy stream from energy sources to export energy, domestic productive energy, and
domestic waste energy is depicted in Figure 1.1. Sixty-seven percent of primary energy is

wasted as domestic energy consumption, see Figure 1.1.

The estimated global waste heat distribution for 2016 is shown in Figure 1.2. It can
be seen that 52% of the global primary energy is lost as waste heat, with low-grade
energies (temperature sources below 100°C) constituting 63% of this untapped energy
[11]. Sorption waste heat-driven cooling/heating systems have the potential to offer a
solution to world energy needs and reduce environmental pollutants. Sorption cooling and
heating systems (SCHS) have recently drawn immense attention as an alternative
technology that enhances the efficiency of energy systems to reduce reliance on fossil
fuels for heating and cooling. However, they have not been widely adopted due to the
following: i) low thermal conductivity and diffusivity of sorbent composites; ii) low heat and
mass transfer due to the inefficiency of existing sorber bed heat exchanger designs; and
iii) low operating pressure (near vacuum), all of which lead to large, inefficient, and costly
SCHS [12]-[15].



Domestic energy
consumption 1

10,000 F)
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Figure 1.1. Sankey diagrams associated with fuel and electricity production and
use in Canada, data from Canadian Energy Analysis Research

(CESAR) [16]
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Figure 1.2. The estimated global waste heat distribution for 2016 with the source
temperature [11]




1.1. Sorption principal

When a porous solid is exposed to a gas or vapor which has affinity, the adsorption
of a gas (sorbate) by a solid (sorbent) will be the result of the attraction forces between

the individual sorbate molecules and the atoms or ions composing the sorbent [17].

There are two major forces acting between the sorbate and sorbent, the physical
and the chemical. If the Van der Waals forces between the sorbate and sorbent create the
adsorption, it is called physisorption. If the chemical bonding forces lead to sorption, it is
called chemisorption. In general, the sorbate uptake includes a number of physical
processes, sorbate transfer from the bulk gas to the sorbent exterior surface, diffusion of
the sorbate molecules inside the pores, and the sorption process. When all the pores
replete with sorbate, the regeneration process can be done by passing a hot fluid, warmed
with waste or solar energy, through the bed to remove the sorbate and make the sorbent
ready for the next cycle[18]. A schematic explanation of the Adsorption/Desorption

process is given in Figure 1.3.

Adsorption

4+ ENERGY

(Sorbent) (Sorbate)
<

Desorption

Figure 1.3. A schematic explanation of adsorption and desorption processes

Physisorption is largely controlled by surface properties, such as surface area,
micro- and macro-pores, and the size of the grains[19]. Chemical forces between the pairs

are much stronger than physical forces[20].

Adsorption is an exothermic process which means energy is liberated during this

process which could be understood by considering the Gibbs free energy equation:



AG =AH -T AS M

The entropy of adsorbed gas decreases due to relatively low mobility, therefore,
the 4S of adsorption is negative. 4G must be negative for significant adsorption to take
place, which implies that the enthalpy of adsorption (4H) will be negative[21]. The enthalpy
of adsorption, depending on the magnitude of the van der Waals forces, electrostatic
forces, phase change and the presence of any chemical bonds, is usually small in physical
adsorption and large in chemical adsorption because the physical forces are weaker than
the chemical forces[19]. Almost all industrial projects and research deal with physical

sorption due to its reversibility.

The variation in the amount of gas adsorbed by the adsorbent with pressure at
constant temperature is expressed as an “adsorption” isotherm. Different theoretical
models, such as the Brunauer-Emmett-Teller (BET) model, Freundlich, Langmuir, etc.,
have been developed to describe the relationship between the mass of sorbate adsorbed
by a sorbent and the sorbate’s pressure and temperature, For other excellent reviews on

the sorption isotherm subject, the reader is referred to [21]-[23].

1.2. Screening of sorption pairs

1.2.1. Suitable sorbent material properties for a SCHS application

The first phase in developing an effective SCHS is to choose the right sorption
working pair for each application. The following properties are used to determine the

suitability of a sorption working pair:
e Low-desorption temperature;

¢ A high coefficient of performance, which requires high water uptake and

the heat of sorption;

¢ A high specific cooling power, which is determined by the sorbent material's
uptake rate (sorption kinetics), thermal conductivity, and thermal diffusivity.
Both high equilibrium uptake and fast kinetics are needed for a high-

performance sorption working pair [24];



e Non-toxic and environmentally friendly;
e Low cost which eases the wide adoption of SCHSs;

¢ Mechanical strength, cycle-ability, stability, and full reversibility during the

adsorption/desorption process under different operating conditions; and
e Non-corrosiveness.

Sorption working pairs are made up of a sorbate fluid (water, ethanol, ammonia,
or methanol) and the sorbent. Water was used as the sorbate in this research because of
its non-toxicity, high enthalpy of evaporation, non-flammability, metal compatibility, zero
ozone depletion potential (ODP), and zero global warming potential (GWP). The low
operating pressure, on the other hand, necessitates proper sealing and vacuum chamber

construction.

As illustrated in Figure 1.4, the working pair for a SCHS can be classified into three
major categories, namely: solid sorption pairs, composite pairs, and chemical sorption
pairs. Composite pairs has grown over the past decades in order to improve heat and
mass transfer[25]. This type of adsorbent is obtained by an amalgamation of a chemical

adsorbent with a porous material[26], [27].

Sorption material

. = .
Solid sorption Chemical sorption| | Composite pairs
— Silica gel/H,0 — MgCl2/H,0 — CaCl2+Silica gel/H,0
— Zeolite/H,0 — CaCl2/H,0 — LiBr+Silica gel/H,0
— ALP/H,0 — BaCl2/H,0 — MgSO4+Zeolite/H,0
|| sapo/H,0 || Mgsoa/H,0 - MgCI2+Ver(rJnicuIite/H2
4 MOF/H,0 — SrBr2/H,0 — CaCl2+SBA 15/H,0

Figure 1.4. The main categories of sorption materials



1.2.2. Solid sorption

The common solid adsorbent materials for SCHS are silica gel, zeolite,
aluminophosphates (ALP) and silico-aluminophosphates (SAPO). Metal organic

Frameworks (MOFs) adsorbents also started to be studied recently[28].

Silica gel/H,O is the most well-known solid adsorption material for SCHS
application. It has been widely used in a number of other industries, including clothing,
pharmaceutical, electronics, computers, paper, and home appliances, due to its

hydrophilic properties. The porous structure and the specific surface area depend on the
preparation conditions, and for silica gel, this area can be between 250 to 900(m2/g)[24].

Despite its low cost and commercial availability, this type of material suffers from low cycle-

ability[29] and low water vapor exchange, which restricts system performance.[30]

Zeolite is a type of aluminasilicate crystal with a wide microporous volume that has
been investigated by many research groups. The microporous structure results in a higher
connection with water, leading to a higher desorption temperature (> 150°C). Moreover,
zeolites have a higher long-term durability than silica gel due to their crystalline structure.

The most common classical synthetized zeolites are faujasite, A, 13X, and Y.

The high-charging temperature of zeolite sorbents led researchers to develop new
classes of zeolite-like micro-porous sorbents with a crystalline structure, namely,
aluminophosphates (AIPOs) and silico-aluminophosphates (SAPOs). They require low-
grade heat sources, i.e., below 100°C, with a comparable uptake capacity to that of the
zeolite. Among the classes of AIPOs and SAPOs, AIPO-18 and SAPO-34 are regarded
as the most attractive candidates for storage application under most favorable operating
conditions, that is, a low-charging temperature and discharging at water vapor pressure
similar to the saturation water vapor pressure at ambient temperature[31]. AQSOA
FAMZ02 (commercial SAPO-34), which was developed by the Mitsubishi Plastics
Incorporation[32], shows a desirable performance for an adsorption heat pump (AHP) and

desiccant air conditioning system driven by heat sources below 90°C [14], [33], [34].

Recent progress in Materials Science offers a new family of super molecular
sorbents called Metal-organic frameworks (MOF). High surface area, crystalline open

structures, tunable pore size, and functionality are the properties which make MOF



attractive sorbent candidates[35]. MOF materials present some open issues to be
investigated, such as weak cycling stability and the cost. A comparison among the

properties of some sorbent materials is reported in Table 1.

Table 1. Thermophysical properties of different sorbent materials

material Silica gel Zeolite AIPOs/SAPOs Expanded MOF Ref
Graphite
k (W/mK) 0.15-2 0.15-0.25 0.15-0.25 - 81-5 [36]
p (kg / ) 650-700  650-900 800-900 - 1000- [36]
m3 2000
Cp (YNgx)  0.84-1.13 0.85-1.08 0.85-0.95 0.7 0.8-1.2 [36], [37]
SSA 750-850  550-600 - 18-22 1310 [37]
mZ
(™/g)
® (kg/k ) 0.03-0.23 <0.3 0.28-0.9 - 0.39 [36], [38]
g
Ads heat 160-180  50-300 250-300 - 20-200 [36]
(k]/ kgHZO)
Tges (°C) 50-150 70-350 80-200 100-200 60-150 [36], [38]
Pore 0.4 - AIPOs= 0.53 - 0.57 [39]-[42]
volume SAPOs= 0.27
(™ /eg)
g
Cost 0.88-0.34 1.65-2.2 - 1.8-25 >130 [37]
$
( / kg)

1.2.3. Composite sorption pairs

Composite sorbents, salt in a porous matrix (CSPM), are developed and proposed

to overcome some of the main challenges of previous materials, for instance:

1- Pure salt agglomeration and swelling which leads to a reduction in mass and

heat transfer, respectively.
2- Low cycle-ability and thermal conductivity of salt hydrated materials.
3- Low sorption capacity.

Low desorption temperature, improved heat conductivity, higher water uptake, and

the possibility of a modification of sorption properties based on the specific storage



application by the variation of the salt and matrix nature are the main benefits of CSPMs.
Various salts embedded inside different porous materials, such as silica gel, zeolite,
expanded graphite, and activated carbon fiber that have been reported by different

researchers, are shown in Table 2.

Table 2. A summary of investigation on composites materials

Ref Year Matrixes Salts Salt Experimental conditions
(wt%)
T (°C) P20 (mbar)
[43] 1996 Silica gel CaCl, 33.7 20-150 8-133
(mesoporous)
[44] 2000 Vermiculite CaCl, 57.3 30-150 8.2-42
[45] 2002 MCM-41 CaCl, 37.7 20-150 8.7-50.3
[46] 2002 carbon Sibunit LiBr 29 30-145 6-81
Macro-porous 33
expanded graphite
[47] 2004 Silica gel CaCl,& 30 -
Aluminosilicate MgCl,
[48] 2005 Attapulgite CaCl, 30 20-60
[49] 2006 Graphite, copper, MgCl, 46-69 35-200 1.18-2.18
zeolite A, sand
[50] 2007 Silica gel CaCl, 10-40 25-80
[51] 2009 Silica gel Ca(Cl;), 45 30-150 9-45
[52] 2010 Attapulgite MgCl,& 19-43 30-130 36
MgSo,
[53] 2010 Silica SBA-15 CaCl, 43 50-100 0-50
[54] 2011 Zeolite 13X & silicagel MgSO0, 15 25-150 21.5
[55] 2011 Vermiculite LiNOs 63 33-65 12.6-56.2
[56] 2012 FeKIL2 CaCl, 7 40-150 11.8-55.3
[57] 2013 Silica gel, alumina CaCl,, 30-75 -
MgCl,
LiBr
[58] 2014 Zeolite 13X, Silicagel,  CacCl,, 2-65 30-140
Vermiculite MgSo0,
LiBr,
LiNOs,
Ca(NOs3),
[59] 2014 Carbon foam, CaCl,, 63-90 25-200 20
expanded natural KCl
graphite
[60] 2015 Silica gel- alumina CaCl, 15 20-150



[61]

[62]
[63]
[64]

[65]
[66]

2015

2015

2016

2016

2016
2017

Activated carbon, silica
solution, expanded
graphite

Wakkanai siliceous
shale

Activated carbon,
expanded graphite
Carbon nanotubes

Vermiculite
Vermiculite

LiCl

LiCl,
CaCl,

CaCl,,
KcCl

LiCl,
CaCl,
SrBr,

LiCl

32-45

9.6

31-90

44-53

10-40
59

30-90

15-150

25-200

35-75

20-300
35-85

254

22.1
10-20

8.7-56

8.7-56

1.2.4. Water sorption isotherm

Figure 1.5. Using an IGA002 thermo-gravimetric analyzer (TGA), a sorption isotherm of
the composite sorbent of microporous silica gel B40, silica gel B60 (siliaFlash, Silicycle,
Inc., Quebec, Canada, FAM-Z02(AQSOA Mitsubishi Plastics, Inc.), and silica gel
B150/CaCl; were collected [67]. The water sorption of Sapo-34 can be found in [68]. The
water sorption for MOFs (MIL-100(Fe) UoB, Aluminum fumarate, MIL-101 (Cr) UoB, CPO-

27 (NI)) can be found in [69].

conditions for sorption cooling system applications [70].

candidates in the present study because of the higher water uptake in the operating range,

its high market availability and lower cost [71].

At 25 °C, the water sorption isotherms of various sorbent materials are shown in

Tdes=90 °C, Tsop= Tcona=30 °C, Tevap=15 °C, which correspond to a p/po of 0.401

and 0.0606 for adsorption and desorption, respectively, are widely used in operating

The composite sorbents of silica gel B150/CaCl, is chosen among other
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Figure 1.5. The water uptake of the sorbent candidates at 25 °C [67].

1.3. Thermodynamic of sorption cycle

Figure 1.6 shows the schematic diagram of a VCR. As can be seen, the refrigerant
is evaporated in the evaporator and provides cooling. Afterwards, work is done by the
compressor on the refrigerant to increase its pressure. Subsequently, the refrigerant is
condensed in the condenser and releases heat. Finally, the refrigerant passes through an
expansion valve or a capillary tube to reduce its pressure and become ready for the

evaporation process again.

Heating—desorption—condensation and cooling—adsorption—evaporation, on the
other hand, are the two major stages in a SCHS. The compressor in the VCR is replaced
with sorber beds in the SCHS, as shown in Figure 1.7. Sorber beds are made up of heat
exchangers and sorbent materials in the shape of coating, pellets or grains that can desorb
the sorbate to the condenser when heated at a higher pressure; and can adsorb the

sorbate when connected to the evaporator and cooled down. As a consequence, rather

10



than using the compressor, the heat will be used to raise the pressure, which is the driving
force for refrigeration cycles. As a result, instead of using mechanical work from the engine
or electrical energy in VCR, waste heat and solar energy can be used to power the

refrigeration cycle.

Wcamp
— |/
% Compressor & o
Qerap 16 2 ( Qccmd
— % % (. —
=
uﬁ 8 a1
Expansion
valve
= >< =

Figure 1.6. A schematic diagram of VCR

Qdes l 7 T Qads
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Qcond
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CE (&)

Expansion
valve

>

©) @

Figure 1.7. A schematic diagram of a SCHS [67]
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The thermodynamic cycle of a SCHS, shown in Figure 1.8, includes four

processes:

1-

Isosteric cooling: Both valves between the sorber bed and evaporator and
condenser are shut and the sorbent loses its heat during an isosteric cooling
process (step 1’-2’). At the same time, the sorbate inside the condenser passes

through an expansion valve to reduce its pressure, Step 1-2.

Isobaric adsorption: During Step 2-3, the valve to the evaporator is opened.
The sorbate enters the evaporator, absorbs heat from the environment and
evaporates. At the same time, the valve between the sorber bed and
evaporator is open and the vapor sorbate is adsorbed at a constant pressure

and releases its heat, Step 2-3.

Isosteric heating: During Step 3-4, the sorbent material absorbs heat from an
external heat source through an isosteric process. Both valves are closed at
this step to prepare the sorber bed for the desorption process. The heating
process at a constant uptake is continued until the sorber bed pressure equals

the condenser pressure.

Isobaric desorption: Finally, the entrance valve to the condenser is opened. In
Step 4-1, the external heat source continuously heats the sorber bed because
of the endothermic desorption and the sorbate leaves the sorber bed. In

Step 4-1, the sorbate is condensed in the condenser.

12
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Figure 1.8. A thermodynamic depiction of a sorption cycle [67]

1.4. Absorption cooling systems

Liquid absorbents such as LiCl, LiBr, and CaCl, absorb the refrigerant such as
water in the absorber when the absorbent is cooled with a heat transfer fluid (HTF) through

a heat exchanger in absorption cooling systems. Cooling is produced when the refrigerant

13



is evaporated from the evaporator. After that, the absorbent and refrigerant weak solution
is piped to the regenerator, where it is heated with HTF through HEX. The refrigerant is
desorbed from the regenerator and condensed in the condenser before passing through
an expansion valve to the evaporator. To keep the cycle going, the rich solution is returned
to the absorber via an expansion valve [72]. The power consumption of the system is
substantially reduced when the compressor in VCR is replaced with a pump in ACS [73].
When low-grade thermal energy, such as heat sources with temperatures less than 100
oC, is utilised, the COP of ACS falls below 0.8 [74]. If higher temperature heat sources
and multi-effect ACS are utilised, the COP of ACS can reach 1.8. Despite this, due to the
multiple stages of absorption, the system would grow in size and require more heating,
such as gas-fired regenerators. Bulkiness, poor COP, corrosive absorbents, limited mass
transfer, crystallisation, swelling, and agglomeration of salt are the most significant
disadvantages of ACS [63], [72], [73], [75].

1.5. Performance indicators

The SCP is defined as the evaporative cooling rate generated per unit mass of dry
sorbent material, and represents how fast the heat and mass transfer processes take

place in the sorber bed, Eq. (2).

dw
m, | ——hdt
sop = Qe _ HJ de * Aohgar,, (2)

mgt myt T

where, Qevsp is the evaporative cooling energy (J), ms is the sorbent mass (kg),
w is the sorbate uptake (g sorbate/g sorbent), hy is the sorbate enthalpy of evaporation

(J/kg), and ris the cycle time (s).

The COP, defined as the ratio of the evaporative cooling energy to the input
energy, which is the summation of desorption heat and sensible heat, Eq. (3). The COP
can be increased by: (i) enhancing the heat and mass transfer rate in the sorber bed, to
increase both the evaporative cooling energy and the desorption heat, which overall
increases the COP; and (ii) decreasing the thermal inertia of the HMX, which reduces the
(sensible) heat input needed to perform the temperature swing during the adsorption and

desorption cycle.
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Qevap Q evap

Qinput Qsens +Qdes
do
m. | —h,dt (3)
s g/
adjs dr 7%
dT do
j ((ms (Cp,s +a)cp,w )+mHMXCp,HMX )E_ms dTHads jdl
des

where, Qevap is the evaporative cooling energy (J), Qinput is the input thermal energy
(J), Qsens is the thermal energy required to overcome thermal inertia of the sorber bed HMX
(J), Ques is the thermal energy consumed for desorption (J), ms is the sorbent mass (kg),
mumx is the mass of HMX (kg), w is the sorbate uptake (g sorbate/g sorbent), hy is the
sorbate enthalpy of evaporation (J/kg), Hads is the enthalpy of adsorption (J/kg), ¢, is the
specific heat (J/(kg K)), and T is the sorbent temperature (K).

In order to properly evaluate the performance of the sorption cooling system, the

MR of the sorber bed masses to the sorbent material is also considered as follows:

_ Mpgyx tMg +Myrp
MR = (4)

m;

where, muux is the mass of HMX (kg), ms is the sorbent mass (kg), and murr is the

heat transfer fluid (HTF) mass.

15



Chapter 2.
Analytical solution of a sorber bed heat/mass
exchanger

2.1. Literature review

A number of approaches have been proposed for the modeling of sorption systems
in the literature. They can be categorized into three main modeling groups:
(i) thermodynamic; (ii) lumped parameter; and (iii) conjugate heat and mass transfer
analysis. Thermodynamic analysis [76], [77] is the simplest steady-state simulation in
which details of heat and mass transfer are not considered; however, it can reveal the
upper limit performance of sorption systems. Lumped models [78]-[81] consists of three
governing equations: sorption equilibrium, energy balance, and mass balance. The focus
of this modeling approach is on the sorber bed as the geometrical details of the HMX
cannot be included in the analysis. Other simplifying assumptions are: (i) a uniform
temperature in the sorber bed; (ii) a uniform uptake in the bed; and (iii) a thermodynamic
equilibrium for both gas and solid phases. The conjugate heat and mass transfer model
considers the variation of temperature and mass content of the HMX in both time and
space domains. The governing equations are expressed as the following partial differential
equations with initial values and boundary conditions: (i) the conservation of energy;
(i) the conservation of mass; and (iii) the state equation for the sorbent material. Due to
the sorption kinetics and thermophysical properties, the aforementioned equations are
transient, complex and nonlinear. As such, finding closed-from analytical solutions for
such conjugate heat and mass transfer are extremely challenging. Therefore, numerical
methods are commonly used, examples include: i) the finite difference method [82]-[90];
ii) the finite volume method [91]-[95]; and iii) the finite element method [96]-[103]; the key
issue with numerical modeling is the high computation time that makes optimization and
control of the operational parameters in real-time application. There are a few analytical
closed-form models in the literature that provide low computation time and high accuracy
[1], [104]-[106].

There are several studies in the literature with the focus of developing sorber beds.
The specification and performance of these SCHS are summarized in Table 3 which

includes working pairs, sorber bed HMX design, and reported SCP, COP, and MR.
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However, one can conclude that the literature lacks a closed-form solution, which includes
the geometry of the HMX, salient thermophysical and sorption properties, as well as
operational input parameters and considers: (i) the transient behavior of sorber bed; and
(i) the thermal contact resistance at the interface between the sorption material and the
HMX.

Table 3. A summary of the specifications and performance of available studies with
a reasonable compromise between the SCP, COP and MR. * The HTF
data was not available in the publication.

. . tcycle SCP
Ref Sorption pair S-HMX (min)  (Wikg) COP MR
Coating silica gel + Aluminum finned .
107l CaCly(SWS-11)/ water tube 10 137 015 447
Extruded aluminum
Coating AQSOA- . .
[108] FAMZ02/ water finned-tube heat 295 021 537
exchanger
Loose grain AQSOA-FAM  Round tube-fin
[109] 702/water packed 20 120 0.3 7.86
Loose grain AQSOA-FAM  Round tube-fin
[109] 702/water packed 20 70 045 3.29
Loose grain LINOz-Silica ~ Aluminum finned flat .
[110] KSKiwater (SWS-9]) tube 64 318 0.176 2.82
Loose grain AQSOA-FAM  Aluminum finned flat
[111] 702)water tube 7 394 0.6 3.61
(12) Coating zeolite, SAPO- Aluminum finned flat 5 675 024 10
34/water tube
Loose grain zeolite, Aluminum finned flat
112l SAPO-34/water tube S 498 0.4 41
Aluminum sintered
. metal fiber structures
[113] Coating SAPO- 34/water soldered on flat fluid 10 852 04 415
channels
Coating silica gel + Aluminum plate-
[104] CaCly/water finned HMX 10 1005 06 47
Coating silica gel + Aluminum finned-
[106] CaCl2/water tube HMX 10 766 055 4
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2.2. Model development

Based on the general approach reported in our research group previous publications [1],
[104], [106], a new 2-D analytical solution is proposed to determine the parameters inside
the in-line arrangement of a pin fin heat/mass exchanger. These include: the transient
temperature distribution, heat transfer rate, uptake and the sorption performance. Figure
2.1 shows the solution domain schematically, which includes the PF-HMX, HTF, and the

sorbent material. The assumptions used to develop the model include:

|
1

2 S

Figure 2.1. A schematic of the solution domain consisting of a sorbent coating
and pin fin heat and mass exchanger. The in-line arrangement is
shown. For dimensions of the PF-HMX, see Table 5.

¢ Two-dimensional, transient heat and mass transfer with constant thermo-physical
properties;

¢ Constant temperature for the HTF, due to the relatively higher heat capacity of the
heat transfer fluid [114];

e The radiative heat transfer is neglected the because of low temperature difference

between the sorbent and surrounding (10-20 K); and
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e The boundaries of the sorbent and the fin that are in contact with low pressure
refrigerant vapor are assumed to be adiabatic, i.e., due to the low Biot number

[115][12].

W0,y ~T) =k, D= 0(Bi, ) = 0| 28 | - 020003 _ g3
v or k, 0.3
oT AL\ 0.5x0.015
h(T,,,. ~-T,)=k, —~=0(Bi,)=0| — |=—""——2=0.025 5
( vapor s) s 82 ( Z) [k? ] 03 ( )
h(T,,,. —Tf)zksa—TL:O(Bizf)zo AL _05x0015 4 150
wor oz k, 236.5

where, T is the temperature (K), & is the thermal conductivity (W/(m K)), Bi is the Biot
number (-), 4 is the convective heat transfer coefficient (W/(m? K)), r and z are the
coordinates, L is the fin height (m), 4, is the sorbent thickness (m), and s and f represent

the sorbent and HMX domains, respectively.

It should be noted that low Biot number results in low temperature gradient in fin but the
temperature gradient in sorbent is significant due to the heat generation inside sorbent.

Therefore, the lumped model is not applicable for these systems.

Fin efficiency is also calculated as follows:

m= |2 =\/ 2305 _ 02181
kR, \236.5%0.002

tanh(mL

(6)

where, & is the convective heat transfer coefficient (W/(m? K)), k is the thermal
conductivity of fin (W/(m K)), Ry is the fin radius (m), and L is the fin height (m).

From these assumptions, the energy equation can be written as follows for both the
sorbent and the HMX fin:

2 2
T, | L VO O L G T (rzi).i=s. )
ot “\ort ror 0z (pcp)_
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dow
Hy—— i=
G, (t)={"" e g 170 (®)
0, i=f

where, T;is the temperature of the ith layer (K), a is the thermal diffusivity for the ith layer
(m?/s), p is the density for the ith layer (kg/m?®), ¢, is the specific heat (J/(kg K)), »and z
are the coordinates, ¢ is time (s), H.qs is the enthalpy of adsorption (J/kg), and G; is the heat
generation inside the ith layer and i=s and i=f represent the sorbent and HMX domains,

respectively. The boundary conditions are:

oT; (O,Z,t)=0 ©)
or
oT, (A, +Rf,z,t):0 (10)
or
aTi(raLat)zo (11)
Oz

2
R=Lmu .1 rep 4 [KW’/" ]

kf,Z
1 oT, (r,0,t)
E(Ts (r,0,6)~Tyrr ) =k, — (12)
1 oT, (r,0,1)
E(Tf(raoat)_THTF):kf,z_T
p 0T (Rp.zt) 0T, (R .z.t)
I or y or
oT, (R ) 1 (13)
t
—k A ALEL N T,(R,,z.t)-T.(R, .z t
fr rer a1 Bz =1 Ry oz.0)

where, T; is the temperature of the ith layer (K), 4; is the sorbent thickness (m), 4umx is the
HMX thickness (m), Ry is the fin radius (m), L is the fin height (m), 4 is the heat transfer
area (m?), k is the thermal conductivity for the ith layer (W/(m K)), h is the convective heat
transfer coefficient (W/(m? K)),  and z are the coordinates, ¢ is time (s), and the TCR is the

thermal contact resistance between the fin and the sorbet.

The initial condition for temperature is
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T,(r,z,0)=T, (14)

Non-dimensional variables were defined:

! ta, T, -T
n= E=— Fo = e 6, = HTF
Rf+AS TO_THTF
L R a o
O0=——— 5/’ __r ,ur2: r ﬂs2= <
A, +Rf - Rf +A, a. a,
kS' RY +RC . L
=% A== Big= L Blf =
K x k, ,TCR A Rky RE,
Hads dw _
gi (FO): Cp.s (TO_Tﬂuid)dFO’
0, i=f

where, 6 is the dimensionless temperature of the ith layer, Fo (Fourier number) is the
dimensionless time, n and ¢ are the dimensionless coordinates, and g is the
dimensionless heat generation inside the ith layer. Using the aforementioned
dimensionless variables, the dimensionless energy equation as well as the boundary and

initial conditions can be obtained:

00, ,( %6, 106, , 0%6,

i S 2 Ty, L +o.(Fo 15
o = W0 (8772 77877} ;| g, (Fo) (15)
00, (n,1,Fo)

Fral (16)

00, (0.£.Fo) _ a7)
on
00,(,¢,Fo) _

on 0 (18)

06,(n,0,Fo)
og

@’f”%ﬂ_gif@(mojo)zo

Bi 0. (17,0,Fo)=0
(19)
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aef (§f 7§’FO) _ K,aas (5;‘ ,é,FO)
on on

36, (5,,&,Fo)
on

(20)

=A(6, (5, .&,F0) = 6,(5; ,&,Fo))

The Eigenfunction expansion method is utilized to solve the dimensionless energy
equations, Egs. (15)-(20). The closed-form relationship to find the transient temperature

distribution in both sorbent and HMX is as follows:

0.6 F0) =33 1, (&) X, () T, (Fo) (21)

n=lm=1

where ' is the temporal Eigenfunction whereas y and X are spatial Eigenfunction

in £ and # directions, respectively.

The dimensionless energy equation obtained as Eq. (15) where

/Llr’ i :f
/ui,n:{ . (22)

Hs I =5
_JhiE 23
ﬂi,é_ /Lls’ l:S ( )

Based on Egs. (15)-(20), the following eigenvalue problem can be derived in the ¢
direction [116], [117].

y +7w =0 (24)
v —Biy =0 at £&=0 (25)
w=0 at £&=0 (26)

The following transcendental equation is achieved to calculate the eigenvalues:
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ytan(y) =Bi

where Bi is the Biot number and vy is the eigenvalue.

The Eigenfunction related to each eigenvalue are given as follows:

y = cos(y5) + tan(y)sin(ys)

(27)

(28)

Furthermore, the following eigenvalue problem can be established in # direction.

2
d_X+ld_X+a)ZX:O

dn* ndn

dX
dn

=0

1n=0,1
where,

Ar, —
a)kzz T 9 )k :S;f

Pk

23

(29)

(30)

(31)

(32)

(33)

(34)

(39)

(36)



m=—- (37)

where, p is the density (kg/m?®), ¢, is the specific heat (J/(kg K)), H.4 is the enthalpy
of adsorption (J/kg), and m'is the slope between the temperature and water uptake. Water
uptake can be simulated as a function of operating conditions, such as the pressure and
the temperature of the sorber bed. A linear relationship between water uptake and sorbent
temperature is achieved by [1], [118] for each pressure during the isobaric desorption and

adsorption processes, Egs. (38)-(39).

@, =-0.0123T +4.0106 (38)

w,, =-0.0118T +3.9852 (39)

This is a singular eigenvalue problem because of non-continuous p, r and g.
Further, «?, depending upon the thermophysical properties and geometrical
characteristics of the sorbent and the fin, can be positive, negative or zero. Therefore,
there is no simple solution with the Eigenfunction and transcendental equation for the
eigenvalue problem. The approximated solution proposed by [116], [119] is followed in the
present paper. The eigenvalue problem is approximated by identically dividing the cylinder
(sorbent and fin) into #-1 intervals. The finer the division, the better the approximation. The

following equations represent the new eigenvalue problem with boundary conditions.

d*’X 1dX
_+__

2
+w; X=0 40
d772 n d77 k ( )
dX
== =0 (41)
dnl,
X, =X, .k =2.3,..n-1 (42)
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aX _, 4% Jk=23,.n-1 (43)

D dn P+ d

dX

22 20

i (44)

The following equations are also established to consider the TCR as an imaginary

layer at the interface between sorbent and the fin.

2
dX 1dX, ex—o (45)
dn~ ndn
@, =0 (46)
dX R, +A
I s x, =X
P dy  TCRA (X 41 i) (47)

where, 4; is the sorbent thickness (m), Ry is the fin radius (m), TCR is the thermal
contact resistance between the sorbent and the heat exchanger (K/W), and 4 is the

surface area of the TCR interface (m?), respectively. The following eigenfunction can be

achieved for each interval (nei<n<n:):

Jolonl o (@ n; ) —J o (@ W o (0 17)
Jol@p . WY o(@p ) =T o (@1, W o (0, 17 1) (48)
Joloyn Y o) =Ty (o n)Y o (@, 17, ) 2
(1) , 0,° >0
Jo(apm WY o(@pm, ) =T o (@1, W o (@ 1, )

Xy () =X, (1721

+X,

R/ Tk -1
X () =X, (4 )Log& + X5 (my )Logﬁ, Oy 2=0 (49)
Mk Tk
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Io(a)Zn)Ko(a)an)—Io(wZﬂk)Ko(w,tﬂ)
10(0);:7],{71)1(0(@;77/()_Io(wZﬂk)Ko(wznk—l)
Ly(w, m, ) Ko(@, ) =1o(@, mK(@ 1) .2 <0

P m * * H k
]o(a)knk—l)KO(a)knk)_[O(wknk)KO(wknk_l)

Xy () =Xy (7 —1)

+Xy (1)

@, = abs(a)kz)

(50)

(51)

The Eigenfunctions for each interval can be calculated as follows by substituting

the abovementioned Eigenfunctions into boundary conditions ((41)-(44))

A4,X,—B,X, =0

B, X,  +(A, +4, )X, =By X4 =0,k=2,..,n—1

—B,X, +A4,X, =0

where,

Jo (@ o.n,._,)-Y(o J. (w1, _
A4, :Pk@k( o @ W (@ 1y 1) =Y o (@ 17, )1 (07 1)} a)k2>0
Jol@gm, WY o(@pm ) =T o (@ m Y o (@)

4, =1 o, =0

I, (o, n)K (o, K (o, n) ] (o,
A, =p, o, o(a:mk) 1(a)k7Zk—1)+ o(a:mk) l(a)k*nk—l) ’ a),f<0
IO(wkkal)KO(a)kUk)_lo(wknk)KO(wknkfl)

J, -Y
B, =p, o, ( j(wknkl)yl(wkﬂkl) O(a)knkl)*]l(a)knkl)j, wkz >0
o (@1 Y o (@11 ) =T o (@11 Y o (@ 17y y)

B, =1, 0,°=0
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]O(O)Zﬂk—l)Kl(wzﬂk—l)_ll(a)znk—l)KO(wZﬂk—l) 2 (60)

* * * * s a)k <0
Ly(o, m K o(@, 7)) =1 (@, m)K (@, 17 )

B, =p,ay

A linear system of homogenous equation is formed based on Egs. (52)-(54) is

derived as follows in order to calculate the Eigenfunctions.
[K]{X}=0 61)

The transcendental equation is obtained to calculate the eigenvalues by equating

the determinant of coefficient matrix [K] to zero.
det([K])=0 (62)

The sign-count method, developed by Mikhailov and Vulchanov, is utilized to solve

the transcendental equation [116].

The number of positive eigenvalues between zero and some prescribed positive

value, 1, can be evaluated as follows:

N (Z)=N,(2)+s ( (% ()] ) (63)

No(4)= ;NM (1) (64)
@kz _ /i’”k —4dy (65)
Pr

where, the number of negative elements along the main diagonal of the
triangulated form of K(1) is considered as s([K(1)]), Eq. (66),and the eigencondition

equation to find the positive eigenvalues at each layer is calculated based on Eq.(67).
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D D, D, s

DO’DI’.“’Dn—l ( )

Jo(on, ) Yy(@on,)=J(on,) Y, (07, ) (67)
where,

D,=1D,=4,,

D, =D, (4, +4,.,)-D,,B, .k =2,..,n—1 (68)

Dn =Dn—1 (An )_Dn—ZBn—l2

The flowchart utilized to calculate the eigenvalues is shown in Figure 2.2. The
order of the eigenvalue, i, precision, ¢;, lower bound, 4,, upper bound, 4, and the increment,
5, are set and the iterations are performed until the accuracy is met. The accuracy in

obtaining the eigenvalues is set to 0.001.

Prescribe |i,&;, 4, =0,4, =0,4 = 0,5

A=A, +2,)2

alse =

True

o

Il
N
A\ 4

End

~

A, =A

u

Y

Figure 2.2. The iterative algorithm used to acquire the eigenvalues
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Eventually, the Eigenfunction is evaluated as follows:

X, =-1 (69)
X, =-4,/B, (70)
Xk+l:((Ak +Ak+l)Xk _Bka—l)/Bk+1’k :1,2,...,’1_1 (71)

Subsequently, the accuracy of the Eigenfunction is evaluated for the last interval.
If the required accuracy, 1e-8 for this study, is not satisfied, then the finer intervals will

be chosen based on the algorithm proposed by [119] until it is satisfied, Figure 2.3.

_Ban—l +Aan | < gglobal ’ gglobal = Emax M (72)

|k:1’Z:ZO’E:§0 |gmax9gminalminsj
»l<
r¢‘

|C0mpute 1/7(E+l)|
Compute17(@7+lj),17(é7+21_/),...,17(é?+(j—l)l_/),17(5+jlj)

|

False

abs((7(5+l)—l/7(§+jlj))<g

CIror

=1, =Z+Lk=k+1|

False

E+l<l+l,

End

Figure 2.3. The algorithm to refine the division of the interval

To this end, the Eigenfunctions in ¢ and # directions are evaluated. The last step

is to acquire the Gamma function. The Gamma function, which shows the time variation
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of #, can be expanded in the form of infinite series of products of Eigenfunctions in ¢ and
n directions as follows:

g (Fo)=3"3 g\ (Fo) y, (&) X, (1) (73)

n=lm=1

where, g, can be calculated based on orthogonal property of the Eigenfunctions

as follows.

1 n T +1
gi(FO)IWd(S [Z”k J. Xkdﬂ]
=L om

0 k=1

(74)

& (F0) =

1 5 n Mk 41 )

J.‘// d‘f[zrk J. Xkdﬂj
0 k=l g

By substituting Egs. (73) and (21) into Eq.(15), the following ordinary differential

equation can be obtained for Gamma function.

dr .
—=g, (Fo)-AT 75
TR (Fo) (75)
Finally, the Gamma function is evaluated as follows.
Fo ,
| (Cnm—i_ J. g:m(Fo')em’dFo’j (76)
Fo'=0
where,
1 n Tk +1
Jwds| 2n | Xdn
0 k=l
(77)

C. =
" 1 5 n Tk +1 )
Il// dé Z’”k I Xidn
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A MATLAB code, can be found in the Appendix B, is developed to calculate the
Eigenfunctions and eigenvalues in both spatial coordinates along with the Gamma
function as a function of the Fourier number (dimensionless time). After solving the
equations, the dimensionless closed-form relationship to find the transient temperature

distribution in both the sorbent and HMX is as follows:

00.EF0) =3 S 11, (£) X (1) T (F0) (78)

n=lm=l
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Chapter 3. Performance evaluation of PF-HMX

3.1. Experimental study

3.1.1. Sample preparation

To enhance the thermal diffusivity of the sorbent material, a consolidated
composite, consisting of CaCly, silica gel B150, with added natural graphite flakes is
prepared. The thermally-conductive additive, natural graphite flake, reduces the active
sorbent fraction in the composite creating a need for establishing an optimum composition

for the specific application, more details can be found in our previous study [118].

A number of CaCly-silica gel composite sorbents with 0-20 wt.% graphite flake
contents are prepared, Table 4. Polyvinyl alcohol (PVA) binder (40,000 MW, Amresco
Inc.) is dissolved in water. Following this, CaCl. and silica gel (SiliaFlash® B150, Silicycle,
Inc., Quebec, Canada) and graphite flakes (consisting of both 150 uym fine particles and
thin flakes up to 1.3 mm long, Sigma-Aldrich) are added to the aqueous solution. The
slurry composites are filled into the small aluminum dishes and oven-dried at 70 °C then

cured at 140 °C, each for 4 hours, Figure 3.1.

0% additive

0% additive

(a) 0w

Figure 3.1. (a) Sorbent samples within the aluminum dishes; (b) Disc shape
sorbents with different amount of additives (Graphite flake).
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Table 4. Compositions and dry mass of the sorbent composite samples, shown in

Figure 3.1.
# Silica gel (wt%) CaCl,(wt%) PVA (wt%) Graphite Flake (wt%) Dry mass (g)
1 45 45 10 0 7.54
2 42.5 42.5 10 5 8.65
3 40 40 10 10 8.60
4 35 35 10 15 9.00

3.1.2. Thermal conductivity and thermal diffusivity measurement

Thermophysical characteristics of the heat exchanger and sorbent materials with
different amount of additives were measured using a transient plane source (TPS), hot
disk thermal constants analyzer, as per ISO 22007- 2 ( 1ISO220 07-2, 20 08 ) (TPS 250
0S, ThermTest Inc., Frederiction, Canada) [120], [121]. TPS is shown in Figure 3.2 with
an image and diagram taken from Ref. [122]. TPS testing information can be found

elsewhere [122].

(a) Compression

Chamber
Force gauge rod

=]

Sample
(b)

Figure 3.2. (a) Image; and b) Schematic of TPS [122]
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Figure 3.3 shows the average values of thermal diffusivity and thermal conductivity
versus graphite flake content. As can be seen in Figure 3.3, by adding graphite flake, the
sorbent thermal diffusivity improves by up to 470%, which enhances the heat transfer from

the HMX to the sorbent. The experiment data can be found in Table 8 in the Appendix A.

10 7
0.8 P I 14
[ 12
0.6
470% 10
2 increase s B
~~
£ o4 €
=3 u °F
4
® 4
0.2 , ______ ’ ak
[ @alpha 2
0 ' 0

5 10 15
Graphite Flakes(wt.%)

Figure 3.3. Thermal diffusivity and thermal conductivity of the composite
sorbents in Table 4

3.1.3. G-LTJ test bed

A number of CaCly-silica gel composite sorbents with 0-20 wt.% graphite flake
content is prepared. The slurry composites were coated on the designed PF-HMX and
oven-dried at 70 °C then cured at 140 °C, each for 4 hours, see Figure 3.4 for more details.
The sorbent thickness around each fin and fin diameters are measured as 5 mm and 4
mm, respectively. Thermophysical characteristics of the heat exchanger and sorbent
materials with different amount of additives were measured using a transient plane source
(TPS), hot disk thermal constants analyzer, as per ISO 22007- 2 ( 1SO220 07-2, 20 08 )
(TPS 250 0S, ThermTest Inc., Frederiction, Canada) and described in Table 5 [120], [121].

The sorbent thickness around each fin and fin diameters are measured as 5 mm and 4
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mm, respectively. Figure 3.5 shows the gravimetric large temperature jump (G-LTJ) test

bed custom-built in our lab used to validate the developed analytical solution.

Table 5. Graphite flake content in the sorbent, thermophysical properties,
geometrical specifications, and SCHS cycle parameters used for the
baseline case and model validation.

Baseline case Validation with a G-LTJ test bed
Sorhent Alfin  Altube Sorbent Al fin Copper tube
® (Wt%) 10 - - 0-20
0 (kg/md) 665 2699 2699 2699 8932
¢ (J/kgK) 1082 909 909 909 386
a (m2/s) 4.1e-7 9.6e-5 9.6e-5 9.6e-5 1.1e-4
hags (J/kg) 2.77¢6 - - 2.77¢6 1.5
Rf, As, AHMx(mm) As =2 Rf= 2 As =5 Rf= 2
L, He, W, (cm) L=2 L=2 H=0.6, W:=1.3 L=1.5 =15 H=0.5, W=4
. In Figure
t (min) 15 39

TCRAKmJW)  0.0019([1])

To simulate the operation of a SCHS, HTF was pumped through the PF-HMX and
the temperature was cycled between 30°C and 67°C for sorption and desorption,
respectively. Two four-way valves were used to switch the HTF between the sorber bed
and the buffer for the desorption and sorption processes. The buffer was used for a heat
recovery purpose. The sorber bed and the copper PF-HMX were placed inside a vacuum
chamber, which was connected to the evaporator/condenser that was maintained at 15
°C. The whole test bed was degassed for five hours using a vacuum pump to dry the
sorbent material before the tests. The vacuum chamber was placed on a precision balance
(ML4002E, Mettler Toledo) with an accuracy of 0.01 g to measure the mass change due
to the sorbate uptake. Five K-type thermocouples with an accuracy of 1.1 °C were passed
using a feed-through in the vacuum chamber to measure the sorbent temperature. The
instruments were connected to a PC through a data acquisition system and an in-house
software written in the LabVIEW environment. The maximum uncertainties of the

measured COP and SCP were estimated to be 8% and 5.7%, respectively.
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Figure 3.4.

(a) A pin fin structure designed in SolidWorks to be bolted on top of
a copper heat exchanger in the GLTJ test bed; (b) building cylinders
around the pin fins and fill them with sorbent material; and (c, d) the
PF-HMX coated with the composite sorbent, silica gel, CaCl2, PVA
and graphite flakes.
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Vacuum chamber

Figure 3.5. (a) A schematic diagram; and (b) a picture of the G-LTJ test bed.

3.2. Uncertainty analysis

The SCP is defined as the evaporative cooling rate generated per mass of dry
sorbent material, Eq. (79).

m, [ 4L ar
_Qeap —_ ads dt

SCP = _ A0 arn, (79)

m,t mgt T
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Based on the method developed by Moffat [123], the uncertainty of the SCP can

be estimated as follows.

SSCP _ SAw 26w (80)
SCP Aw Aw
W= M sorbate (81 )
M sorbent
2 2
5_&) — (5msorbate j + ( 5msorbent } ~ (5ms0rbate ] _ 001g (82)
2 Morpate M orpent Morpate Morpate

The sorbate mass change was measured by a precision balance (ML4002E,
Mettler Toledo) with the accuracy of 0.01 g, whereas the sorbent mass was measured
using an analytical balance (OHAUS AX124) with a precision of 0.0001 g. Accordingly,

the sorbent mass uncertainty was negligible compared to that of the sorbate.

Finally, the uncertainty in the SCP calculation is obtained using Eq. (84).
Substituting the sorbent mass and differential sorbate uptake in Eq. (84), the maximum

SCP uncertainty is calculated to be 5.7% for different samples and cycle times.

0.01
ow = g (83)
msorbent
SSCP 0.01\2
= (84)
SCP m Aw

sorbent

The COP is defined as the ratio of the evaporative cooling energy to the input

energy, Eq. (85)
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Qevap Qevap

COP = = =
Qinput Qsens +Qdes
do
m, | —h,dt (85)
K f
Jls dr ¢
dT dw

J‘ [(ms (cp,s +a)cp,w )+mHMch,HMX )E_ms gHads Jdt
des

The uptake measurement is the main uncertainty in the COP estimation and can
be calculated using Eq. ((86). The maximum uncertainty of the COP is calculated to be

8% for different samples and cycle times.

SCOP \26Aw 260
COP Aw Aw (86)

3.3. Model validation

Figure 3.6 shows the mass change of the sorber bed for the sample with a 0 %
amount of graphite flakes. The measured mass change of the sorber bed is due to: (i) the
water uptake by sorbent material; (ii) fluctuations such as thermal expansion, contraction,
and vibration of the flexible hoses; and (iii) density changes of the heat transfer fluid (HTF)
due to the temperature swings between the adsorption and desorption processes. In order
to deconvolute the mass change caused by the water uptake from other fluctuations, a
number of the baseline experiments were run under the same operating conditions but
with the valve between the sorber bed and the evaporator/condenser kept shut.
Consequently, the baseline did not include the effect of water uptake. After measuring the
baseline signal, the valve was opened and the experiment was repeated; the blue line
shows the total mass change of the sorber bed, including water uptake. Subtracting the
total mass from the baseline represents the actual water uptake changes. The experiment

data can be found in Table 10 in the Appendix A.

Figure 3.7 shows variation of the average sorbent temperature versus time for
varying amounts of graphite flakes. By adding graphite flake, the sorbent thermal diffusivity

improves, which enhances the heat transfer from the HMX to the sorbent. For samples
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with higher amounts of graphite flake and lower amounts of active material, the heat of

sorption decreases. The experiment data can be found in Table 11 in the Appendix A.

—=Baseline experiment

=T otal measured mass

0 10 20 30 40 50 60 70 80
Time(min)

Figure 3.6. Mass changes of the sorber bed with 0% graphite flake content in the
G-LTJ test bed due to the variations in water density and fluctuations
during sorption (30 °C) and desorption (67 °C).
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Figure 3.7. Variation of the average sorbent temperature through time for
different amounts of graphite flake.

Figure 3.8 shows the variation of water uptake versus time for varying amounts of
graphite flake in the sorbent. In the early stage of sorption (the first 10 to 15 minutes),
adding graphite flake enhances water uptake. As the sorbent approaches saturation, the
heat generation rate reduces and the trend starts to reverse. Moreover, a greater amount
of graphite flake reduces the amount of active material leading to lower uptake and
performance as the sorbent reaches equilibrium. The equilibrium uptakes measured with
the G-LTJ test bed are in good agreement with the thermogravimetric sorption analyzer
(TGA) equilibrium data. For more information, see [121]. The experiment data can be
found in Table 12 in the Appendix A.
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Figure 3.8. The effect of graphite flake content on water uptake

Figure 3.9 shows the effect of graphite flakes on the SCP and COP based on Egs.
(2) and (3). It can be seen that the present analytical model is in a good agreement with
the experimental results. Moreover, for small sorption times (the first 10 to 15 minutes),
the SCP increases 10 to 30% by adding graphite flakes. Thus, during the early stages of
sorption, the sorption rate and heat generation is high, resulting in a need for higher
thermal diffusivity, which in turn, causes higher uptake. However, over longer periods of
time, such as when the sorbent approaches saturation, the need for higher thermal
diffusivity reduces as the sorption rate decreases. The trend starts to reverse and the

sorbent with higher active material has higher uptake and of course higher SCP.

Additionally, for the small sorption time, the sample with larger amount of graphite
flake has a higher uptake and thus, a higher COP. As we approach the saturation phase,
the sample with a smaller amount of additives and a greater amount of active material has
the highest uptake and COP.
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Figure 3.9. A comparison between the present analytical model and the
experimental data collected from our G-LTJ test bed for 0 and 20 wt%
graphite flake content in the sorbent composite.
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3.4. Parametric study

A comprehensive parametric study is carried out to examine the effect of key
design and operating variables on the COP and SCP, namely, the fin radius, sorbent
thickness, fin height, fluid channel height, graphite flake content in the sorbent, and the
cycle time. Sorber bed characteristic parameters are considered as a baseline in which
each parameter is changed over an arbitrarily chosen range while other parameters are
kept constant. It should be noted that the results are particular to the values and conditions
described in Table 5 and might be different for other input parameters. The SCP and COP
for the baseline condition listed in Table 2 are 737 W/kg K and 0.66, respectively.

The following conclusions can be made from Figure 3.10 (a-e):

e The SCP reduces by the fin height increment because the heat transfer
resistance along the fin increases; also the extra fin materials add to the
thermal inertia which reduces the SCP. However, COP is almost constant
by increasing the fin height. As can be seen, there is a slight increase up
to a value and then a decrease as both numerator and denominator in the
COP, Eq. (2), are increasing and they can have different rate with respect

to the geometry;

e The SCP increases by increasing the fin radius as the heat transfer along
the fin enhances due to the larger cross-sectional area. Nonetheless, the
COP decreases by increasing the fin radius because the dead weight mass

(thermal inertia) is increases;

e The SCP decreases by the sorbent thickness increment because the
sorbent heat transfer resistance enhances. However, the COP increases
by the sorbent thickness increment as the amount of active material

increases;

e The SCP increases by reducing the cycle time as the sorption rate is higher
at the beginning of sorption and drops as the sorbent approaches
saturation. Nevertheless, the COP decreases slightly by reducing the cycle
time as more energy needs to be provided for the sensible heat of the

sorber bed HMX thermal inertia with respect to the desorption heat; and
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e Thermal diffusivity can be enhanced by additive material. Previous studies
showed that thermal diffusivity of the sorbent can be increased up to 500%
by adding graphite flakes as an additive, although it will reduce the amount
of active material [121]. Therefore, it is important to select an optimum
amount of additive, which depends on the geometry and heat transfer
characteristics of a sorber bed. The SCP and COP both increase by the
graphite flake content increment to the point until it keeps up with heat
transfer resistance in the fin. After the climax, the SCP starts to decrease
by increasing the graphite flake content as the active sorbent material

decreases.

It is evident that geometry, sorbent properties and cycle time can have
counteracting effects on the COP and SCP and should be optimized simultaneously to
build an optimal design to be investigated in future studies. The next section is focused on
an analysis of variance of the proposed PF-HMX to address the need for this simultaneous

optimization.
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Figure 3.10. A parametric study: the COP and SCP Variation with the sorber bed’s
geometry, heat transfer characteristics and cycle time (a) fin height,
(b) fin radius, (c) sorbent thickness, (d) cycle time, and (e) graphite
flake content in the sorbent. The SCP* and COP* are the baseline
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values shown in Table 5.

3.5. Analysis of variance (ANOVA)

An ANOVA is a statistically decision-making tool to detect differences in the
average performance. It helps testing the significance of all main factors by calculating
the sums of square, level of contribution, F-statistic ratio and p-value, see Ref [124][125].

The ANOVA method is utilized to understand the percentage contribution of each
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parameter on the SCP and COP [5]. A Multi-way ANOVA analysis is performed using the
N-ANOVA function in MATLAB. Table 6 shows the sample points of variables generated

using the Box-Behnken design [126] with three levels of design parameters.

Table 6. Three levels of the PF-HMX design parameters

Level 1 Level 2 Level 3
(baseline case)
Fin height (L (cm)) 1 2 3
Fin radius (Rr (mm)) 1 2 3
Sorbent thickness (4s (mm)) 1 2 3
Graphite flake content (¢ (wt.%)) 0 10 20
Fluid channel height (Hc (mm)) 4 6 8
Cycle time (z (min)) 10 15 20

The null hypothesis is used to see whether a variable has a substantial effect on
the objective function. When a is greater than the p-value, then the null hypothesis is
rejected. a is the significance level and it is usually equal to 0.05 which means there is a
5% probability that null hypothesis was incorrect and the parameter has a significant
effect. The p-value also can be estimated by MATLAB as a function of the F-static ratio,

a, and degree of freedoms.

We found that all p-values, shown in Table 7, are less than a except the p-value
for the heat transfer fluid channel height which is greater than o, therefore, all factors are
affecting the responses except the heat transfer fluid channel height that should be

considered as a parameter as its share in the objective functions is negligible.

Table 7. The calculated p-value of all design parameters by MATLAB for the SCP

and COP

Parameters CcoP SCP

Fin height (L (cm)) 4.78e-12 7.04e-8
Fin radius (Rr (mm)) 5.73e-25 4.41e-16
Sorbent thickness (4 (mm)) 9.76e-28 6.66¢e-8
Graphite flake content (¢ (wt. %)) 8.11e-32 2.57¢-28
Fluid channel height (Hc (mm)) 5.14e-2 6.34e-2
Cycle time (z (min)) 3.72e-16 6.64e-36
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The results of this analysis for both the COP and SCP are shown in Figure 3.11
and represent how all these parameters affect the COP and SCP of the system. The

conclusion will be as follows:

e The amount of graphite flake, sorbent thickness and fin radius have the

highest level of contribution to the COP;
¢ The fin height and cycle time have the second largest impact on the COP;

¢ The cycle time and graphite flake content have the largest impact on the
SCP;

e The sorbent thickness and fin height have the second largest impact on the
SCP; and

e The HTF channel height has the lowest level of contribution to both the
SCP and COP.

scP ot COP
@: 23% Fluid channel height
Graphite -
flake content ¥

7. 8%
@: 28% Cycle time
Graphite flake content

R: 25%

7 43% Fin radius

Cycle time H:1%
Fluid channel

height

A;: 8%
sorbent thickness

Error: 4%
A, 26%
sorbent thickness L: 8%
L: 8% Fin Height
Fin height

R: 13%
Fin radius .
Error: 4%

Figure 3.11. The level of contribution of the design parameters to the SCP and
COP, L: fin height, R: fin radius, As: sorbent thickness, ¢: graphite
flake content in sorbent, t: cycle time, and Hc: fluid channel height.

3.6. Performance evaluation

The baseline case is investigated for the operating conditions of the sorption
chiller: Tges=90 °C, Tads=Tcond=30 °C and Tevap=15 °C. The SCP, COP, and MR are
calculated as the performance metrics based on Egs. (2), (3), and (4). Note that the mass
of heat transfer fluid was not available for some studies. The PF-HMX with relatively low
MR reaches a SCP of 1160 W/kg and COP of 0.68. Figure 3.12 displays the performance

of the PF-HMX versus the state-of-the-art published research. Note that the composite
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silica gel/CaCl, sorbent used in the PF-HMX, [104] and [106] provides higher SCP and

CORP. Silica gel/CaCl; sorption kinematic occurs over the entire range of relative pressure

0.06<P/Py<0.4 which makes it a good candidate for AC applications [121]. Conversely,
the sorption for zeolite-based materials, such as SAPO-34 and FAM Z02, utilized in [107]—

[113] occurs in a narrow range of relative pressure which limits the application to specific

operational temperatures.

1200

1000 | +

800 |

600 |

SCP(W/kg)

400 | °

200 |

0.8

0.6 |

COP
<o

04 | o

02 } X

2 4 6 8 10
MR=( Mygpax M +mHTF)/ms

o[lll]
A[l12]
o2
[109]
©[109]
A[l113]
o[107]
X [108]"
X [110]*
® PF-HMX 1
W PF-HMX 2
+[104]
& [106]

o [11]]
A [112]
A [112]
& [109]
<O [109]
o [113]
o [107)"
X [108]"
x [110]
@® PF-HMX 1
W PF-HMX 2
+ [104]
@ [106]

Figure 3.12. A PF-HMX comparison in terms of the MR, SCP and COP versus the
available studies. The fin radius and sorbent thickness of the PF-HMX
1 are 2 mm and 5 mm, respectively, while the fin radius and sorbent
thickness for the PF-HMX 2 are 1mm and 2 mm, respectively. * HTF

data not provided.
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Chapter 4. Conclusions, limitations and future
work

4.1. Conclusion

The aim of this Master’s project was to develop a sorber bed heat and mass
exchanger for use in sorption systems. The application of sorption cooling and heating
was the focus of this research. However, the modeling, ANOVA, design, manufacturing
and testing methodology can be extended to other sorption applications such as energy

storage, dehumidification, with heat transformer, gas separation and desalination.

A novel closed-form 2-D analytical model was developed to determine the
conjugate heat and mass transfer and performance of the PF-HMX. Developed analytical
model take into account the spatial and temporal variation of temperature and water
uptake and have a short computation tie, which is beneficial for real-time control and the
optimization of a PF-HMX design. The analytical solution included material properties,
operating conditions and all design parameters such as sorbent geometry, HMX geometry,
and fluid channel height. The current 2-D model was successfully validated based on

experimental results collected from the custom-built G-LTJ test bed.

The effect of the HMX geometry, heat transfer characteristics, and cycle time on
sorption efficiency, i.e., the SCP and COP, was investigated using a parametric study. it
was shown that the heat transfer and geometrical characteristics of the sorber bed, such
as the sorbent thickness, fin radius, fin height, amount of graphite flakes, cycle time, and

fluid channel height, have conflicting effects on the COP and SCP.

An analysis of variance (ANOVA) method is utilized to understand the percentage
contribution of each parameter on the specific cooling power (SCP) and coefficient of
performance (COP). It is shown that the amount of graphite flake, sorbent thickness and
fin radius on one hand and the cycle time and graphite flake content on the other have the
highest level of contribution to the COP and SCP, respectively. Thus, a multi-objective
optimization procedure should be conducted to find an optimal design of sorber bed for

future studies based on geometrical and heat transfer characteristics of the sorber bed.
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To this end, we compared two arbitrary geometries of the PF-HMX with other
studies and found that PF-HMXs with a relatively low MR could provide a high SCP and
COP. The PF-HMX was found to have the highest SCP of 1160 W/kg and the highest

COP of 0.68 with a relatively low mass ration of 3.3 compared to the state of the- rt.

4.2. Limitations

The following are the limitations, potential for further progress and application of

this thesis to other sorption applications:

If the assumptions in Section 2.2 are met, the analytical model can be used.
Otherwise, significant changes to the model will be needed, such as the

inclusion of mass transfer equations and convection terms.

Furthermore, an analytical model was developed for closed sorption cooling
heating systems. Other closed sorption systems like thermal energy storage,
desalination and heat transformers can also benefit from it. The open sorption
systems, such as dehumidification and gas separation applications, would
necessitate major changes to the model. The solution domain and governing
equations should be modified to include additional layers of the flow stream

and convection terms.

Other thermally conductive additives can also be used to improve the sorbent
thermal diffusivity. Furthermore, sorbents other than silica gel/CaCl, can be
used as the sorbent. For the new composite, equilibrium adsorption and
thermo-physical properties should be measured and incorporated into the
model as inputs. The sorbent assumptions mentioned in Section 2.2 should be

double-checked.

For various sorption applications, ANOVA and parametric studies should be
conducted using modified analytical models as the performance parameters

change.
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4.3. Future work

The following are some examples of potential future research directions for this

study:

¢ Investigation of other thermally-conductive material other that graphite flakes,
such as Expanded Natural Graphite (ENG);

e Optimization of the PF-HMX using a multi-objective genetic algorithm to

optimize the SCHS’s performance;
¢ Design and construction of an optimized PF-HMX for a SCHS application;

¢ Investigation of other HMX designs, such as nature-inspired and radial fin
HMXSs;

e The proposed methodology in this Master’s project can be applied to other

sorption applications; and

e Use of a quadratic function to approximate the water uptake relationship with

sorbent temperature and solve the governing equations semi-analytically.
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Appendix A. Experiment data

Transient plane source (TPS) measurement

Table 8. thermal conductivity and thermal diffusivity measurements from TPS test
setup for composite sorbents containing $=0-20 wt.% graphite flake.

Thermal conductivity (W/(m K)) | Thermal diffusivity (m2/s)
©=0% 0.18 23e-7
©=5% 0.23 3.3e-7
©=10% | 0.32 41e-7
©=20% | 0.70 13.8 e-7

Table 9. thermal conductivity and thermal diffusivity measurements from TPS test
setup for composite sorbents containing ¢=0-5 wt.% Expanded
Natural Graphite.

Thermal conductivity (W/(m K)) | Thermal diffusivity (m#'s)
©=0% 0.18 2.3e-7
©=1% | 0.34 1.8 e-7
©=3% | 0.45 1.9 e-7
©=5% | 0.70 2.2e7

Gravimetric large temperature jump (G-TPJ) data

Table 10 shows the mass measured by G-LTJ test bed for composite sorbents
containing 0 wt. % graphite flake to include the effect of mass change of the sorber bed
due to: (i) the water uptake by sorbent material, and (ii) fluctuations such as thermal
expansion, contraction and vibration of the flexible hose (iii) and Density changes of the
HTF due to the temperature changes. The data was measured every second and
smoothed using MATLAB software.

Table 10. mass measurements from G-LTJ test bed for composite sorbents
containing $=0 wt.% graphite flake, the baseline experiment was done
while valve between sorber bed and evap/condenser is shut.

Baseline case Baseline casetuptake

Time (min) Measured mass(gr) Time (min) Measured mass(gr)
0 0.196307 0 0.393052

0.672412 1.61688 0.009331 0.426301

1.080818 2.36329 0.029326 0.497511

1.640432 3.17459 0.050655 0.573307
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2.200532 3.78194 0.238611 1.221424
3.048462 4.43501 0.430566 1.818822
3.901253 4.89920 0.623854 2.331509
4.470591 5.13907 0.975772 3.036676
6.122571 5.55342 1.323691 3.532437
9.188523 5.66888 1.726444 3.977476
12.09185 5.66159 2.272572 4.471018
14.67258 5.66362 2.877487 4.922869
18.54367 5.66619 3.481789 5.322081
22.89866 5.66824 3.964923 5.612872
26.28453 5.64669 4.627661 5.973746
29.50911 5.62566 5.291012 6.294529
33.05762 5.62649 5.953443 6.578459
36.76609 5.60563 6.615874 6.829955
39.34549 5.58333 7.519105 7127747
40.14132 5.12779 8.301783 7.350701
40.28127 4.65164 9.024492 7.533572
40.25861 4.72835 9.806555 7.712676
40.39324 4.27726 10.70948 7.903468
40.52921 3.84195 11.73204 8.108379
40.66385 3.44209 12.57376 8.269283
40.95444 2.70545 13.59571 8.454637
41.24638 2.13281 14.85723 8.667386
41.70094 1.50552 15.75892 8.807936
42.31679 0.95515 17.02044 8.987492
42.77669 0.66284 21.09711 9.417463
44.04839 0.26768 24.26906 9.586951
46.45716 0.09587 27.58834 9.656269
48.71397 0.07634 30.18755 9.658592
50.97211 0.07761 32.49845 9.658592
52.39154 0.07826 35.67478 9.658592
53.39154 0.08073 38.56183 9.658592
54.39154 0.08090 39.57749 9.374998
55.81098 0.08099 39.73065 9.167212
56.81098 0.08103 39.88382 8.912071
57.39171 0.08120 39.89255 8.896238
58.09171 0.08179 39.90082 8.881172
58.39171 0.08180 39.90957 8.865098
59.16254 0.08200 40.06418 8.563004
59.48855 0.08319 40.21832 8.234504
60.18855 0.08499 40.37097 7.891973
60.48855 0.08419 40.66998 7.208686
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61.58673 0.09082 40.96802 6.571685
62.58673 0.10819 41.26509 6.037462
63.96879 0.12350 41.56556 5.597406
65.16879 0.12950 42.01043 5.094674
66.23341 0.13177 42.59873 4.617252
67.23341 0.13377 42.89725 4.419478
67.83341 0.13477 43.04992 4.322368
68.23341 0.13577 43.49139 4.041646
71.29803 0.13733 43.93237 3.761252
71.99803 0.13733 44.22846 3.573985
72.39803 0.13833 4467042 3.297447
73.29803 0.13893 45.40312 2.851721
74.04006 0.13908 46.13631 2.429507
74.94006 0.13908 46.72412 2.114353
75.44006 0.13908 47.31047 1.825739
75.94006 0.14075 48.04269 1.508545
76.10468 0.14103 49.35299 1.072822
77.50468 0.14303 50.80672 0.754906
77.60468 0.14203 52.11314 0.576408
77.90468 0.14103 53.70544 0.444657
78.01763 0.13927 56.01877 0.346333
78.82763 0.13627 59.05313 0.282682
78.91763 0.13127 62.08603 0.268324
79.12312 0.12496 65.26334 0.254255
79.23234 0.12196 68.44113 0.223901
79.52132 0.12096 71.18523 0.209063
79.61231 0.11963 73.49613 0.194861
79.71231 0.11069 75.80654 0.196357
79.83452 0.10869 78.11695 0.199578
79.98665 0.10769 79.12776 0.196869
80 0.10469 80 0.181283

Table 11 shows the temperature measured by G-LTJ test bed for composite
sorbents containing 0-20 wt. % graphite flake to assess the effect of additives on sorbent
temperature. The data was measured every second and smoothed using MATLAB

software.

Table 11. Temperature measurements from G-LTJ test bed for composite sorbents
containing ¢$=0-20 wt.% graphite flake.

©=0% ©=10% ©=20%

Time(min) | Temperature(°C) | Time(min) | Temperature(°C) | Time(min) | Temperature(°C)
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0 67.0279 0 67.06024 0 67.09841
0.064144 | 66.82243 0.025345 | 66.83585 0.01238 66.89841
0.192708 | 66.01035 0.089725 | 66.25518 0.026512 | 65.52341
0.353206 | 64.99991 0.186812 | 65.38619 0.031432 | 64.89841
0.529253 | 63.89953 0.316262 | 64.23668 0.032362 | 64.53692
0.689196 | 62.90985 0.453074 | 63.04246 0.097087 | 63.81537
0.816372 | 62.13143 0.582524 | 61.94133 0.194175 | 62.74241
0.975624 | 61.16902 0.711974 | 60.87524 0.307443 | 61.51745
1151112 | 60.12514 0.873786 | 59.59988 0.436893 | 60.17336
1.310221 59.19412 1.067961 58.15737 0.566343 | 58.91074
1.501684 | 58.09345 1.262136 | 56.80531 0.695793 | 57.74254
1.660928 | 57.19432 1488673 | 55.33153 0.809061 | 56.79789
1.852525 | 56.13337 1.715212 | 53.95494 0.906149 | 56.04627
2.044262 | 55.09708 1.909385 | 52.84158 1.003236 | 55.34467
2.219893 | 54.17349 2.103564 | 51.78574 1.100324 | 54.68917
2411768 | 53.19644 2.297735 | 50.78856 1.229773 | 53.87849
2.603643 | 52.25629 2491909 | 49.85184 1423948 | 52.77378
2.795657 | 51.35614 2.718447 | 48.83537 1.650485 | 51.61105
3.004054 | 50.42833 3.009709 | 47.64164 1.909385 | 50.40572
3.228695 | 49.48524 3.300971 46.56285 2.168285 | 49.28851
3.420848 | 48.72437 3.502233 | 45.58236 2.394822 | 48.35324
3.677744 | 47.77163 3.915858 | 44.58858 2653722 | 47.32965
3.966901 46.78376 4271845 | 43.59374 2912621 | 46.35878
4.288451 45.78324 4.660194 | 42.60575 3.268608 | 45.10897
4.707467 | 44.61847 5.113269 | 41.55979 3.656958 | 43.85282
5.094272 | 43.66573 5.508706 | 40.53995 4.045307 | 42.70261
5481354 | 42.81257 6.084142 | 39.59929 4498382 | 41.48054
5.933413 | 41.92047 6.699029 | 38.50913 4.951456 | 40.35273
6.320773 | 41.22596 7.313916 | 37.52543 5.372168 | 39.36995
6.77311 40.47631 7.928803 | 36.63912 5.825243 | 38.38334
7.257796 | 39.73764 8.673139 | 35.68703 6.278317 | 37.47917
7.77497 39.01598 9.385113 | 34.88763 6.699029 | 36.72061
8.38947 38.23745 10.25892 | 34.03883 7.184466 | 35.95109
9.036459 | 37.49679 11.35922 | 33.15695 7.669903 | 35.29939
9.84575 36.66397 12.45955 | 32.45959 8.187702 | 34.71642
10.68781 35.89039 13.62431 31.89378 8.737864 | 34.19631
11.49765 | 35.21964 14.75728 | 31.48544 9.385113 | 33.67524
12.4698 34.48672 15.98706 | 31.16743 10.12945 | 33.14835
13.34476 | 33.87665 17.15213 | 30.95482 11.00324 | 32.61083
14.18738 | 33.32954 18.38188 | 30.78976 12.03883 | 32.07763
15.15994 | 32.74685 19.74113 | 30.64769 13.20388 | 31.59858
16.03532 | 32.26844 2113269 | 30.54843 14.36893 | 31.23119
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17.00844 | 31.80011 23.00971 30.45143 15.59871 | 30.94592
18.01419 | 31.40657 2540453 | 30.34493 16.82848 | 30.74651
19.05256 | 31.10179 27.02265 | 30.25298 17.96117 | 30.62175
20.1884 30.85857 28.02265 | 30.21123 19.28803 | 30.51901
2129176 | 30.67384 29.02913 | 30.15032 2048544 | 30.42944
22.49257 | 30.49363 29.99913 | 30.15032 21.65049 | 30.34536
23.62855 | 30.32289 30.97087 | 30.11333 22.94498 | 30.25328
24.66748 | 30.17821 31.97087 | 30.07333 24.25566 | 30.17331
2590148 | 30.05581 32.52427 | 30.02724 25.74434 | 30.10143
27.20073 | 30.00072 33.52427 | 30.02724 27.45955 | 30.05053
28.66257 | 29.99451 34.53272 | 29.99957 29.14239 | 30.02275
30.35182 | 29.99962 35.24272 | 29.99957 30.7767 30.00219
32.33346 | 30.00028 36.45392 | 29.99952 32.55663 | 29.99227
3447755 | 29.99998 37.31392 | 29.99952 34.23948 | 29.99265
36.71091 29.99999 37.90302 | 29.99997 35.85761 | 29.99678
37.98591 29.99999 38.36033 | 29.99997 37.41112 | 29.99993
38.98591 29.99999 39.04693 | 30.00005 38.57605 | 30.00005
39.04173 | 29.99999 39.54693 | 30.00004 39.137 30.00003
39.98535 | 29.99999 39.92t28 30.00003 39.67638 | 3.000002
40 30.00001 40 30.00002 40 30

Table 12 shows the uptake measured by G-LTJ test bed for composite sorbents

containing 0-20 wt. % graphite flake to assess the effect of additives on sorbent uptake.

The data was measured every second and smoothed using MATLAB software.

Table 12. Uptake measurements from G-LTJ test bed for composite sorbents
containing $=0-20 wt.% graphite flake

©=0% ©=10% ©=20%

Time(min) | w (gH20/gsorbent) | Time(min) W (gH20/gsorbent) | Time(min) W (gH20/gsorbent)
0 0 0 0 0 0.
0.096722 0.002785 0.001782 0.004323 0.095753 0.005033
0.037658 0.009785 0.092357 0.2421391 0.168784 0.010332
0.557491 0.016875 0.17823 0.557491 0.279722 0.015212
0.836237 0.023801 0.286048 0.836237 0.419582 0.021199
1.254355 0.033942 0.429518 1.254355 0.699301 0.032855
1.672474 0.043707 0.572988 1.672474 0.839161 0.038452
2.090592 0.053061 0.856809 2.090592 0.979021 0.043872
2.369338 0.059055 1.143303 2.369338 1.118881 0.049118
2.508711 0.061975 1.428463 2.508711 1.258741 0.054184
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2.926829 0.070418 1.713617 2.926829 1.538462 0.063772
3.205575 0.075769 1.997884 3.205575 1.678322 0.068281
3.484321 0.080892 2.141799 3.484321 1.818182 0.072587
4.041812 0.090489 2.425174 4.041812 2.097902 0.080559
4.320557 0.094988 2.569089 4.320557 2.237762 0.084243
4.738676 0.101385 2.852913 4.738676 2.517483 0.091062
5.017422 0.105427 3.136731 5.017422 2.657343 0.094221
5.435543 0.111171 3.420551 5.435542 2.937063 0.100093
5.714286 0.114803 3.704372 5.714286 3.216783 0.105432
6.132404 0.119982 4.127652 6.132404 3.496503 0.110322
6.411152 0.123272 4.411028 6.411152 3.776224 0.114844
6.968641 0.129502 4.835199 6.968641 4.055944 0.119068
7.665505 0.136741 5.258925 7.665505 4.475524 0.124911
8.222997 0.142155 5.683097 8.222997 4755245 0.128513
8.919861 0.148528 6.107268 8.919861 5.174825 0.133511
9.895472 0.156832 6.530994 9.895472 5.454545 0.136598
10.23171 0.163401 7.095517 10.23171 5.874126 0.140883
10.73171 0.160401 7.660933 10.73171 6.153846 0.143524
11.06794 0.165466 8.506622 11.06794 6.573427 0.147187
11.56794 0.169466 9.352715 11.56794 7.272727 0.152567
11.90418 0.170033 10.47998 11.90418 7.692308 0.155392
12.40418 0.175033 11.18396 12.40418 8.251748 0.158718
13.04916 0.178169 12.02874 13.04916 8.811189 0.161583
13.51916 0.181685 12.73317 13.51916 9.370629 0.164026
14.03415 0.187471 13.29635 14.03415 10.34965 0.167408
14.63415 0.187472 13.85954 14.63415 11.04895 0.169237
15.00976 0.189184 14.42317 15.00976 11.88811 0.170924
15.60976 0.191844 15.54776 15.60976 12.72727 0.172196
16.16411 0.192677 16.39123 16.16411 13.70629 0.173363
16.86411 0.196677 17.09429 16.86411 14.26573 0.173961
17.37909 0.198633 17.91843 17.37909 14.96503 0.174608
17.97909 0.200633 18.21843 17.97909 16.08392 0.175492
18.91222 0.204687 19.48159 18.91223 16.78322 0.175968
19.51224 0.205687 20.48159 19.51224 17.34266 0.176313
20.90592 0.209859 21.02634 20.90592 18.32168 0.176851
21.80592 0.211859 21.92634 21.80592 19.44056 0.177378
22.16028 0.213242 22.71055 22.16028 20.55944 0.177837
22.96028 0.215242 23.91055 22.96028 21.39864 0.178152
23.41463 0.215943 24.77412 23.41463 22.09792 0.178403
24.41463 0.216243 25.09741 24.41463 22.79721 0.178652
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25.50523 0.219342 26.922422 25.50523 23.77622 0.179003
25.90523 0.220342 27.922422 25.90523 24.75524 0.179377
26.62021 0.221028 28.20838 26.62021 25.87413 0.179853
27.13021 0.222028 29.30838 27.13021 26.99301 0.180403
27.87456 0.223492 30.27374 27.87456 28.39161 0.181153
28.17456 0.223892 31.27374 28.17456 29.65035 0.181662
28.68641 0.224014 32.95795 28.68641 30.90909 0.182028
29.68641 0.224794 33.52795 29.68641 32.02797 0.182464
31.29512 0.225062 34.34392 31.29512 33.56643 0.183013
32.19512 0.225362 35.34392 32.19512 35.10492 0.183378
33.81882 0.225858 36.02813 33.81882 36.50351 0.183536
35.81882 0.226058 37.02813 35.81882 38.18182 0.183553
37.28815 0.226226 38.05313 37.28815 39.86014 0.183544
38.18815 0.226726 38.85313 38.18815 40 0.183544
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Appendix B. Matlab code for 2-D analytical model in
cylindrical coordinate for PF-HMX

clc
clearvars

format long
global Lambda;

no_gamma=2;

0.15 0.21];
7,2.80936E-07,

grrr=[0 0.
alpha sss=
98E-06];

p _l=polyfit(grrr,alpha sss,2);

1
0

$L temp=[1 1.5 2 2.5 3]1*0.01;
$R_f temp=[1 1.5 2 2.5 3]1*0.001;
$t s temp=[1 1.5 2 2.5 3]1%0.001;
$time temp=[5 6.25 7.5 8.75 10]*6
t w temp=[4 5 6 7 8]*0.001;

o

s gr_temp=[0 5 10 15 201*0.01;
$for m=1:5

sgr=gr_temp(l,m);

time=300;

Aluminum @ 40
rho g=2699;

c p g=909;

k r=167;

k z=167;
alpha z=k z/(
alpha r=k r/(

X
°

ho
ho

)
)

rho_g*c p g
rho_g*c_p_g

’
’

o
°

h £g=2498000; J/kg
h ads=2777777.77; %
c_p _tube=c p g;

c p w=4186;

w_des 0=0.41695;

1 t=2*t s+R f; % tube length

J/kg
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measure the rest
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$5%%5%%%5%%%5%%%5%%%5%% h_dp RE Nu

D H=2*t w; % hydraulic diameter

rho w=992.2;

Q flow=7; % 1/min

mdot=Q flow*0.00l*rho w/60;

t 1=0.013; % Tube width of the cross section????2?2??

k w=0.6178; % water conductivity

mu w=0.001002; % water viscosity

Pr=7.154;

Re=2*mdot/ (mu_w*t 1);

f fric=(1.82*1logl0(Re)-1.64)"-2; % friction factor

Nu=((f fric*Re*Pr/8)/(1.07+12.7*(f fric/8)"0.5*(Pr"(2/3)-
1)))*(0.0006533/0.0005758)70.11; % only a function of t 1 not t w
(Holman page 282)

h f=Nu*k w/D H;

t £=0.002; %mm Thickness of the tube itself

R fluid=(1/h _f)+(t_t/k _=z);

T £=30+273.15; %degree C
Theta 0=T O0-T f;

t l=sym(linspace(1l,time,20));
kesi=linspace (0,1,20);

x 1=R f/(t_s+R _f);

$number of layers in eta direction
dxx=x_1/65;

eta f=0.0000001:dxx:x_1;

eta s=x l:dxx:1+dxx;

eta original=[eta f(l:end-1),eta s(l:end)];
eta plot=[eta f(l:end),eta s(l:end-1)];
a ads=-0.0108*(1-gr)*0.6523/0.8;

alpha s=polyval(p 1,g9r);

k s=rho cp*alpha s;

a=a_ads;
alpha s=k s/ (rho _cp-rho s*h ads*a);

k ave=(k_s+k z)/2;% kavg?

%%%ta inja%$%%s

Lambda=L/ (k_ave*R fluid); %chra TCR ndarim?
k=k s/k_r;

Lambda c=(t s+R _f)/(k r*TCR*A);

Fo=sym(t l*alpha z/(L"2));
delta=L/ (t_s+R_f);
mu_r=(alpha r/alpha z)"0.5;
mu_s=(alpha s/alpha z)"0.5

’
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roots=zeros (1, length(xx));
my roots=zeros(1l,1);
for i=2:length (xx)
roots (i)=fzero (@gamma_ func,xx(i));
if (abs(gamma func(roots(i))))<le-4
if roots(i)>0
my roots(l,end+1l)=roots (1)
end
end
end
gamma_temp=zeros (1, length (my roots)-1);
for i=2:length (my roots)
gamma_temp (l,i-1)=my roots(l,1i);
end
gamma_c=[min (gamma_ temp) ];

for j=1:no_gamma
min gamma=1000;
gamma_temp=gamma_ temp-gamma c(l,end)-0.0001;
for i=l:length (gamma_ temp)
if gamma temp (1,1)>0
if gamma temp (l,1i)<min_ gamma
min gamma=gamma_ temp (1,1);
end
end
end
min gamma=min_ gamma+gamma c(1l,end)+0.0001;
gamma_temp=gamma_ temp+gamma c(1,end)+0.0001;
gamma_c (1, end+1)=min gamma;
end
gamma_all=sym(gamma_ c) ;

3%%%%5%%%%%% Gamma
% n_layer=n layer f+n layer s-1; % number of intervals+TCR

Theta=zeros (length(kesi), length(eta original),length(Fo));

for i gamma=1:1
gamma=gamma_all (1,1 gamma) ;
g_f=(gamma) "2*r f; % for each gamma
g s=(mu_s*gamma) "2*r s; % for each gamma
eta=zeros(1l,1);
eta=eta original;

for i landa=1:1

for k=1l:length(eta)-1

Always for TCR and others

x k I=eta(l,k);

x_k=eta(l,k+1);

if eta(l,k)<x 1 $inside fin
%1 k(1l,k)=eta(l,k+l)-eta(l,k);
p k(1,k)=p_£;

o° oo

- oo
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r k(1,k)=r_f£f;
g k(l,k)=q f;

elseif eta(l,k)>x 1 %inside sorbent
%1 k(1l,k)=eta(l,k+l)-eta(l,k);
p_k(1,k)=p_s;
r k(1,k)=r_s;
q_k(1,k)=q_s;
else
1 k(1,k)=eta(l,k+l)-eta(l, k);
1 TCR=1 k(1,Xk);
p k(l,k)=1 k(1,k)*(t_s+R_f)/(TCR*A);
r k(1,k)=0;
q_k(1,k)=0;
w_k(1,k)=0;
end
end
5555555555555 %%5%%%%5%%%5%5%555%555%5%%%5%%%%%%5%%%%5%%%5%5%5%%%55%%5%%%%%%5%%%%%%
3%9%%5%%5%%%%5%5%%5%%%%5%%%%%%% landa loop while
landa 1=0;
landa _hat 01d=0.000;
Eps i=0.01;
delta hat=0.001;
landa hat=landa hat old+delta hat;
landa u=landa hat;
while (2>1)
5555555555555 5%5%55%5%555%555%5%55%5%%5%5%55%5%55%5%55%5%55%5%5%%5%%5%5%5%%%%
NO & s k
NO (1,1 landa)=0;
s _k(1,i landa)=0;
55555555555 55%555%555%555%555%555555%5555555%55%5%55%5%55%5%555%55%5%55%5%5%%5%5%%5%%%%

for k=1l:length(eta)-1

syms z
if zeta(l,k)<x 1
w_k(l,k)=((landa_hat*r_f—q_f)/p_f)AO.S;
elseif zeta(l,k)>x 1
w_k(l,k)=((landa_hat*r s-q s)/p _s)”0.5;
end

%$count NO roots number
x = linspace (0.001,landa_hat,2);

if eta(l,k)<x 1
fx=(besselj (0,eta(l,k)* ((x*r f-
g f)/p _£f).70.5).*bessely(0,eta(l,k+1)* ((x*r f-q f)/p f).”0.5))-
(besselj (0,eta (1, k+1) * ((x*r_f-
q f)/p £).70.5).*bessely(0,eta(l,k)*((x*r f-q f)/p £).70.5));
elseif eta(l,k)>x 1
fx=(besselj (0,eta(l,k)* ((x*r_s-
g s)/p_s).”0.5).*bessely(0,eta(l,k+1)* ((x*r s-q s)/p_s)."0.5))~-
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(besselj (0,eta (1, k+1) * ((x*r_s-
g s)/p_s).”0.5).*bessely(0,eta(l,k)*((x*r s-q s)/p_s).%0.5));

end
sign fx = sign(fx);
count = 0;
for i=2:length(sign_ fx)
if sign fx (i) ~= sign fx(i-1) && sign fx (i) ~= 0
&& sign fx(i-1) ~= 0
count = count + 1;
disp(sprintf ('A root is between x = $f and
s, x(i-1),x(1)));
end

end

$ counter (1, k)=sum(abs (diff (sign fx))/2)

disp (sprintf ('The number of sign changes is %i at %i in
sf',count,k, landa hat))

if w k(1,k)"2>0

A k(l,k)=p k(1,k)*w _k(1,k)*(-
besselj (0,w_k(1,k)*eta(l,k))*bessely(l,w _k(1l,k)*eta(l,k+l))+bessel](l,w
_k(1,k)*eta(l,k+1))*bessely(0,w _k(1l,k)*eta(l,k)))/ (besselj(0,w k(1,k)*e

a(l,k))*bessely(0,w _k(1,k)*eta(l,k+1))-
besselj (0,w_k(1,k)*eta(l,k+1l))*bessely(0,w_k(1l,k)*eta(l,k)));

B k(1,k)=-p k(1,k)*w _k(1,k)*(-
besselj(1,w_k(1,k)*eta(l,k+1l))*bessely(0,w _k(1l,k)*eta(l,k+l))+bessel] (0
,w_k(1l,k)*eta(l,k+1))*bessely(l,w _k(1l,k)*eta(l,k+1l)))/ (bessel](0,w_k(1,
k) *eta(1l,k)) *bessely(0,w _k(1,k)*eta(l,k+l))-
besselj (0,w_k(1,k)*eta(l,k+1l))*bessely(0,w_k(1l,k)*eta(l,k)));

elseif w _k(1,k)"2==0
B k(1, k):—p k(1,k)*(1/eta(l,k+1))/(log(eta(l,k))-
log(eta(l,k+1)));
A k(1,k)=B k(1,k);

else

w_k star(l,k)=(abs(w_k(1,k)"2))"0.5;

A k(l,k)=p k(1,k)*w k star(l,k)*(
besseli(0,w_k star(l,k)*eta(l,k))*besselk(l,w k star(l,k)*eta(l,k+1l)
besseli(l,w_k star(l,k)*eta(l,k+1))*besselk(0,w _k star(l,k)*eta(l,k)
(besseli (0,w_k star(l,k)*eta(l,k))*besselk(0,w_k star(l,k)*eta(l, k+1
besseli(0,w_k star(l,k)*eta(l,k+1l))*besselk(0,w _k star(l,k)*eta(l,k)

B k(1,k)=-
p_k(l,k)*w_k star(l,k)*(besseli(l,w _k star(l,k)*eta(l,k+l))*besselk(0,w
_k star(l,k)*eta(l,k+l))+besseli(0,w_k star(l,k)*eta(l,k+1l))*besselk(l,
w_k star(l,k)*eta(l,k+1l)))/(besseli(0,w_k star(l,k)*eta(l,k))*besselk(0
,W_k star(l,k)*eta(l,k+1))-
besseli(0,w_k star(l,k)*eta(l,k+1l))*besselk(0,w k star(l,k)*eta(l,k)));

)_
))/
)) -
)) i
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D k(1,1)=1;
D k(1,2)=A k(1,1); % this is correct not Al bar
if k>1 && k<length (eta)
D k(1,k+1)=D k(1,k)
1)*B_k(1,k-1)"2;
elseif k==length(eta)-1
D k(1,k+1)=D k(1,k)*(A k(1,k))-D k(1,k-1)*B k(1,k-
1)"2;
end

if (D _k(1,k+1)/D k(1,k))<0
s k(1,1 landa)=s k(1,1 landa)+1;
end

900 o0 o 000000000000000000000000 900 990000

N landa(l,i landa)=NO(l,i landa)+s_k(1,i landa);
if N landa(l,i landa)>=i landa
landa u=landa hat;
delta landa=abs(landa u-landa 1);
if delta landa<=Eps i
Landa (i _gamma,i landa)=sym((landa u+landa 1)/2);
break; % from while loop
else
Landa_ hat=(landa ut+landa 1)/2;
end
else
landa 1=landa hat;
if landa hat==landa_hat old+delta hat
landa hat old=landa hat;
landa hat=landa hat old+delta hat;
landa u=landa hat;
elseif Landa hat==(landa u+landa 1)/2;
delta landa=als(landa u-landa 1);
if delta landa<=Eps i

Landa (i _gamma,i landa)=sym((landa u+landa 1)/2);
break; % from while loop
else
Landa_ hat=(landa ut+landa 1)/2;
end
end
end
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e e
l:length(eta)-1
% Always for TCR and others
x k l=eta(l,k);
% x_k=eta(l,k+1);
if eta(l,k)<x 1
1 k(1,k)=eta(l,k+1)-eta(l,k);
p_k(1,k)=p f;
r k(1,k)=r_ £;
g k(1,k)=g f;
elseif eta(l,k

7>x 1
1 k(1,k)=et

f
f
f
a(l,k+l)-eta(l,k);
_si

_si
_S.

’

oe

if 1 gamma==1 && i landa==
1 k(1,k)=1 TCR;
else
1 k(1,k)=eta(l,k+l)-eta(l,k);

end
1 k(1l,k)=eta(l,k+1l)-eta(l,k);

o oo oe

oe

p k(1,k)=1 k(1,k)*(t_s+R_f)/(TCR*A);
r k(1,k)=0;
q k(1,k)=0;
w k(1l,k)=0;
end
end
for k=1l:length(eta)-1
if eta(l,k)<x 1
w_k(1,k)=((Landa(i gamma,i landa)*r f-g f)/p £f)"0.5;

elseif eta(l,k)>x 1
w_k(1l,k)=((Landa(i gamma,i landa)*r s-q s)/p_s)"0.5;
end

if w k(1,k)"2>0

A k(1,k)=p_k(1,k)*w_k(1,k)* (=
bessel]j (0,w_k(1,k)*eta(l,k))*bessely(l,w _k(l,k)*eta(l,k+l))+bessel](l,w
_k(1,k)*eta(l,k+l))*bessely(0,w_k(1l,k)*eta(l,k)))/ (bessel](0,w k(1l,k)*e
ta(l,k))*bessely(0,w _k(1,k)*eta(l,k+1l))-
besselj (0,w_k(1,k)*eta(l,k+1l))*bessely(0,w_k(1l,k)*eta(l,k)));
B_k(1,k)=-p_k(1,k)*w_k(1,k)*(-
besselj(1,w_k(1,k)*eta(l,k+1l))*bessely(0,w_k(1l,k)*eta(l,k+l))+bessel] (0
,w_k(1,k)*eta(l,k+1l)) *bessely(l,w k(1,k)*eta(l,k+1l)))/ (besselj(0,w k(1,
k) *eta(1l,k)) *bessely(0,w _k(1,k)*eta(l,k+l))-
besselj (0,w_k(1,k)*eta(l,k+1l))*bessely(0,w_k(1l,k)*eta(l,k)));
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elseif w k(1,k)"2==0
B k(1,k)=-p k(1,k)*(1/eta(l,k+1))/(log(eta(l, k))~-
log(eta(l,k+1)));
A k(1,k)=B k(1,k);

else

w_k star(l,k)=(abs(w _k(1,k)"2))"0.5;

A k(1,k)=p k(1,k)*w k star(l,k)*(-
besseli(0,w_k star(l,k)*eta(l,k))*besselk(l,w k star(l,k)*eta(l,k+l))
besseli(l,w_k star(l,k)*eta(l,k+1l))*besselk(0,w _k star(l,k)*eta(l,k))
(besseli (0,w_k star(l,k)*eta(l,k))*besselk(0,w_k star(l,k)*eta(l,k+1)
besseli(0,w_k star(l,k)*eta(l,k+1l))*besselk(0,w k star(l,k)*eta(l,k))

B k(1,k)=-
p_k(1l,k)*w k star(l,k)*(besseli(l,w k star(l,k)*eta(l,k+l))*besselk(0,w
_k star(l,k)*eta(l,k+l))+besseli(0,w_k star(l,k)*eta(l,k+1l))*besselk(l,
w_k star(l,k)*eta(l,k+1l)))/ (besseli(0,w _k star(l,k)*eta(l,k))*besselk(0
;W_k star(l,k)*eta(l,k+1))-
besseli(0,w_k star(l,k)*eta(l,k+1))*besselk(0,w k star(l,k)*eta(l, k)));

)
)
)

’

end
end
Xi(i gamma,i landa,l)=-1; % eigenfunction at x O

Xi(i gamma,i landa,2)=-A k(1,1)/B k(1,1); % eigenfunction at

for k=1l:length(eta)-2

Xi(i gamma,i landa,k+2)=((A k(1,k)+A k(1,k+1))*Xi(i gamma,i landa,k+1)-
B k(1,k)*Xi(i gamma,i landa,k))/B k(1l,k+1l); % eigenfunction at x k+1
end
% Err (i _gamma, i landa)=(Eps max*length (eta))-abs (-
1,length(eta)-1)*psi (i _gamma,i landa,length (eta)-
(1,length(eta)-1)*psi(i gamma,i landa,length(eta))); % Must be

=t
o + ~
w2
W‘\

gamma, 1)

=
Q
5

3
~

(cos (2*gamma) -1) -

2*gamma* (tan (gamma) ~2+1) )/ (4*gamma) ; Scorrect
num_ gamma (i gamma, l)=tan (gamma) /gamma; %correct
N landa (i gamma,i landa)=0;
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num landa (i _gamma, i landa)=0;
for k=1l:length(eta)-1
if w k(1,k)"2>0

Ul(1l,k)=(besselj (0,w k(1,k)*z)*bessely(0,w _k(1l,k)*eta(l,k+l))-

besselj (0,w _k(1,k)*eta(l,k+l))*bessely(0,w k(1,k)*z))/ (bessel]j(0,w k(1,
k) *eta (1, k)) *bessely(0,w_k(1,k)*eta(1l,k+1))-

besselj (0,w_k(1,k)*eta(l,k+1l))*bessely(0,w_k(1,k)*eta(l,k)));

V1(1l,k)=(bessel]j(0,w _k(1l,k)*eta(l,k))*bessely(0,w_k(l,k)*z)-

besselj (0,w _k(1,k)*z)*bessely(0,w _k(l,k)*eta(l,k)))/ (bessel](0,w_k(l,k)
*eta(l,k)) *bessely(0,w_k(1,k)*eta(l,k+1))-

besselj (0,w_k(1,k)*eta(l,k+1l))*bessely(0,w_k(1,k)*eta(l,k)));

N landa (i _gamma,i landa)=N landa (i gamma,i landa)+r k(1,k)*int (z* ((Ul (1
, k) *Xi (i gamma,i landa, k)+V1(1l,k)*Xi(i gamma,i landa,k+1l))"2),z,eta(l,k
),eta(l,k+1));

num landa (i gamma,i landa)=num landa (i gamma,i landa)+r_ k(1l,k)*int (z* (U
1(1,k)*Xi(i gamma,i landa,k)+V1(1l,k)*Xi(i gamma,i landa,k+1l)),z,eta(l,k
)y,eta(l,k+1));

elseif w _k(1,k)"2==0
U3(1,k)=(log(z)-log(eta(l,k+1)))/(log(eta(l,k))-
log(eta(l,k+1)));

N landa (i _gamma,i landa)=N landa (i gamma,i landa)+r k(1,k)*int (z* ((U3(1
, k) *Xi (i gamma,i landa, k) -
U3(1,k)*Xi(i gamma,i landa,k+1l))"2),z,eta(l,k),eta(l,k+l));

num landa (i gamma,i landa)=num landa (i gamma,i landa)+r_ k(1l,k)*int (z* (U
3(1,k)*Xi(i gamma,i landa, k)-
U3(1,k)*Xi(i gamma,i landa,k+1l)),z,eta(l,k),eta(l,k+1));

else

U2 (1,k)=(besseli(0,w_k star(l,k)*z)*besselk(0,w_k star(l,k)*eta(l,k+1))
besseli(0,w_k star(l,k)*eta(l,k+l))*besselk(0,w _k star(l,k)*z))/ (bessel
i(0,w_k star(l,k)*eta(l,k))*besselk(0,w _k star(l,k)*eta(l,k+l))-

besseli(0,w_k star(l,k)*eta(l,k+1l))*besselk(0,w k star(l,k)*eta(l,k)));

V2 (1l,k)=(besseli(0,w_k star(l,k)*eta(l,k))*besselk(0,w k star(l,k)*z)-
besseli(0,w_k star(l,k)*z)*besselk(0,w k star(l,k)*eta(l,k)))/ (besseli(
O,w k star(l,k)*eta(l,k))*besselk(0,w k star(l,k)*eta(l,k+1l))-

besseli(0,w_k star(l,k)*eta(l,k+1l)) *besselk(0,w _k star(l,k)*eta(l, k)));

N landa (i gamma,i landa)=N landa (i gamma,i landa)+r k(1,k)*int (z* ((U2(1
, k) *Xi (i gamma,i landa, k)+V2(1l,k)*Xi(i gamma,i landa,k+1l))"2),z,eta(l,k
)y,eta(l,k+1));

num landa (i gamma,i landa)=num landa (i gamma,i landa)+r k(1,k)*int (z* (U
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2(1,k)*Xi(i _gamma,i landa,k)+V2(1l,k)*Xi(i gamma,i landa,k+1l)),z,eta(l,k
),eta(l,k+1));
end

PPP k(1,k)=p k(1l,k)*w k(1,k)*(((besselj(0,w k(1l,k)*eta(l,k+1l))*bessely
1,w k(1,k)*eta(l,k)))-
(besselj(l,w_k(l,k)*eta(l,k))*bessely(o,w_k(l,k)*eta(l,k+l))))/((bessel
J(0,w k(1,k)*eta(l,k))*bessely(0,w k(1,k)*eta(l,k+l)))-
(besselj (0,w k(1,k)*eta(l,k+1))*bessely(0,w k(1,k)*eta(l,k)))));

5 000 k(1,k)=-
p_k(l,k)*w k(1,k)*(((bessel]j(0,w k(1l,k)*eta(l,k))*bessely(l,w _k(1l,k)*et
a(l,x)))-
(besselj(l,w_k(l,k)*eta(l,k))*bessely(O,w_k(l,k)*eta(l,k))))/((besselj(
O,w k(1,k)*eta(l,k))*bessely(0,w k(1,k)*eta(l,k+1)))-
(besselj (0,w_k(1,k)*eta(l,k+1l))*bessely(0,w _k(1l,k)*eta(l,k)))));;

=

%N landa (i gamma,i landa)=N landa (i gamma,i landa)+r k(1,k)*((((eta(l,k
+1) *(Xi (i _gamma,i landa,k+1l))"2)-
((eta(l,k)*(Xi(i gamma,i landa,k))”"2)))/2)+...

°

(((l/p_k(l,k)) ((P_k(1,k)*Xi(i gamma,i landa,k))+(Q k(1,k)*Xi(i gamma,i
_landa,k+1)))) "2/ (2*w_k(1,k)"2))~-
(((L/p_k(1,k))*((PPP_k(1l,k)*Xi(i gamma,i landa,k))+(Q0Q k(1,k)*Xi(i gam
ma,i landa,k+1))))"2/(2*w_k(1,k)"2)));

*

snum_landa (i _gamma, i landa)=num landa (i gamma,i landa)+r k(1l,k)* ((Xi(i_
gamma,i landa, k+1)+Xi (i gamma,i landa,k))* (B k(1,k)-
A k(1,k))/(p_k(1,k)*(w k(1,k)"2)));
end
end

C(i_gamma,i landa)=Theta O*num gamma (i gamma,l) *num landa (i gamma,i lan
da)/ (N_gamma (i _gamma, l)*N_ landa (i gamma,i landa));

9900000000000 00000000 990000000000 000 0 9900000000000 000000000000

0000000000000000000000000

35%%%5%%%5%%%%5%%%5%%%5%%%5%%%% C(1 gamma,i landa)
©0000000000000000000000000000000000000000000000000000000000000000000000
OO0OO0OO0OO0OOOO0OOOODOOODOOODODOOOOOODODOOODOOODODOOODOOODODOOODOOODODOODODODOODODOOODOOODODOOODOOODOD©OOO™©

9900000000000 0000000000000000000000000000000000

: t
for k=1l:length a
if abs(eta(l,k)-eta original(1l,kk))<le-5
for i t=1l:length(Fo)
for i kesi=l:length (kesi)

psi=cos (gamma*kesi (1,i kesi))+tan(gamma) *sin(gamma*kesi (1,1 kesi));

Theta (i _kesi,kk,i t)=Theta(i kesi,kk,i t)+C(i gamma,i landa) *psi*Xi(i g
amma, i landa, k) *exp (-Landa (1i_gamma,i landa)*Fo(l,i t));
end
end
end
end
end
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end
for i t=l:length(t 1)

T sorb ave(i t,1l)=mean(mean(Theta(:,length(eta f)+l:length(eta plot),i
t)),2);
end

m_sorb=pi*L* (((t_s+R f)"2)-R f*2)*rho_s;
m HEX=pi*L*R f~2*rho g;
m_tube=pi*t t* ((R_f+t s)”"2)*rho _g;
m_HEX=m HEX+m tube;

k _ratio=m HEX/m sorb;

dw=a_ ads* (T_sorb _ave(20,1)-T sorb ave(l,1));

SCP=zeros (1,2);

SCP(1,1)=0.5*dw*h_ fg/(t 1(1,20)-t 1(1,1)); $%% gr included in
a ads

W _pump=((1/(t_140.002))*f fric*(l t)~2*Re”3*mu w"3*time/ (4*rho w"2*D H"
3))/100;

Q evap=m_sorb*dw*h fg;

Q des=m_ sorb*dw*h ads;

Q sens=(m_sorb*c p s+m sorb*w des O*c p w+m HEX*c p g)*(67.5-30);

SCP(1,2)=Q evap/(Q des+Q sens+W pump); % COP
SCP(1,3)=m_HEX/m sorb;

SHP=(1+(1/SCP(1,2)))*SCP(1,1);
ESD=zeros (2,2);
ESD(1,1)=(Q des+Q sens)/m_sorb;

ESD(2,1)=Q evap/ (m_sorb+m HEX) ;

ESD(1,2)=(Q des+Q sens+Q evap)/m sorb;

ESD(2,2)=(Q _des+Q sens)/(m _sorb+m HEX);

SP=(Q des+Q sens+Q evap)/ (time*m sorb);

% COPP(1,m)=SCP(1,2);
$SCPP(1,m)=SCP(1,1);

%Qevap (1,m)=Q evap;

%Qdes (1,m)=0Q des;

%Qsens (1,m)=Q sens;

gmhex (1, m)=m_ HEX;

gmsorb (1,m)=m_sorb;

$end
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Appendix C. Drawings of sorber bed heat and mass
exchangers

Figure C.1 shows the CAD drawing used to build the pin-fin sorber bed heat
and mass exchanger (PF-HMX).
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Figure C.1. CAD drawing of the pin fin sorber bed heat and mass exchanger (PF-
HMX), all dimensions are in milimiter.
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