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Abstract

Over the past 200 years, human activities have increased the carbon dioxide content in the
atmosphere by 50% [1]. Currently, this corresponds to a 1.1°C rise above 1850-1900 average
global temperatures in 2011-2020 [2]. If the global average temperature continues to rise past
1.5°C, the human population will face unprecedented climate-related risks and weather events [3].
In 2020, over half (53.5%) of the energy consumed by the space heating sector in Canada was
supplied by fossil fuels [4]. To help reduce fossil fuel emissions and reach 2050 net zero goals a
reduction in greenhouse gas emissions is required. To help address the problem, a heat storage

technology is developed to store thermal energy for use in space heating applications.

The focus on this thesis is on the modelling and simulation of the thermal energy storage
technology developed based on exothermic adsorption process and its validation with experimental
results. The effect of column volume and length to diameter ratios on the performance of the
system have been experimentally studied and simulated. The simulation was carried out by using
gPROMS (general Process Modelling System) software. It incorporates single dimension heat and
mass transfer equations where the radial changes along the column are neglected. The simulation
uses the Guggenheim-Anderson-de Boer (GAB) isotherm model to describe the moisture
equilibrium behaviour with the adsorbent sample. The modelling results show good agreement
with the experimental data. Effects of length to diameter ratios show an increasing trend in energy
storage density with decreasing length to diameter ratios. The fitted model was also coded in
Fortran and implemented in a TRNSY'S (Transient System Simulation Tool) simulation to study
the performance of this energy storage technology in home heating scenarios. Using the results

from the TRNSY'S simulation the economic viability of this technology is explored.
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1.1. Introduction

In 2020, over half (53.5%) of the energy consumed by the space heating sector in Canada was
supplied by fossil fuels [4]. This corresponds to 28.8 Mt of carbon dioxide (CO») released just in
this sector in Canada in 2020 alone [4]. This additional CO> released continues to add to the
already elevated CO; levels in our atmosphere from emissions over the past 200 years. Currently,
the CO; concentration in the atmosphere has risen by 50% over the past 200 years [4]. This
corresponds to a 1.1°C rise above 1850-1900 average global temperatures in 2011-2020 [2]. An
average temperature rise past 1.5 °C will force the population to face unprecedented climate-
related risks and weather events [3]. Therefore, a reduction of emissions is required to help
stop/slow climate change. Currently, renewable energy sources are one of the most attractive
options to help reduce climate change. However, because renewable energy is susceptible to
environmental conditions such as wind speed, temperature, and solar radiation, energy storage
devices are needed to store energy during peak supply times to fill the gaps during low energy

supply times.

In this thesis, adsorptive thermochemical energy storage is explored as a potential technology
to store thermal energy during peak supply times for later discharging in low energy supply times.
Thermochemical energy storage is an attractive option to develop a thermal battery. Unlike
sensible and latent heat storage, thermochemical energy storage is not heavily dependent on the
insulation used to store heat for long periods. Because thermochemical energy storage utilizes a
reversible chemical process to store heat as long as the components are kept separate, the energy
is effectively stored. Because of its high storage efficiency, adsorptive thermochemical energy
storage is a hot topic amongst researchers today. There are many papers published evaluating and
discussing the energy storage density of many different solid adsorbents. Energy storage density
(ESD) is used to describe the performance of the solid adsorbent indicating how much heat it is
able to supply per m® or kg of adsorbent. Yang et al. (2023) evaluated the energy storage density
of different salt hydrate adsorption materials showing a wide range of energy storage densities
from 0.378 kWh/kg to 0.08 kWh/kg [5]. The highest ESD evaluated by Yang et al (2023) was
magnesium sulphate heptahydrate and was evaluated to be 0.378 kWh/kg while the lowest one
evaluated was strontium chloride hexahydrate with an ESD of 0.08 kWh/kg [5]. Yang et al (2024)
investigated a silica gel-based adsorbent impregnated with magnesium sulphate and its potential

to supply building heating [6]. They evaluated the ESD of this material to be 0.198 kWh/kg with
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a maximum output power of 89.17 kW [6]. They also found that increasing the desorption
temperature up to 110°C had a positive impact on the energy storage density allowing for more
water to be desorbed and more energy to be recovered giving rise to a higher energy storage
density. This finding is corroborated by Strong et al (2022) who studied and optimized the
operating conditions of an open bulk-scale silica gel/water vapour adsorption energy storage
system [7]. They found that past a regeneration temperature of 120°C no appreciable change in
the energy storage density was found meaning 120°C is optimal to regenerate the studied
adsorbents [7]. They also found a dependency on the inlet relative humidity during the adsorption
phase, showing higher energy storage densities with increasing inlet relative humidity. This is
because a higher inlet relative humidity allows for more moisture adsorption and therefore a
higher heat recovery. Also studied by Strong et al (2022) was the effect of flowrate. Authors
found that increasing the flowrate also had a positive effect on the reported energy storage density
up to a point. They found that the energy storage density increased with increasing flowrate and
then subsequently plateaued and no more increase in the energy storage density was observed.
This was attributed to a trade off between increased velocity and pressure drop and decreased
residence times [7]. Higher velocity will allow for a higher convective mass transfer coefficient
enabling more water vapour adsorption [7]. However, these faster velocities also increased the
heat transfer coefficient allowing for more heat to be transferred outside of the adsorption column
[7]. Additionally, higher flowrates increased the pressure drop, and ultimately the pressure at the
inlet of the column [7]. A higher pressure at the inlet of the column allowed for a higher absolute
humidity and thus a higher driving force for mass transfer. On the other hand, higher velocities
also decreased the residence time of water vapour in the column allowing less time for water to
be adsorbed [7]. Based on these findings, an optimal inlet flowrate and relative humidity was
chosen to be 80% relative humidity at 24 SLPM for this study. Shown in Figure 1.1 to Figure 1.3
are the effects of flow rate, inlet relative humidity, and regeneration temperature. Banaei et al
(2021) studied the challenges of using adsorption as a heat storage medium in the residential
sector. They found that increasing the volume of the adsorbent bed increased the energy storage
density linearly [8]. However, in residential sectors where space is limited, increasing column
volume is not desired. Banaei et al 2021 outlined that the main challenges faced by this

technology were space restrictions and affordability stressing the importance of development into



efficient, compact adsorption column designs that increases water vapour-adsorbent contact area

while reducing the size of the system [8].

While there are many papers discussing different adsorbents and their energy storage
densities, little information can be found in regard to adsorption column geometry and its effects
on reported energy storage densities. Additionally, to assess the viability of this technology in
real home heating scenarios a simulation into this technology could give valuable insights to the
potential of this technology. Therefore, the focus on this thesis is assessing the relationship
between column geometry and reported energy storage densities by assessing column length to
diameter ratios and column volume. In addition to assessing the effect of column geometry
simulations of this technology in home heating scenarios can provide valuable insights to the
performance of this technology in real home heating scenarios and is also studied using TRNSY'S

simulation software.

The work of this thesis was done in collaboration with a couple different people. Leonardo
Rubalcava and Jeremy Simanjuntak assisted me with performing and analysing experimental
results while studying the effects of column geometry. Dr. Cynthia Cruickshank from the
Department of Mechanical Engineering at Carleton University provided support and insights into
modelling this technology in TRNSY'S simulation studio. Dr. F. Handan Tezel supported me in
performing computational modelling as well as analysis of raw data collected in her lab at the
University of Ottawa. Dr. Alexandra Mallett from the School of Public Policy and Administration
at Carleton University provided different outlooks on the project from a policy perspective to aid
in conclusions from different points of view. The work that I conducted on this project includes
debugging and revitalizing the experimental setup used to collect experimental data, design of
the adsorption columns used to assess column geometry, collect and analyse experimental data,
develop and implement a mathematical model to model moisture vapour adsorption in gPROMS
simulation software, coding the fitted mathematical model in Fortran for use in a TRNSYS
simulation, developed a TRNSYS simulation to model the thermal battery in home heating
scenarios, and the writeup of this thesis. This thesis is constructed with 4 chapters, Chapter 1 is a
general introduction to the thesis, Chapter 2 is a paper on effects that column geometry has on
reported energy storage density as well as modelling of this process, Chapter 3 summarizes
modelling this thermal battery in TRNSYS and its impacts on home heating, and Chapter 4 is

general conclusions for the thesis.
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Abstract

In 2020, over half (53.5%) of the energy consumed by the space heating sector in Canada
was supplied by fossil fuels [1]. To help reduce fossil fuel emissions and reach 2050 net zero
goals a reduction in greenhouse gas emissions is required. To help reduce emissions in the
residential space heating sector adsorptive thermochemical energy storage is explored as a
potential technology. In this paper, the effect that column geometries have on reported energy
storage densities is explored, namely, length to diameter ratio and column volume. In addition to
studying the effect of column geometries, a mathematical model is developed and fitted using
gPROMS simulation software. The model shows good agreement with the experimental data set
predicting the energy storage density with 85-92% accuracy. Effects observed from studying
column geometry showed a decreasing trend in reported energy storage density with increasing
length to diameter ratios, and an increasing trend of energy storage densities with increasing

column volume.



Nomenclature

Symbol Name Units

a Surface area to volume ratio  m”

C Gas phase concentration mol water/total mol

Cr Fluid heat capacity J/kg moist air/K

Cr Fluid heat capacity J/mol moist air/K

Ci Heat capacity of componenti  J/mol i/K

Cs Solid heat capacity J/kg solid/K

D, Axial diffusivity m’/s

D,, Molecular diffusivity m’/s

d, Particle diameter m

h Solid fluid heat transfer W/m?/K
coefficient

k Boltzman constant J/K

ks Film mass transfer coefficient m/s

kg Fluid thermal conductivity W/m/K

k; Thermal conductivity of W/m/K
component 1

k., Overall mass transfer m/s
coefficient

kg Solid phase mass transfer m/s
coefficient

m Slope of isotherm -

MW, Molecular weight air kg/mol

MW, Molecular weight water kg/mol

Nu, Single particle Nusselt -
number

Nu, Particle bed Nusselt number -

P Total pressure Pa

PH,0 Partial pressure of water Pa

Pr Prandtl number -

q Amount adsorbed wol /kg

q Equilibrium amount adsorbed  mol/kg

R Ideal gas constant J/mol/K

Re Reynolds number -

Sc Schmidt number -

Sh Sherwood number -

t Time s

T Temperature K

T Dimensionless parameter -

Ty Fluid temperature K

T, Solid temperature K

v Column interstitial velocity m/s
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z Position in column m
Z Compressibility factor -
AH Heat of adsorption J/mol
£ Void fraction -
€a Lennard-Jones force constant K

k for air
Eaw Lennard-Jones force constant K

k for air water mixture
Ew Lennard-Jones force constant K

k for water
Ui Viscosity of component i Pas
Uma Viscosity of moist air Pas
Py Fluid density mol moist air/m’
Py Fluid density kg moist air/m’
Ps Solid density Kg solid/m’
Oq Lennard-Jones potential air A4
O aw Collision diameter A
o, Lennard-Jones potential water A4

vapour

Q.w Collision integral -
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Abbreviations

Abbreviation Meaning

CaCl, Calcium chloride

CO2 Carbon dioxide

ESD Energy storage density

GAB Gugenheim Anderson De-Boer
gPROMS General process modelling system
H>O Water

L/D Length to Diameter

MFC Mass flow controllers

NRCan National Resources Canada
PFD Process flow diagram

RH Relative humidity

SG Silica Gel

SLPM Standard liters per minute

TES Thermal energy storage

\Y Volume
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2.1. Introduction/Background

Over the past 200 years, human activities have increased the carbon dioxide content in the
atmosphere by 50% [2]. Currently, this corresponds to a 1.1°C rise above 1850-1900 average
global temperatures in 2011-2020 [3]. If the global average temperature continues to rise past
1.5°C, the human population will face unprecedented climate-related risks and weather events
[4]. In 2020, over half (53.5%) of the energy consumed by the space heating sector in Canada
was supplied by fossil fuels [1]. To help reduce fossil fuel emissions and reach 2050 net zero
goals a reduction in greenhouse gas emissions is required. To do this, the world’s energy systems
are starting to “decentralize, decarbonize, and democratize” moving away from fossil fuels [5].
One of the most attractive options to do this is the use of renewable energy sources. However,
because energy generation from renewable sources are susceptible to environmental conditions
such as wind, solar radiation, and temperature, energy storage technologies must be developed to
help with low energy supply times and ensure a reliable supply of energy to end users. To help
address the problem, a thermal energy storage technology is explored for use in space heating
applications reducing the need for fossil fuels and/or electricity demand on the grid. Currently,
there are many types of thermal energy storage technologies such as latent heat storage, sensible
heat storage, and thermochemical energy storage. Sensible and latent heat storage systems use
the sensible and latent heat of the energy storage material to store the energy whereas
thermochemical energy storage systems utilize the heat of a reversible reaction/process to store
energy. The main advantage of thermochemical energy storage compared to sensible and latent
heat storage is the storage efficiency. With latent and sensible heat storage, the energy stored can
be susceptible to losses and inefficiencies if not properly insulated thus reducing the amount of
heat that can be stored. On the other hand, thermochemical energy storage does not pose these
same issues. The main benefit of thermochemical energy storage is the fact that heat is stored in
reversible chemical processes. If the components are kept separate the heat is effectively stored

without any losses. The technology explored in this paper is thermochemical energy storage.

13



The main mechanism behind this technology is the exothermic nature of adsorption.
Adsorption is a mass transfer process in which matter from one phase adsorbs/sticks to a solid in
another phase. This process is generally exothermic in nature, that is, when an adsorbate (matter
that sticks to the solid) changes phase from the fluid phase to the adsorbed phase heat is released.
This released heat is the principle of operation of this technology. In this paper the interaction is
between water vapor and a solid adsorbent. A solid adsorbent is packed in an adsorption column
and humid air is allowed to flow over this solid adsorbent resulting in water adsorption and a
production of dry hot air at the column outlet that can be used in space heating applications. The
focus of this chapter is to model and predict the water vapor adsorption process using
mathematical models as well as study the effect that column geometry (length to diameter ratios)

and column volume has on the reported results.
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2.2. Experimental Setup

Outlined in Figure 2.1 is the process flow diagram (PFD) of the experimental setup used to
collect data. Air is sourced from the building supply and enters at the left of the diagram. The
building supply air enters the system at a pressure of 30.7psia. Two AliCat mass flow controllers
(MFC) control the inlet flow of the dry and wet air streams to achieve a desired relative humidity
at the column inlet. The pressure at the outlet of the MFC’s can range between 18-25 psia. The
dry air stream first enters R-100 which is an adsorptive air dehumidification column before
mixing with the wet air stream. The adsorbent used to dry the dry air stream is drierite. The wet
air stream bubbles through V-101 which is a humid air generation tank that is assisted by
ultrasonic foggers to aid in generating humid air at higher flowrates. Immediately following the
humidifying tank, the wet air stream enters V-102, a water knockout vessel. The purpose of this
vessel is to remove excess water from the stream to ensure no condensation and/or excess water
buildup down stream of the humidifying vessel. Once excess water is knocked out in V-102 the
wet air stream mixes with the dry air stream in mixing chamber V-103 to achieve the desired
relative humidity. V-103 is fitted with temperature, relative humidity sensors as well as a pressure
gauge. These sensors allow the calculation of water concentration in the column inlet stream for
modeling purposes. Following the mixing chamber the flow is either sent through the column or
through the bypass for flow development depending on the progress of the experiment. The flow
direction is controlled by a 3-way diverting valve hooked up to the Lab-View software. The
adsorption column R-101 is outfitted with fiberglass insulation, column skin temperature probes,
as well as inlet and outlet temperature probes to ensure accurate measurement of inlet and outlet
temperature differences. In addition to the sensors, R-101 is also equipped with 2 manual valves
(VLV-103 and VLV-104) to ensure isolation from the rest of the system after regeneration is
complete and cooling us underway. Finally, the flow enters a mock “room” V-104. V-104 is
outfitted with temperature and relative humidity sensors to monitor the progress of the experiment

before flow exhausts to the atmosphere.
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Figure 2.1: Process flow diagram of the thermal energy storage experimental setup.
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2.3. Procedure

Before experiments can begin, the adsorption column must be packed with fresh adsorbent.
First a clean empty column is weighed to get the mass before adsorbent is added. After it is
weighed, the adsorption column is packed with fresh adsorbent ensuring even distribution of
adsorbent throughout the column. Once the adsorbent is added, the column is weighed again to
determine the mass of adsorbent added. Next regeneration is ready to begin. First, dry air flow is
passed over the column until the outlet relative humidity stabilizes at a flowrate of 24SLPM.
Once the outlet relative humidity stabilizes, high temperature regeneration can begin. The heater
is then set at 120°C still under 24 SLPM of dry air flow and the outlet relative humidity is allowed
to stabilize again for a couple hours before regeneration ends. Once regeneration is over, the flow
is turned off and the column valves are closed to isolate the column from the rest of the system.
Once the column is isolated it is allowed to cool overnight. Next, adsorption is ready to begin.
Before moist air flow is sent through the column, the flow must be developed to ensure a steady
flow of 80% relative humidity at 24 SLPM is available for the column. Once flow is developed
through the column bypass, the column valves are opened and flow is sent through the column
until thermal equilibrium is achieved at the column outlet. This adsorption desorption cycle is

repeated 3 times to assess the cyclic stability of the adsorbent.
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2.4. Model Outline

The model was developed using literature as a guide to form the mathematical expressions.
The model was then fitted to experimental data using gPROMS modeling software. The code
scripted in gPROMS is presented in Appendix A.l. Some assumptions were made in the
development of the model. The first assumption is that air is not adsorbed and treated as a carrier
gas. This assumption holds true for the tested adsorbent as the adsorbent readily and preferentially
adsorbs moisture over air. The second assumption made is constant gas velocity. Because the
moisture in the air is only in a very small portion of the overall gas stream, velocity changes with
its adsorption would be negligible. The next assumption made was no pressure drop along the
adsorbent bed. This assumption was implemented knowing the pressure drop along the adsorbent
bed was minimal and negligible. The void fraction in the adsorbent bed was also treated as
constant due to the almost perfect spherical pellets and tight packing of the adsorbent pellets.
Another assumption made concerns the radial changes along the column. It is assumed that there
are no concentration or temperature gradients along the radial axis of the column. This
assumption is valid because there is a high enough superficial gas velocity that axial flow can
dominate any special variations in concentration or temperature in the radial direction.
Additionally, it is assumed that water adsorption is instantaneous on the pellet surface which is
justified knowing the adsorption rate on the pellet surface is very high compared to the diffusion
through the micropores [6]. Finally, the model considers the system to behave adiabatically, that
is, no heat transfer from the column to the outside is considered. This assumption is justified due

to the amount of insulation used in the experimental setup.

2.4.1. Mass Balance

The mass balance in the column was adapted from Cooney 1974 to include axial

diffusion and is shown below in equation (2.1) [7,8].

2%’C acC d o, (1 —¢e\0qg
+ & b (C)+—’fs( )—q=0
z ot

Dzt 21)

Pr

This mass balance in the bulk fluid phase includes axial diffusion, accumulation, convection, and
mass transfer into the adsorbed phase due to adsorption to model the consumption of moisture in
the bulk air stream. Parameters outlined in equation (2.1) include the axial diffusion coefficient

(Dy), the interstitial velocity (v), the moisture concentration (C), solid density (9s), fluid density
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(Pr), column void fraction (¢), and the rate of moisture adsorption (a—Z). To note parameters

denoted with a tild (A) indicate units of mole basis, parameters denoted with a circumflex (A)
indicate units of mass basis, and no accents denotes SI units. The boundary conditions used for
the mass balance were derrived from Danckwerts boundary conditions and are presented below

along with the initial conditions.

C(@|=0=0 (2.2)
C_I(Z)It=0 =0 (2.3)
Z)(€(0) = Cinter
oc; _(5) €O~ Coed o0
0z z=0 DL(O)
oc =0 2.5
2z, = (2.5)

The axial diffusivity can be calculated from the following dimensionless correlation as shown in

equation (2.6) [9].

Dp,
D, = ’e (20 + 0.5ReSc) (2.6)
Equation (2.4) includes the molecular diffusivity (D, ), the column void fraction (¢), the Reynolds
number (Re), and the Schmidt number (Sc¢). The molecular diffusivity can be calculated using

the Chapman-Enskog equation as shown in equation (2.7) [8].

N =

3,1 1
0.001858T2 (i + i
D, = (MWa MWW)

Paawﬂaw

(2.7)

where MW, and MW, is the molecular weight of air and water respectively, T is the absolute
temperature in Kelvin, P is the pressure in atmospheres, ay,, is the collision diameter from the
Lennard-Jones potential, and (2,,, is the collision integral. The collision diameter and the

collision integral can be calculated from the following set of equations [10].

1
Ogqw = E (Ua + O-W) (2.8)

1.06036  0.19300  1.03587 _ 1.76474
aw = T*0'156]0 + e0.47635T" + e1.52996T* + e3-89411IT*

(2.9)
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faw _ [Eatu
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where g, and o,, are the Lennard-Jones potentials of air and water, respectively. The Lennard-
Jones potential of air is 3.617 A and that of water is 2.725 A [10,11]. T* is a parameter defined
by equation (2.10), k is the Boltzman constant, and &,,, is the Lennard-Jones force constant with
constants for air 97 K and for water being 356 K [10,11]. The expression for axial diffusivity also
includes 2 dimensionless numbers, the Reynolds number and the Schmidt number. The Reynolds
number is a dimensionless number which describes the ratio of the inertial forces and the viscous
forces as shown in equation (2.12). The Schmidt number relates the ratio of momentum

diffusivity and mass diffusivity and is described by equation (2.13).

vd

Re = P17 (2.12)
HUma

sc = Hma (2.13)
prm

The Reynolds number is dependent on the density of moist air (pf), the interstitial velocity
(v) which is the superficial velocity divided by the void fraction, the particle diameter (d,), and

the viscosity of moist air (g4). The Schmidt number is dependent on the molecular diffusivity
as calculated in equation (2.7) as well as the gas viscosity and density. The density of moist air

can be calculated following the CIPM-2007 method as shown below [12].

PMW, MW,
= 1-C (1 — )] 2.14
Pr="ZrT [ MW, (214)
PH20
C = .
P (2.15)
szo - CP (216)

P PZ
Z = 1 - F - [ao + alT + a2T2 + (bo + blT)C + (Co + ClT)CZ] + E - (d + eCZ) (217)

where P is the total pressure in Pascals, R is the ideal gas constant, C is the mole fraction of water

in the air stream, Z is the compressibility factor, py,, is the partial pressure of water vapor, and
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C is the concentration of water vapour in the air stream in mol water/ total moles. The
compressibility factor can be calculated using equation (2.17) coupled with fitted parameters
presented in Table 2.1.

Table 2.1: Fitting constants for compressibility factor calculation, fitted by Picard et al. (2008)

through compressibility factor measurements at different temperatures and
compositions of moist air [12]

Parameter Value
a, 1.58123 x10° K Pa’!
a, -2.9331 x108 Pa’!

a, 1.1043 x1071° K! Pa’!
b 5.707x10°° K Pa!

b, -2.051 x108 Pa’!

Co 1.9898 x10* K Pa’!
& -2.376 x10° Pa’!

d 1.83 x107!" K2 Pa

e -0.765 x10®* K* Pa™

The viscosity of moist air can be calculated by using a power law relationship coupled
with fitting parameters knowing the fluid phase mole fraction (C;) and temperature as shown

below [13].

ZZ Citt (2.18)

j=1 ](pl]
1 1 177
B PR LA P Z(MWJ')4 (2.19)
YT B\ T MW, w) \mw, |
T\
Wi = Hoy (T—) (2.20)
0
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Table 2.2: Fitting Parameters for calculation of moist air viscosity, fitted by Kumar (2008)
through viscosity measurements at different temperatures and concentrations [13]

Ho(Pa s) To(K) n,
Ua 1.716x107° 273 0.666
Uy 1.12x107° 350 1.15

. . . ag . .
The change in amount adsorbed with respect to time (a—;{) can be calculated using the linear
driving force model of mass transfer which takes into account the overall mass transfer coefficient

(k.,), the specific surface area of the adsorbent (a), and the driving force between the amount

adsorbed at equilibrium (g*) and the current amount adsorbed (g) as shown in equation (2.21)

[8].

dq R
53¢ = fma (@ - @ (2.21)
1 1
. _m,. - (2.22)
km  kp kg

The overall mass transfer coefficient can be calculated using equation (2.22). This equation

considers the adsorption of water molecules onto the solid film (kf) as well as the diffusion of

water molecules from the film into the solid phase (kg). The specific surface area (a) was
estimated knowing the BET surface area results of a silica gel based adsorbent and the skeletal
density of the simulated adsorbent (2668.6 kg/m?) giving an estimated specific surface area of
1743 m*/m?>. The equilibrium amount adsorbed was estimated using the Gugenheim Anderson
De-Boer (GAB) isotherm model to model the water adsorption isotherm of the tested solid [14].
The GAB isotherm model along with its fitted parameters are presented in equations (2.23-2.26)
and Table 2.3. The parameters presented in Table 2.3 were all estimated using water vapour

experimental adsorption isotherm data on a silica gel (SG) + calcium chloride (CaClz) solid
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adsorbent excluding the parameter (M,,,o). The parameter (M,,,) was instead fitted by gPROMS

using experimental breakthrough curves. M,,, was instead fitted by gPROMS because the solid

examined in this thesis was not the same as the solid used in the isotherm fitting. By changing

only the M,,, parameter the shape of the fitted isotherm to silica gel is retained as well as its

temperature dependence but the maximum adsorption capacity is modified accounting for the

fact that a different adsorbent is used in this work. The parameters M,,,, in equation (2.24), m in

equation (2.22), and kg in equation (2.22) were all estimated in gPROMS to provide the best fit

with the experimental data. Values of the fitted parameters are presented in 7able 2.3.

My BK (Py,0/P)
(1 = K(Pu,0/P))| [t = K(Pu,o/P) + BK (Puyo/P)]

*

q:

M,, = M, exp (Cl_m)

RT

B—p (AHB)
= Dy eXp RT

K=K (AHk)
= K, exp BT

Table 2.3: Fitted Isotherm Parameters by experimental moisture isotherm data and
experimental breakthrough curves for the parameter Muo

(2.23)

(2.24)

(2.25)

(2.26)

Parameter Value
Mo 12.025 mmol/g
Qm 2852.562 J/mol
B, 0.227
AHg 9294.969 J/mol
K, 1.605
AH,, -1537.831 J/mol
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Table 2.4: Parameters fitted by gPROMS parameter estimation tool to experimental
breakthrough curves

Parameter Value
M, 12.025 mmol/g
m 331.302
kg 3.139x10° m/s

The film mass transfer coefficient (ks) was estimated using a dimensionless correlation

for the Sherwood number as shown in equation (2.27) [8].

kexd 1
Sh = fD P = 2.0+ 1.1Sc3Re%6 (2.27)
m
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2.4.2. Energy Balance
The energy balance was adapted from Cooney (1974) [7] and includes axial diffusion,

accumulation in the fluid phase, convection term, accumulation in the solid phase, and heat

generation due to adsorption and is shown in equation (2.28) [7,8].

0 (2.28)

k, 02Ty N 0Ty N 0Ty PsCs (1 - e)