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ABSTRACT

REACTION KINETICS OF CALCIUM CHLORIDE - AMMONIA
REACTIVE SYSTEM AND THEORETICAL SIMULATION OF HEAT
AND MASS TRANSFER IN POROUS SLAB PELLETS

Karakas Helvaci, Zeynep
Doctor of Philosophy, Chemical Engineering
Supervisor : Prof. Dr. Yusuf Uludag
Co-Supervisor: Prof. Dr. Giirkan Karakas

January 2023, 146 pages

The reactive systems between ammoniated CaCl, and NHz were investigated in
terms of heat and mass transport phenomena coupled with reaction kinetics. The
reversible reaction rate based on the Langmuir-Hinshelwood model was suggested
to express the net reaction rate, including both the adsorption and desorption terms.
Experiments at three temperatures were conducted to evaluate the Kinetic
parameters, pre-exponential factors, and activation energies. The parameters were
evaluated by Non-Linear Regression (NLR) analysis using the Polymath software.
Experiments with 0.3 grams of initial metal salt results were used for the reaction
between two- and four- ammoniated CaCl, in NLR analysis. Calculated reaction
rates were also compared with the experimental result obtained from the 0.5 grams
of initial CaCl,. Pre-exponential factors were obtained as 7.06 - 10~2?min!bar® and
102 mint for adsorption and desorption terms, respectively. Also, apparent
adsorption and desorption activation energies were obtained as -115600 J mol* and
23310 J mol?, respectively. The calculated and experimental results showed well
agreement. The parameters for the reaction between four- and eight-ammoniated
CaCl, were obtained by the 0.5 grams of initial CaCl. experiments. Pre-exponential



factors for adsorption and desorption reactions were obtained as 2.64 - 10718 min-
par® and 3.44 min?, respectively. Also, apparent adsorption and desorption
activation energies were obtained as -88130 J mol™? and 16500 J mol? for the
adsorption and desorption terms. The negative activation energies in both reactions

indicated the complex reactions in the reaction mechanism.

Since CaClz is used in the pellet forms in the Chemical Heat Pump and hydrogen
storage applications, a theoretical model was developed taking into account heat and
mass transport phenomena with the consideration of chemical reaction rate. As a
contribution to the literature, volume increase was integrated into the model, and the
developed reversible reaction rate expression was used. In order to compare the
simulation results, slab pellet experiments were also conducted in the same
experimental setup. The simulation change in bulk ammonia pressure was compared
with the experimental results. The results were in agreement for the reaction between
two- and four-ammoniated CacCl; in the first 700 seconds. The deviation beyond this
time may be the constant effective diffusivity assumption in the model. The effective
diffusivities of the reactive systems were assumed according to the literature and
assumed as constant during the reaction, while it was thought that it was changing
during the experiment. Moreover, the experimental and simulation results showed
well agreement for the reaction between four- and eight-ammoniated CaCl,. The
deviation observed in the former case was not seen in the latter case. This was
attributed to the fact that at the end of the experiment, the slab pellet structure
integrity disappeared, and the pellet dispersed. Therefore, the effective diffusivity
might not decrease during the experiments, which was compatible with the

simulation assumption.

Keywords: Chemical Heat Pump, Hydrogen Storage, Reaction Kinetics, Solid-gas

reactions, CaCl,-NHs
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KALSIYUM KLORUR - AMONYAK REAKTIF SISTEMIN REAKSIYON
KIiNETIKLERI VE GOZENEKLiI LEVHA FORMUNDA PELLETLERIN
ISI VE KUTLE TRANSFERLERININ TEORIK SIMULASYONU

Karakas Helvaci, Zeynep
Doktora, Kimya Miihendisligi
Tez Yoneticisi: Prof. Dr. Yusuf Uludag
Ortak Tez Yoneticisi: Prof. Dr. Giirkan Karakas

Ocak 2023, 146 sayfa

Amonyaklt metal tuzlar1 ve amonyak reaktif sistemleri 1s1 ve kiitle transferi de
dikkate alinarak reaksiyon kinetigi agisindan incelenmistir. Net reaksiyon hizini
ifade edebilmek icin, Langmuir-Hinshelwood modeli temel alan, adsorpsiyon ve
desorpsiyon reaksiyonlarin1  birlikte degerlendiren, bir tersinir reaksiyon
mekanizmasi Onerilmistir. Kinetik parametreleri, 6n eksponansiyel faktorleri ve
aktivasyon enerjilerini hesaplayabilmek icin (¢ farkli sicaklikta deneyler
gergeklestirilmistir. Bu parametreler lineer olmayan regresyon analizi (NLR) ile
Polymath yazilimmda hesaplanmistir. Iki amonyak ve dort amonyak bagli CaCls
tuzlar1 arasnda meydana gelen reaksiyonun parametreleri igcin 0.3 gram CaCl. ile
baglatilan deneyler NLR analizi ile elde edilmistir. Hesaplanan reaksiyon hizlari 0.5
gram CaCl, tuzu ile baslatilan deneylerin sonuglar ile karsilastirilmistir. On
eksponansiyel faktorler, adsorpsiyon ve desorpsiyon reaksiyonlari igin sirasiyla
7.06-10722 dk'bar® ve 102 dk? olarak elde edilmistir. Ek olarak, gorinir
aktivasyon enerjileri adsorpsiyon ve desorpsiyon reaksiyonlari igin sirasiyla -115600
J.mol? ve 23310 J.mol? olarak elde edimistir. Hesaplanan degerler ile deneysel
sonuclar uyum gostermektedir. Dort amonyak ve sekiz amonyak bagli CaClz tuzlar

arasinda meydana gelen reaksiyonun parametreleri parametreleri 0.5 gram CacClz ile

vii



baslatilan deneylerden hesaplanmistir. On eksponansiyel faktorleri adsorpsiyon ve
desorpsiyon reaksiyonlar1 igin sirastyla 2.64 - 10718 dk™bar ve 3.44 dk! olarak
elde edilmistir. Ayrica, aktivasyon enerjileri adsorpsiyon ve desorpsiyon
reaksiyonari igin sirastyla -88130 J.mol ve 16500 J.mol ™ olarak elde edilmistir. Her
iki reaksiyonda da elde edilen negatif goriinir aktivasyon enerjileri, reaksiyon

mekanizmasindaki karmagik reaksiyonlarin varligini isaret etmektedir.

Kimyasal 1s1 pompasi ve hidrojen depolanmasi uygulamalarinda CaCl; pelet formda
kullanildig1 i¢in kiitle ve 1s1 transferinin reakyion kinetigi ile birlestirildigi teorik bir
model olusturulmustur. Literatiire katki olarak hacimsel artis dikkate alinmis ve
calismada elde edilen tersinir reaksiyon kinetigi kullanilmistir. Olusturulan teorik
modelde, tersinir reaksiyon kinetigi, 1s1 ve kiitle transferi etkileriyle beraber
kullanilmigtir. Simiilasyon sonuglarimi karsilastirabilmek i¢in yassi peletler ile,
kinetik parametleri hesaplamasi deneyleri icin kullanilan deney diizeneginde
deneyler yapilmistir. Amonyak basing diislisii simulasyon ve deney sonuglari
karsilagtirilmigtir. Simiilasyon sonuglari ile deney sonuglari iki amonyak ve dort
amonyak bagli CaCl tuzlar1 arasnda meydana gelen reaksiyonun igin ilk 700
saniyede iyi bir uyum gostermistir. Sonrasinda goriilen sapmanin modeldeki sabit
efektif difiizivite kabulii kaynakli oldugu diisiiniilmektedir. Literatirden elde edilen
modelde sabit kabul edilen efektif difiizivite parametresinin, deneyler sirasinda
degistigi dusiiniilmektedir. Buna ek olarak, dort amonyak ve sekiz amonyak bagl
CaCl; tuzlar1 arasnda meydana gelen reaksiyon sonuglari iyi bir uyum gostermistir.
Ik reaksiyonda goriilen sapma, bu reaksiyonda goriilmemistir. Bunun sebebinin,
peletin deney sonunda parcalanarak yapisal biitiinliiglinii kaybetmesi sebebiyle
efektif difuzivite degerinde ciddi bir degisim yasamamasinin, bu degerin modelde

sabit kabul edilmesi ile uyum gostermesi oldugu ¢ikarimi yapilmistir.

Anahtar Kelimeler: Kimyasal Is1 Pompasi, Hidrojen Depolanmasi, Reaksiyon
Kinetigi, Kati-Gaz Reaksiyonlari, CaCl>-NHs
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CHAPTER 1

INTRODUCTION

It is widely recognized that technology is continually improving, and this
advancement also drives industrial growth. As a result of these advances in industries
and technologies, the energy demand has been increasing globally. Especially
petrochemicals and refineries are the main industrial applications using fossil fuels
for energy. While fossil fuels are the primary contributors to energy production, they
have several drawbacks that cannot be ignored. They are nonrenewable, their
availability is limited, and the most significant disadvantage is their contribution to
air pollution. They have a significant contribution to the global CO2 emission that
was restricted by Montreal and Kyoto Protocols. Moreover, they release other toxic
gases, such as nitrogen dioxide and sulfur dioxide into the atmosphere, contributing
to air pollution. Therefore, scientists are trying to find a new approach to this energy

demand which is also environmentally friendly.

1.1  Applications of Metal Salt-Ammonia Adsorption/Desorption Systems

One of the ways to turn this disadvantage into some advantages is utilizing the low-
temperature waste heat energy by adopting advanced technology such as
conventional heat pumps where low-temperature waste heat can be upgraded into
high/moderate temperature heat energy. Unfortunately, conventional vapor
compression heat pumps typically use refrigerants such as chlorofluorocarbons,
hydrofluorochlorocarbons, isobutane, and carbon dioxide. However, these

refrigerants are harmful to the environment due to their contribution to greenhouse



gas emissions and ozone layer depletion, leading to the adoption of protocols such
as the Kyoto and Montreal agreements, which limit their use (Demir, 2008).
Therefore, when these drawbacks of the conventional heat pumps are considered, it
can be noted that the technology that will take this advantage one step further is the
chemical heat pumps which use the heat of reaction rather than the heat of

evaporation as in heat pumps.

Another solution to reduce the need for fossil fuels for energy demand is using
hydrogen as an energy carrier. However, the lack of a convenient storage method for
hydrogen is the main concern in using hydrogen as an energy carrier. In order to
handle the storage and transportation of hydrogen, NH3 has been proposed as an
indirect hydrogen storage material that has a high gravimetric density of hydrogen
when it is liquified at 293 K by applying compression pressure higher than 0.85 MPa
(Aoki at. al., 2014). This high pressure, unfortunately, limits the transportation of
hydrogen. Recently, storing NHz in the form of metal ammine complexes has been
alternatively started to be investigated. For example, 9.1 % of hydrogen can be stored
in MgCI26NHz in the form of NHs. With this method, hydrogen can be stored in
metal ammine complexes in solid form, and when it is needed, firstly, ammonia is
desorbed from the solid material, and then it is decomposed into its constituents
(Hummelshgj et al., 2005).

1.1.1. Chemical Heat Pump

In industrial settings, energy is generated that has a temperature lower than 250°C
and is considered waste heat (as stated by Chan et al., 2013). To make this waste heat
usable for processes, its quality must be improved since it cannot be used in its
current state. One of the ways to utilize energy is the heat pumps. However, after
Montreal and Kyoto Protocols, the materials used in this method were restricted due
to the harmful effect on the environment (Demir, 2008). Therefore, because of
environmental concerns, scientists also gave attention to the usage of
environmentally friendly materials. One of the methods for that is chemical heat

pumps (CHP). In contrast with conventional heat pumps, CHPs have zero ozone



depletion and global warming potential. Their working temperature range is wider,

and also their capacity is high when compared to conventional ones (Li et al., 2009)

The main working principle of chemical heat pumps depends on the ability to store
energy in reversible reactions (Abedin, 2011). The thermochemical energy storage

process includes three steps: charging, storing, and discharging, as illustrated in

Figure 1.
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Figure 1. lllustration of thermochemical energy storage process

During the charging process, heat is supplied from the surroundings, and component
C is separated into components A and B. In the storing process, the supplied energy
is stored in components A and B, with little or no energy loss. In the discharging
step, components A and B combine to form component C, and the stored heat in
components A and B is released. There are three types of thermal energy storage
processes: sensible heat storage, latent heat storage, and thermochemical heat storage

(Aydin et al., 2015). A comparison of these processes is given in Table 1.



Table 1. Comparison of Thermal Energy Storage Types (Abedin, 2011)

Types of Thermal Energy Storage
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Latent Chemical Thermal
Parameter Thermal )
Thermal Energy Storage (Sorption
Energy )
Energy Storage and Thermochemical)
Storage
Up to: 110°C
for water

tanks, 50°C 20-40°C for
for aquifers paraffins and

Temperature 20-200°C
and ground  30-80°C for salt
storage and hydrates
400°C for
concrete
Storage Low (0.2 Moderate (0.3- )
_ High (0.5-3 GJ/m®)
Density GJIm®) 0.5 GJ/m®)
Limited by Limited by reactant
Lifetime Long storage material degradation and/or side
cycling reactions

Commercially

available for
Technology = Commercially specific
_ Under research
Status available temperature
ranges and
materials




Figure 3 shows the Clausius -Clapeyron diagram of selected metal salts. In this
figure, each line is the equilibrium line for the corresponding adsorption reaction
system. The reaction rate is equal to zero on this line. Above the equilibrium line, an
adsorption reaction occurs, while below the equilibrium line desorption reaction

occurs.

The working pairs used in CHPs and hydrogen storage applications should have
some requirements based on economical, performance, and safety. When these
requirements are considered, CaCl. is selected as the metal salt because of its
advantages over other metal salts. One of the most important features of this material
is that it is non-toxic. Moreover, since CaCl is produced as a side product in
industrial applications, it is available and cheap. It is less corrosive and has better
thermal and chemical stability. Another important issue is the adsorption capacity,
which is the highest among the other metal salts. For example, one mole of CaCl;
can adsorb eight moles of ammonia. The reaction system between CaCl, and NHs

can be given as follows.

CaCly (s) + NHj () © CaCl,NH; () AH = —69.1k]/molNH;
CaCl;NH3 (5) + NHj3 () < CaCl,2NH; 4 AH = —63.2k]/molNH;
1/2CaCl;2NH;3 ) + NH3 (g) ©1/2 CaCl,4NH3 () AH = —42.3k]/molNH;
1/2 CaCl4NH3 () + NH3 (g < 1/4 CaCl,8NH5 ()  AH = —41.0kJ/molNH;

1.3 Adsorption/Desorption Phenomena

Adsorption is the process in which atoms, ions, or molecules adhere to a surface.
Adsorption is divided into two categories: physical adsorption and chemical
adsorption. In physical adsorption, the molecules are attached to the surface due to
intermolecular forces, which are similar to condensation in terms of how they are
formed. Therefore, the heat of adsorption is in the range of the latent heat of
condensation/evaporation (2 to 21 kJ/mole). Equilibrium can be easily achieved

quickly because the energy requirements are low. The forces are weak, so the
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activation energy is low (<4 kJ/mole), and the coverage is multilayered. In chemical
adsorption, atoms are bonded to the surface due to chemical interactions between the
atoms and the surface. The required energy is higher than in physical adsorption and
IS in the same order as the heat of reaction (21-420 kJ/mole) (Smiths, 1987). Unlike
physical adsorption, these systems can be reversible or irreversible, and the

activation energy is higher.

The adsorption process involves a series of steps. First, reactants are transferred from
the bulk fluid to the solid particle surface (Figure 4/1. Mass transfer through external
boundary layer). When the reactant molecules come into contact with the solid
particles, molecular diffusion occurs, and the reactant gases move from the external
surface to the interior void/pore structure (Figure 4/2. Diffusion into pores). A
chemisorption reaction occurs on the pore surface (Figure 4//3. Chemisorption).
After the reaction, the gaseous products are desorbed from the solid surface (Figure
4//4-5. Reaction and desorption). Then, the gaseous products diffuse through the
interior void/pore to the external surface of the particle (Figure 4/6. Diffusion of
products out of pores). Finally, the product gases are transferred from the external
surface of the solid particles to the bulk fluid (Figure 4/Mass transfer back to bulk
fluid).

12
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Figure 4. Schematic explanation of adsorption/desorption phenomena (Hill, 1977)

When the reactive system of ammonia-metal salt is considered, the reactant molecule
is the ammonia, while the solid surface belongs to the metal salt. During the
adsorption reaction of ammonia to the metal salt, steps 1, 2, 3, 4, and 5 in Figure 4
take place consecutively, and at the end of the adsorption reaction, the solid
ammoniated metal salt is obtained. On the other hand, during the desorption reaction
of ammonia from the metal salt, steps 4, 5, 6, and 7 are followed consecutively in

Figure 4.
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CHAPTER 2

LITERATURE REVIEW

Despite being widely studied since 1992, the first study on chemical heat pumps
conducted by Faraday in 1823. He ammoniated silver chloride in one leg of a sealed
bent glass tube, and when heated, the tube produced ammonia gas. In the other leg,
he condensed the ammonia gas to obtain liquid ammonia (Critoph, 2012). During his
research, Faraday concluded that heat is produced when chloride adsorbs ammonia.

He recorded his observations as follows:

“When the chloride of silver is allowed to cool, the ammonia
immediately returns to it, combining with it, and producing the
original compound. During this action a curious combination of
effects takes place: as the chloride absorbs the ammonia, heat is
produced, the temperature rising up to nearly 100°C, whilst a few
inches.” (Faraday, 1823)

In the years following Faraday's initial study, many researchers continued to
investigate chemical heat pumps. In 1915, Dunsford studied an ammonia sorption
system using ammonium nitrate as an adsorbent, with a focus on marine applications.
The goal of this study was to reduce the agglomeration effect in the system, which
was achieved by spreading the adsorbent as a thin layer on a corrugated surface
(Dunsford, 1915). In 1925, the combination of sulfur dioxide and silica gel was used
in railway carriages as an air conditioner in the United States, and this system was
patented in 1929 by Hulse and Miller (Hulse, 1929; Miller, 1929). Prior to 1980,
sorption heat pumps were not widely studied, but since then, there has been a

significant increase in research on this topic worldwide (Critoph, 2012). Today,
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researchers are working to improve the system in order to expand its potential
applications, with a focus on achieving continuous cooling and heating, high COP
and coefficient of system performance values, and operation with lower temperature

energy sources (Demir et al., 2008).

21 Reaction Rate Kinetics

The development of an appropriate reaction Kinetics expression is critical to predict
the system design and scaling. Many studies have been done on this topic, and many
reaction kinetics expressions have been suggested for different metal salts-ammonia
systems. The common point of all, the reaction rate term was expressed as the
multiplication of the reaction progression term and rate constant term. The rate
constant term covers the effect of both the Arrhenius term and the thermodynamic
equilibrium drop term. The latter term related the constraint pressure and/or
temperature and the equilibrium pressure and/or temperature and was suggested in
various forms (Mazet et al.,1991; Han et a., 2000; Neveu et al., 1997; Iwata et al.,
2014; Lebrun and Spinner, 1990; Dutour, 2005; Azoumah et al., 2007; Lyakh et al.,
2013; Le Pierrés et al., 2007; Le Pierres et al., 2008; Wang et al., 2010; Mofidi and
Udell, 2017). One of the first approaches belongs to Mazet et al., in which the
Arrhenius term was assumed to be constant since its contribution was relatively small
compared to the thermodynamic equilibrium drop (Mazet et al., 1991). The
suggested rate expression is given in Equations 10 and 11 for adsorption and

desorption reactions, respectively.

dx P, — P,q(T) 10
—_— — a_—- -1 -

dt ka1 =x) P,

dx P, — P,y (T) 11
_ = y— -7 -

dt ka(x) P,

In Equations 10 and 11, k, and k, represent the reaction rate constant, and « and y
represent Kkinetic parameters for adsorption and desorption, respectively and x

represented the active vacant site. Pc represented the constraint pressure while the
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Peq represented the equilibrium pressure with respect to the operating temperature.
The Mazet model was used for CaCl, — NHs reactive system by Wang et al. for
chemical heat pump application (Wang et al., 2008). They studied the performance
of the system when two reactive salts, CaCl, and MnCl,, were used in the chemical
heat pump. They mainly focused on the occurrence of the multistep reactions of
CaCl, - (2 & 4)NH; and CaCl, - (4 & 8)NH;. Metal salt impregnated into the
expanded graphite was used in the experiments to enhance thermal conductivity and
permeability. This way, the pressure inside the salt matrix and conversion was
assumed to be uniform. Three reactors were used; two for CaCl, and one for MnCl..
Based on the operating conditions, MnCl2.6NHs desorbed ammonia, which was
adsorbed by the CaCl..2NHs or CaCl2.4NHz matrices. It was noted that at high
pressure and temperature, both reactions occurred simultaneously. However,
according to the equilibrium pressure, operating temperatures had a significant effect

on which reaction takes place. The obtained kinetic parameters are given in Table 2.

Table 2. Kinetic parameters used in the Mazet model for CaCl, - (2 < 4)NH; and
CaCl, - (4 & 8)NH; reactions (Wang et al., 2008)

Reaction k, (s a(-) kq (s Yy ()
CaCl, - (2 & 4)NH; 0.0287 1.780 0.0045 0.468
CaCl, - (4 & 8)NH; 0.0125 2.104 0.0195 1.005

Another study by the same research group was conducted using modified reaction
rate expression (Oliveira and Wang, 2008). The expanded graphite-metal salt matrix
was used in the experiments. The theoretical approach considered both pressure and

temperature equilibrium drop is given in Equations 12 and 13.

dxz4 a Pe n < P > <1 1 > 12
=k 1—x-_ ( ) In T
dt a ( @) RTpsp Peqa-0) \T  Teq2-4)
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dx48—k(x . )a(i)nzn< P )(1_ 1 ) 13
dt e T4 \RTpss Peqa-8)/ \T' Teq,(4-9)

Here, additionally, n term was added as an exponent factor in the pressure
equilibrium drop term. Conversion for the CaCl, - (2 & 4)NH; and CaCl, -
(4 & 8)NH; reactions are defined as x,_4) and x4—g). Moreover, € represented
porosity in the reactant and pgg was defined as the molar density of the metal salt in
the bulk reactant. Experiments were conducted at a higher pressure than the
equilibrium pressure at the operating temperature. Accordingly, both reactions
occurred simultaneously. Still, the primary assumption is that the reaction of CaCl, -
(4 & 8)NHj; started after the production of CaCl..4NHs. Therefore, for the CaCl, -
(4 & 8)NHj; reaction. The kinetic coefficients reported in their study are given in
Table 3.

Table 3. Kinetic parameters for the reaction of CacCl, - (2 & 4)NH; and CacCl, -
(4 & 8)NHj; reactions (Oliviera and Wang, 2008)

Reaction kg (s a(-) B(-)
CaCl,- (2 & 4)NH;  1.200- 10° 2 2
CaCl,- (4 & 8)NH;  1.025-10* 1 1

In the previous studies, the pressure of the salt matrix was kept constant, and
adsorption/desorption reactions were initiated by the temperature difference. Li et al.
carried out iso-volumetric experiments, where the reactions of CaCl, - (2 & 4)NH;
and CaCl, - (4 & 8)NH; did not occur simultaneously. Also, they suggested
temperature-dependent reaction rate kinetics with pre-exponential terms and

activation energies, given in Equations 14 and 15.

dXo4

Eagi-4
dr 1- x2_4)“Aa(2_4)exp( RT ) )

P, — P,y (T) (T — 273 )V 14
P, T, — 273
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Pc - Peq(T)
Fe

dx,g
dt

Different from the previous models, temperature drop had an exponent factor

Eaa(4—8)) .

T — 273\ 15
( X4-g) d(4—8)€Xp RT

T, — 273

represented as y. Instead of a regression method, the reaction expression parameters
were evaluated by the integration method. Table 4 shows the kinetic parameters with

the pre-exponential term and activation energies.

Table 4. Kinetic parameters for the reaction of CaCl, - (2 & 4)NH; and CacCl, -
(4 & 8)NHj; reactions (Li et al., 2010)

Parameters
Reaction a(-) A, (s Ea, (L Y (-)
mol
CaCl, - (2 & 4)NH;
- 2 2.04-1073 1383.24 4
Adsorption
CaCl, - (4 & 8)NH;
_ 6 1.75-1072 3316.95 -1.2
Adsorption
Reaction a(-) Ay (s Eay (L Y (-)
mol
CaCl, - (2 & 4)NH
2" _ INH; 0.5-1073 2385 4
Desorption
CaCl, - (4 & 8)NH;
) 2.75-1073 1174.55 1.2
Desorption

In all studies, the adsorption and desorption reaction rates were expressed
individually and dependent on the equilibrium drop term. The equilibrium drop term
was suggested as pressure equilibrium drop or temperature equilibrium drop or a

combination of pressure and temperature equilibrium drop terms.
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2.2 Heat and Mass Transport Phenomena

Modeling solid/gas reactions is important in various industries, as it allows for
predicting temperature, pressure, and conversion within the solid undergoing a
reaction. Developing a complete model is particularly useful for dangerous,
expensive, and time-consuming systems, as it allows for optimizing system
parameters. There are several different methods for modeling solid-gas reactions,
including the sharp interface model (also known as the shrinking core model), the
volume reaction model, the pore model, the network model, and the particle/pellet
model (Hastaoglu and Abba, 1996). The shrinking core model is widely used for

modeling the reaction between ammonia and metal salts.

In 1991, Mazet, Amouroux, and Spinner studied the reaction mechanism between
CaCl, - 6CH3;NH, - CaCl, - 4CH;NH, (Reaction-1) and CaCl, - 4CH;NH, - CaCl, -
2CH;NH, (Reaction-2) in order to utilize the heat of reaction for chemical heat pump
applications. In their experimental study, the researchers used a cylindrical chamber
filled with anhydrous salt to evaluate global advancements. The chamber was heated
from the outer surface and supplied with reactant gas through the hollow center. A
highly porous pellet was used, and the pressure was assumed to be uniform
throughout the pellet, which was confirmed by the experimental results (the
difference was less than 0.1 bar for a constraint pressure of 2.8 bar). The reaction
was initiated at a temperature and pressure that differed from thermodynamic
equilibrium values. Because the reaction was endothermic, it absorbed the sensible
heat of the medium as it progressed. This caused the temperature to drop rapidly at
the beginning of the reaction. As time passed, the temperature at each point in the
cylindrical reactor increased due to the heat transfer fluid and eventually reached the
constraint temperature. The experimental measurements showed a strong
temperature difference that could be modeled mathematically. In some cases, the
constraint temperature and pressure for both reactions were the same, so the
researchers treated the reactions as occurring simultaneously and modified the

reaction rate equations. They assumed that the Arrhenius term in the reaction rate

20



constant was constant because the reaction was mainly influenced by
thermodynamic conditions. This allowed them to evaluate the parameters
experimentally. According to their simulations, the two reactions occurred
simultaneously near the outer wall of the cylindrical reactor due to the heat transfer
fluid. However, near the hollow center (away from the heat exchanger fluid), the
activity of each reaction could be distinguished easily. The local advancements of
the two reactions were localized in a narrow front that moved from the outer surface
to the center of the reactor with the heat transfer front, as indicated by the temperature
gradient. A negative deviation from thermodynamic conditions resulted in a decrease
in thermal power, which could be recovered from the system. However, the
assumption of a constant Arrhenius term introduced some errors due to its high
temperature dependency. In addition, it is important to determine the relationship

between the constraint conditions and changes in parameters (Mazet et al., 1991).

In 1992, Goetz and Marty investigated MnCl>-NH3 reactive system both
experimentally and theoretically. In the study, they used the grain-pellet model in
which grain gave information about the local conversion, temperature, and pressure
while pellet gave global information. Their assumptions behind the model were as

follows:

» There was a sharp interface between the reactant and the product. Gas
diffused through the product and reacted on the reactant surface (interface)
As the reaction proceeded, the interface moved toward the center of the grain
The size of the grains was uniform

The number of grains was constant

YV V V V

The porosity of the grain and the pore diameter were constant

Because of the difference in the molar volumes of the reactants and the products,
structural changes happen. In the study, an increase in the molar volume during the
adsorption reaction was attributed to the grains' expansion, and a decrease in the
molar volume during the desorption reaction was attributed to the contraction of the

grains. At the grain level, the temperature was assumed to be uniform. Their
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theoretical study at the grain level was demonstrated for mass transfer, and at the
pellet level was demonstrated for heat transfer. According to their simulation results,
they noted that the reaction rate was strongly dependent on equilibrium temperature
and equilibrium pressure drop. Also, they concluded that the global advancement of
the medium was related to the progress of the reaction zone which was controlled by

the conductive heat transfer (Goetz and Marty, 1992).

In 1995, Lu and co-workers studied MnCl>.NHz3 reactive system in which an
unreacted shrinking core model was applied. At the grain level, only mass transfer
was considered, while heat and mass transfer were considered at the pellet level. As
the reaction proceeded, due to the increase in the molar volume of products, grain
diameter increased while core diameter decreased because of the consumption of the
reactants. At the grain level, porosity was assumed to be constant, grains were
assumed to be in a uniform size and shape, and they were assumed spherical. At the
pellet level, heat and mass transfer were considered only in the radial direction for a
cylindrical pellet shape. Their simulation results noted that both “heat front” and
“mass front” were obtained during transformation. Also, it was emphasized that
permeability became an important parameter for global advancement when the
constraint pressure was lower than 1 bar. But, as pressure increased up to 5 bars, the
influence of permeability decreased. Moreover, they concluded that when constraint
pressure was higher than 4 bars and permeability larger than 10" m?, the model that
considered only heat transfer in the pellet level was in agreement. On the other hand,

the present model was found to be suitable (Lu et al., 1995).

In 1997, Stitou, Goetz, and Spinner concentrated on developing a simplified model.
In order to increase the heat and mass transfer properties of the salt, they used an
ENG binder in suitable proportions. In the simplified model following assumptions

were made;

» Porosity was sufficiently high to ensure that mass transfer was not a limiting

factor within the bed
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» Thermal conductivity and heat transfer coefficient were assumed to be
constant, and they were not affected by the advancement and temperature

> Heat transfer was assumed to be only in the radial direction

» External heat and mass transfer were assumed to be constant

» Sensible heat consumed or produced by the medium was assumed to be
negligible when compared to the effective molar heat capacity of the reactive

medium

A simplified model was developed for different reactor geometries and compared
with the dynamic model, which considered mass transfer in the grain scale and heat
transfer in the pellet scale. Their comparison showed well agreement. Moreover, the
simplified model was compared with the experimental results, which also showed
well-agreement. Hence, they concluded that the simplified model quickly responded
to the pre-dimensioning of thermochemical machines without much effort (Stitou et
al., 1997).

Even though many studies were concentrated on heat transfer at the macroscopic
level, Han et al. studied coupled heat and mass transfer at the pellet level. The MnCl»-
Graphite complex was used in this study to increase the system's thermal
conductivity and permeability. These thermo-physical properties were
experimentally calculated, and it was observed that both properties increased as the
weight fraction (f) of graphite increased. For the same bulk density (ps) (100 kg/m?),
thermal conductivity increased from 11.7 W/m.K to 14.8 W/m.K, and permeability
increased from 8 - 107'* m?to 2.5 - 1013 m? for fy from 30% to 50%, respectively.
On the other hand, the relation for permeability was vice versa for the bulk density
(pb). For the same fq (50%), thermal conductivity increased from 14.8 W/m.K to 25.6
W/m.K, and permeability decreased from 2.5+ 1073 m? to 8.1- 107> m? for pb
from 100 kg/m?® to 250 kg/m3, respectively. Also, it was observed that there was not
a huge change either in thermal conductivity or permeability when the ammoniated
moles changed. In this study, both effects of p, and fg were studied. According to

their results, no heat front was observed, meaning that heat transfer was not a limiting
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factor for this system. Yet, as pp increased, the mass front became more dominant,
especially at low-pressure values. Although increasing the pressure could have
solved this problem, it was not preferred for practical applications since it would also
lower the COP. Lastly, a decrease in fq led to a decrease in global conversion because
the lower the weight fraction of graphite, the lower the thermal conductivity and
permeability (Han et al., 2000).

In the same year, a study was demonstrated to give insight into the diameter of the
pellet used in refrigeration operation, done by Enibe and lloeje. Different from Mazet
et al., they assumed that reactions occur in order means that the succeeding reaction
did not start before the proceeding reaction ended. Their model was developed
according to the “volume reaction model”. Moreover, similar to other studies, the
pellet's size, shape, and thermo-physical properties were assumed to be constant to
simplify the model. Since the main concern was the decision of the diameter of the
pellet used in refrigeration operation, pellets with different diameters were selected.
The concentration of adsorbed ammonia and the pellet temperature at the core and
the surface were evaluated and compared. It was observed that in a very short time,
the pellet mean free gas pressure became almost 95% of external ammonia gas
pressure, and no deviation showed mass transfer restriction was negligible. Also, the
temperature of the pellet immediately increased and then came into equilibrium in a
longer time which was attributed to the faster reaction rate at the beginning of the
reaction. For the pellets having a smaller diameter, the difference in concentration of
adsorbed ammonia and temperature of the pellet at the core and the surface is smaller
when compared to pellets having a larger diameter. Hence, they concluded that a
lower pellet size should be selected in order to maintain adsorbent stability (Enibe
and lloeje, 2000).

In 2004, Huang and co-workers investigated the SrCl>-IMPEX block in terms of heat
transfer coupled with global advancement. The experiments were conducted for a
cylindrical annular shape of SrCl>-IMPEX block in which ammonia gas was diffused
through the annulus while the block was heated by external coils from the external

wall of the block. In the theoretical model, the assumptions were;
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» The mass transfer was assumed to be negligible

» Heat conduction in the axial direction was assumed to be negligible

> Due to the low gas flow rate during adsorption and desorption reactions,
convective heat transfer was assumed to be negligible.

» The thermal capacity of the bed and effective thermal conductivity were

assumed to be functions of temperature

In this study, the adsorption and desorption reaction rate Kinetics were given
separately for adsorption and desorption. Also, the heat balance equation is
expressed individually for both reactions. After determining radial temperature
values experimentally, kinetic equations are solved for local conversion, enabling
them to calculate the global conversion. After that, using the optimization toolbox of
MATLAB, kinetic coefficients for both adsorption and desorption reactions were
calculated. These obtained parameters were used in the heat transfer equation to
investigate significant parameters. Among these parameters, while the heat capacity
of the medium effect seemed not so important, the effective thermal conductivity of
the bed and convective heat transfer coefficient effects were significant. Hence,
keeping the constant value of heat capacity, several experimental data measured at
different constraint temperatures and pressures allowed them to calculate effective
thermal conductivity and convective heat transfer coefficient. Lastly, theoretical
results with obtained values were compared with the experimental results, and

concluded that they were in good agreement (Huang et al., 2004).

In 2017, Mofidi and Udell studied the MgCl>-NHs working pair for the purpose of
thermochemical batteries, both theoretical and experimental. Although they used
different types of metal salt, they used the kinetics proposed for MgCl.-NHz by Han
et al. (Mofidi and Udell, 2017). A cylindrical reactor consisting of
MgCl2.2NHs+graphite was used. It was heated from the center by a cartridge, and
cool air was supplied from the external annulus. Ammonia was supplied from an
ammonia storage tank by a mass flow controller. For the temperature controller, 33

thermocouples were placed at different axial and radial positions. Unlike other
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studied models, the governing equations were expanded into three dimensions for
the theoretical model. They observed that heat transfer was the limiting factor,
especially for the system having high permeability both theoretically and
experimentally. Hence, an increase in the system's thermal conductivity would lead
to an increase in reaction rate. Yet, theoretical and experimental studies were not in
good agreement, which was attributed to the missing reaction rate Kinetics

parameters.

In two years, Mofidi and Udell extended their research for the scale-up of
thermochemical batteries. There were two possible methods: multi-cell reactors or
scale-up single-cell reactors. When multi-cell reactors were used, it was observed
that although at a high flow rate of ammonia, the adsorption rate was uniform in each
cell, it became divergent at a low flow rate of ammonia. This divergence was
attributed to two reasons; permeability difference in each cell and temperature
dependence of reaction rate. In both situations, scale-up a single cell seemed to be a
better way. Before the experiments, it was suggested that scaling up a single cell
could cause a decrease in mass transfer limitation by creating or adding additional
space for the gas flow passages. After the experiments, it was observed that as
reaction occurred, grains expanded, yielding a decrease in permeability and hence
mass transfer limitation. However, it was possible to control the adsorption reaction
rate, duration of the adsorption process, and temperature of the reactor by controlling

the mass flow rate of ammonia (Mofidi, 2019).

2.3  Structural Change

In many solid/gas reaction systems, the structure of the solid changes due to the
reaction and temperature gradient. These changes can include shrinkage or closure,
pore volume change, swelling, softening, disintegration, agglomeration, and
cracking of particles. In metal salts/ammonia reactive systems, the most common
changes observed are agglomeration, swelling, and disintegration (Wang et al.,

2004). Additionally, it is known that the molar volume of the products is almost
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twice that of the reactants, resulting in an increase in volume in the final product.
These structural changes can be investigated using BET and XRD measurements and

also visually.

In 2004, Wang and colleagues studied the CaCl>-NHz adsorption/desorption system
(Wang et al., 2004). They chose CaCl> as the salt because it had a high ammonia
adsorption capacity and a fast sorption rate. However, these systems have a
significant drawback: during adsorption/desorption, swelling, disintegration, and
agglomeration can occur, which strongly affects the system's performance. As
agglomeration depends on volume and expansion space, the researchers prepared
four samples with different adsorbent thicknesses. The experiments showed that the
performance of 2 mm and 3 mm thick adsorbents was similar, as was the
performance of 5 mm and 4 mm thick adsorbents. It was also observed that the 2-
and 3-mm thick adsorbents degenerated and their performance decreased from 7.15
mole/mole to 5.86 mole/mol. In contrast, the 4- and 5-mm thick adsorbents were not
affected by agglomeration and their performance remained stable. However, the
performance of the 5 mm thick adsorbent was not as good as that of the 4 mm thick
adsorbent due to a limited expansion space, which affected mass transfer.
Additionally, 2 mm and 4 mm thick adsorbents were compared after the adsorption
of ammonia. Agglomeration was observed in 4 mm thick adsorbent, while it was not
observed for 2 mm thick adsorbent. Hence, it was concluded that agglomeration had
a crucial relationship with the system's performance. Furthermore, this study
concluded that the working pair characteristics had an impact on
adsorption/desorption performances. When they repeated the cycles, they observed
an approximately 22% decrease in the adsorption performance at the seventh cycle.
But they did not do any characterization and therefore it was reported that the
agglomeration was the only reason for this decrease. Still, to better understand the
system performance as the cycle number increases, the structure of the salt after

desorption should be investigated.

In 2005, Christensen and co-workers examined the ammonia adsorption/desorption

system of MgCl. salt for hydrogen storage since Mg(NH3)eCl> can store 9.1%
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hydrogen as ammonia. They investigated the desorption rate with respect to
temperature and repeated the cycles two times. Based on their experiments,
desorption started at 350 K, 500 K, and 550 K. After the desorption of ammonia, salt
was again saturated with ammonia and the desorption processes repeated. It was seen
that it was well matched with the first experiments, so it was concluded that these
processes were completely reversible. Moreover, it was observed that MgCl;
developed its own pore structure during this process. The pellet like salt remained its
shape but became very porous. BET measurements showed that after desorption, the
surface area became 32m?g™?, which showed that a Nano-porous structure was
formed. However, these measurements were done only for two cycles (Christensen
et al., 2005).

In 2005, Hummelshgj and co-workers investigated the reason for the generation of
the nano-porous structure of MgCl, during ammonia adsorption/desorption system
for hydrogen storage applications. They concluded that the formation a nano-porous
structure facilitated the transport of ammonia. They calculated the pore size
distribution for a different amount of ammonia desorbed. It was concluded that as
the amount of desorbed ammonia increased, the average pore diameter size increased
from 2-3 nm to almost 20 nm. That’s why the kinetics of fine powder particles was

similar to that of completely compact samples (Hummelshgj et al., 2005).

In 2006, ElImge and co-workers used the high ammonia storage capacity of metal
chloride salts for NOx reduction with the SCR method. For the experiments, they
used both powder and compacted metal ammine salts. The powder salt's packing
density was 331 kg/m® while the compact packing density was 1219 kg/m®. But,
when the salt was compacted, the porosity decreased. However, the formation of a
nano-porous structure during the desorption of ammonia satisfied the necessary
porous structure for utilizing the mass transfer (EImge et al., 2006).

In 2007, Jacobsen and co-workers investigated the thermal decomposition of
Mg(NH?3)sCl2 using small-angle X-ray scattering (SAXS). This method provided

information about the material's structure by measuring the intensity of scattered
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light and the variation with scattering angle. For the experimental studies, the
capillary tube was placed in the sample cell and filled with He at 2 bars. The sample
was heated to 350°C in steps of 20°C/12 min. Then 5 minutes was waited for the
stabilization of the system. Guinier's regime proved the growth of crystallite and
pores. Also, since there was no additional structure to the system, the second Guinier
regime was supposed to be due to scattering from a porous structure. Based on their
studies, they observed the development of pore structure at a temperature above
249°C (Jacobsen et al., 2007).

In 2015, Aoki and co-workers studied how kinetics change with respect to the change
in the structure of metal ammine complexes. For that purpose, they compared the
kinetics of the reaction with and without NH3 treatment and investigated the effect
of ball milling since it also changed the crystal structure of the salt. They reported
that NH3 treatment improved the kinetics of this reaction due to preserving the
apparent volume after ammonia desorption. They also concluded that changing the
structure properties by ball milling decreased the activation barrier for this reaction
system (Aoki et al., 2015).

2.4  The Objective of This Study

Suggested reaction rate expressions in the literature given in the Section 2.1 reveals
that, adsorption and desorption reactions were defined separately for these systems.
The operating reaction conditions were decided according to the equilibrium
pressures and temperatures for adsorption and desorption reactions. It was noted that
the reactions occurred at non-equilibrium conditions meaning that at a selected
operating temperature, when the operating pressure was higher than the equilibrium
pressure, adsorption reaction takes place and when it is lower than the equilibrium
pressure, desorption reaction occurs. When the operating and the equilibrium
pressures are equal, then the adsorption or desorption reaction rate is zero according
to the Equations 10 - 15. However, according to the Langmuir-Hinshelwood model,
at the equilibrium conditions, the reaction rate of adsorption and desorption are equal
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to each other and the net reaction rate becomes equal to zero. Expressing more
realistic reaction rate is very significant in the calculations of the efficiency of the
CHPs. As mentioned previously, the efficiency of a CHP is defined as COP which
relates the useful heat/cold production and heat input to the system. In the CHPs, the
heat input and useful heat recovery includes the heat of reaction which is related to
the reaction rate as given in Equation 6. However, the reaction rate expressions in
the literature do not capture the reactive system's reversibility. Therefore, in order to
obtain a reaction rate expression which is more in line with reality, in the first part
of this study, reaction kinetics of the CaCl>-NHj3 reactive system was examined and
experimental setup was demonstrated where the reactions are conducted at constant

temperature.

For the CHP applications, generally packed bed reactors with metal salt impregnated
into graphite or carbon are used in order to increase the thermal conductivity and
permeability of the system (Mofidi and Udell, 2019, Mofidi and Udell, 2017, Han
et. al., 2000, Enibe and lloje, 2000). Another approach may be using packed bed
reactors with pellet shape metal salts. Therefore, understanding the system is very
crucial. However, some critical issues related to the heat and mass transfer of
ammonia through the pellet in the adsorber/desorber reactor limit the efficiency of
these systems. During the ammonia adsorption reaction, the structural change caused
by the difference in the molar volumes of reactants and products may lead to heat
and mass transfer limitations because of decreasing porosity and permeability. The
structural change during the ammonia adsorption reaction is also very significant in
the hydrogen storage application because in order to increase the sorption capacities
of ammonia, pellet shape metal salts are used (EImge et al., 2006, Christensen et al.,
2005, Hummelshgj et al., 2005). Therefore, investigating the structural change
during the ammonia adsorption is important since it strongly effects the system
repeatability and reproducibility. Hence, in the second part of this study, reactive
system was studied when CaCl, is used in the pellet form experimentally and

theoretically. Different from the literature, the obtained reversible reaction kinetics
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are aimed to be used in the model. Moreover, the increase in the volume of the pellet

was taken into consideration in the model as a contribution to the literature.

Considering the abovementioned reasons, the objectives of this study are as follows:

Obtaining the reversible reaction rate kinetics for the CaCl, - (2 & 4)NH;
and CaCl, - (4 & 8)NH; reactions, accounting for the reversible nature of
the reaction.

Developing a comprehensive and predictive model for CaCl, - (2 & 4)NH;
and CacCl, - (4 & 8)NHj; reactions when CaCl; salt is in pellet form, taking
into account heat and mass transfer transport phenomena coupled with the
reaction kinetics with the consideration of volume increase.

Observing the structural change of the salt during the adsorption reaction

when the CaCl; is in the pellet form experimentally.
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4. When valve 2 was opened, nitrogen gas pressure was introduced to the
reactor and hence decreased down to P, which was the nitrogen gas pressure
in the piping volume between valves 4, 2, and 1, including pressure
transducer-2, gas cylinder and the reactor. Since the nitrogen gas amount
was the same in both cases, the following equation can be written according
to the ideal gas law.

P1V1 = PZ(Vl + V3) 16

In order to solve Equation 16, another equation was needed, which was obtained by
using a known volume material, a non-porous glass ball. The same procedure was
followed described above. The pressure of nitrogen gas in the piping volume
between valves 4, 2, and 1, including pressure transducer-2 and gas cylinder,
was recorded as P3. When Valve 2 was opened, the nitrogen gas pressure decreased
down to P4, which corresponded to the nitrogen gas pressure inside the piping volume
between valves 4, 2, and 1, including pressure transducer-2, the gas cylinder,
and the reactor. In this case, the reactor contained a small glass ball; hence the

volume was written correspondingly as given in Equation 17.

PV, =P, (Vi + Vs =1 17
In Equation 17, V,, is the volume of the non-porous glass ball. The solution of these
two equations gives the supply volume. Experiments were conducted with different
pressure values, and the average of the calculated volumes was used. The same
procedure was followed for calculating volume, including pressure transducer-1 and
Valve 1.

3.3  Reversible Reaction Rate Expression Determination Experiments
Procedure with Powder CaClz Metal Salt

Both volume measurement tests and leak tests were carried out using Nitrogen gas.

A fresh sample was introduced to the reactor at the beginning of each temperature
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experiment. Before the reaction kinetics experiments, anhydrous CaCl. powder was
heated and held at 225°C overnight to remove any adsorbed water vapor. Each
sample was transferred to the reactor immediately after weighing. Samples were
further dried in the reactor by vacuum for at least 30 minutes before the adsorption
reaction started. Reaction rates become independent of initial solid particle size, the
number of cycles, and the conversion of solids after the first cycle of
adsorption/desorption reaction (Diawara, 1986). Therefore, salts were firstly flushed
with ammonia at each temperature, and second adsorption/desorption cycle results

were taken into consideration in the calculations.

3.3.1 15t Adsorption/Desorption Cycle (Ammonia Flush Cycle)

The entire system was evacuated by vacuum. When the required vacuum was
achieved (<10 mbar), ammonia gas was sent to the small ammonia gas cylinder in
the water bath, and Valve V4 is closed. As soon as the valve V2 is opened, the
adsorption reaction starts. The adsorption reaction was monitored by the pressure
decrease via the pressure transducer. The adsorbed ammonia amount was calculated
from the pressure change according to the ideal gas law with the constant volume
assumption. When the pure CaCl, salt adsorbed 8 moles of ammonia per mole of
salt, 1% adsorption reaction was finished, which was followed by the 1% desorption
reaction. In this case, the system temperature was kept constant, and pressure was
decreased by vacuum. The increase of the pressure monitored the desorption
reaction, and the desorbed amount of ammonia was calculated by the same method
of 1% adsorption reaction. After 6 moles of ammonia desorbed, 1%
adsorption/desorption cycle was finished. Due to very low equilibrium pressures for
the reaction of CaCl, - (0 & 1)NH; and CaCl, - (1 & 2)NH; at the working

temperatures (25°C, 45°C, 55°C), further desorption reaction did not occur.

At the beginning of the 1%t cycle, the salt particles are placed in a movable condition
without being compressed, as can be seen in Figure 9-a. At the end of the 1%

adsorption reaction, the occupied volume of salt increased and some cracks were
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3.4  Heat and Mass Transport Experiments with Pellet CaCl. Metal Salt

Before making pellets, anhydrous CaCl. powder was put into an oven at 225°C and
waited overnight. After removing any adsorbed water vapor, pellets were obtained
by compression at 60 kN force. Since during this process, pellets might adsorb water
vapor from the surroundings, they were also put into an oven at 225°C for additional
three days. Just before the experiment, the 0.45 grams of CaCl. pellet was put into
the reactor immediately. The transport experiment was conducted at 45°C; therefore,
the water bath was heated and when the temperature was stabilized, ammonia gas
was sent through the reactor and an adsorption reaction was initiated. In the heat and
mass transport experiment, the focused reaction was the first adsorption reaction to
observe the structure change. When the system reached equilibrium, additional
ammonia gas was sent to the reactor and this procedure was followed until 8 moles

of ammonia per mole of CaCl> was adsorbed totally.

34.1 Flow Chart of the Heat and Mass Transfer Experiments

The flow of the heat and mass transfer experiment can be found in Figure 11.
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3.5 Kinetic Model

Adsorption and desorption reactions were carried out, and the adsorbed/desorbed
amount was calculated by the change of pressure in the volumetric method.
Ammonia was assumed to be an ideal gas, and the adsorbed ammonia amount was
calculated according to the ideal gas law. The reaction kinetics was expressed based
on the change in the molar ratio of CaCl,.8NH5 for CaCl, - (4 & 8)NH; reaction
and CaCl,.4NH5 for CaCl, - (2 & 4)NHj; reaction in time that are expressed in
Equations 18 and 19.

P _ Ncaci,8NH; 18
CaClz 8NH3 -
Ncacl,8NH; T Ncacl, 4NH,
_ Ncaci,4NH; 19
0CQC[24—NH3 i

Ncact,2NHs T Ncacl,4NH,

In Equations 18 and 19, ncqci,snvm,» Neact,anm;@Nd Neger,2nvn, represent moles of
eight-ammoniated, four-ammoniated and two-ammoniated CaCly, respectively. The
reversible reaction between ammoniated CaCl, and NHs can be given in Equation
20, which represents the final reactant and product amounts related to the ammonia

conversion for the reaction of CaCl, - (2 & 4)NH;.

RXN CaCl,.2NH; _+  2NH; <« CaCly.4NH;
Initial Nn0caci,anH, N0y, N0caci,snH;
Change X X X 20
+n0NH3.E _nONHs.E +nONH3.E
Final X X X
nONH3 (07 — E) nONH3 1- E) nONH3 (o4 + E)

In Equation 20, o, is the ratio of initial moles of CaCl2.2NHs and initial ammonia
mole and o, is the ratio of initial moles of CaCl..4NHs and initial ammonia mole.
Similarly, the reversible reaction between CaCl,.4NH3z and CaCl2.8NH3 can be given
in Equation 21.
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RXN CaCl,.4NH;  + 4NH, o  CaCl,.8NH;
Initial N0¢acl,4NHs, n0yy, N0cacl,8NHs;
Change X X X 21
g +nONH3.Z _HONHS'Z +n0NH3.Z
Final X X
N0y, (04 — Z) nOyy, (1 — Z) nOyy, (0g + Z)

The conversion of ammonia can be expressed as;

22

In Equation 22, P is the bulk ammonia pressure in the reactor, and Py is the initial
ammonia pressure supplied to the reactor. The complex reactive system is believed
to be suitable for the Langmuir-Hinshelwood model. In this model, gas molecules
strike the solid surface because of their kinetic energy, and a fraction of these
molecules adhere to the solid surface. While some molecules bond with the solid
surface, some gas molecules are separated from the solid surface due to their kinetic,
rotational, and vibrational energy. The reaction rate for the entire system is
determined by evaluating the adhesion of gas molecules to the surface of the solid
and their separation from the solid surface (Smith, 1987). The suggested rate
expressions for CaCl, - (4 & 8)NH3 and CaCl, - (2 « 4)NH; reactive systems are
given in Equations 23 and Equation 24, respectively. Here, the first term represents
the adsorption reaction and expresses how many striking gas molecules adhere to the
surface. The second term represents the desorption reaction and expresses the
number of molecules leaving the surface.

Ao cqciponn B 23
adtz:s > = ka(4_8)Pa(1 - HCaCIZSNH3) - kd(4_8)9caCl28NH3y

24

dGCaC124NH3

B
dt = ka(2—4)Pa(1 - 6'Caazszg) - kd(2—4)9CaClz4NH3y
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In Equations 23 and 24, k, and k, represents adsorption and desorption rate
constants, respectively, and a, 8, and y are reaction expression coefficients. Rate

constant terms are also defined according to Arrhenius’s Law given by:

k, =A, exp (—Ea,/RT) 25
ky=A,; exp (—Eay/RT) 26
where A, and A, are pre-exponential factors and Ea, and Ea, are activation
energies for adsorption and desorption reactions, respectively. Combining Equation
18 through Equation 26, the reaction kinetic model between ammonia and CaCl> can

be defined by Equation 27 and Equation 28;

dGCaCl NH B 27
% = Aq(a—-g)€Xp (—Eaa(4_8)/RT)P“(1 - HCaCIZBNH3)

— Aga—-g)exp (_Ead(4—8)/RT)HCaCIZSNH3y
d9€aC124NH3 28

dt = Ag2-4)€XD (—Eaa(2_4)/RT)P“(1 - 96aClz4NH3)B

— Aga—ayexp (_Ead(2—4)/RT)HCaClz4NH3y
When Equations 18 through 28 are combined, reaction rate expressions based on
molar ratio, temperature, and initial pressure can be obtained as given in Equation
for reactions CaCl, - (4 & 8)NH; and CaCl, - (2 & 4)NHj,, respectively.

d9¢:aCl NH —Eags-g) 29
% = Aqa—g)€xp (Ra—T) P(()x(l — 40, + 40caci,8nH, (08
a B
+ 04)) (1 - HCaClz8NH3)
— Aaqa-gyexp (—Eag(s-gy/RT)Ocacr,onm,”
dGCaCl NH —Ea (2-4) 30

a
B
+ 20caci,8nm, (04 + 02)) (1 - 90aClz4NH3)

—Eag-4
— Ag2-4) €XD (T) 9CaClz4NH3V
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3.6 Analysis Method

Adsorbed ammonia amount was calculated by the volumetric method. Pressure
decrease during the adsorption reaction or pressure increase during the desorption
reaction were used to calculate adsorbed/desorbed ammonia amount by using the
ideal gas law. The conversion was calculated at each ammonia feeding or vacuum
steps, and conversion versus time plots were obtained. From the best-fitted
polynomial equations, the derivatives of the curves were obtained as the reaction
rates.

First, NLR analysis was done to obtain reaction rate constants and kinetic parameters
in Equations 23 and 24. Based on the initial estimated values, Polymath gives the
calculated values with 95% CI and R2. The 95% CI should be smaller for a good fit,
while the R? should be higher than 0.6. Moreover, Polymath gives three plots;
residual plot, normal probability plot, and comparison of experimental and
calculated values plot. The data points of “calculated reaction rates-experimental
reactions rates” (residuals) should be randomly distributed to the reference line. In
addition to the residual plots, probability plots were considered in the analysis. It
shows the normal distribution when the data points lie on the reference line. During
the analysis, the outlier data points were detected with the help of these curves, and
the best matches were obtained.

After calculating the adsorption/desorption reaction rate constants and Kinetic
parameters, pre-exponential factors and activation energies were calculated
according to Arrhenius's Law given in Equations 25 and 26. Finally, these values
were used as initial guesses, and the temperature-dependent reaction rate kinetics
given in Equations 27 and 28 were adapted to the NLR analysis in Polymath. The
same procedure was followed in the analysis as described above, and Kinetic

parameters were obtained for these reactive systems.
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3.7 Model Development

There are some models for solid-gas heterogeneous reactions. These can be classified
as the shrinking core, continuous, and grain models. One of the earliest models which
Ramachandran and Doraiswamy proposed in 1982 is the shrinking core model.
According to this model, the reaction occurs at the particle's external surface. As the
reaction proceeds, the particle shrinks but leaves behind an ash layer. It assumes that
there is a sharp interface for the reaction, and this sharp interface moves through the
center of the particle during the reaction. In other words, there will be an unreacted
core during the reaction, which diminishes as time progress while the ash layer
diameter (initial diameter of the particle) remains constant. While the gaseous
product reaches the surface of this unreacted core, it comes across with some
limitations because of the resistances, which are chemical reactions, diffusion in the
product layer, heat transport from the reaction interface, and diffusion in the external
layer. These limitations are crucial to define the system. In the continuous reaction
model, gaseous reactants diffuse through the porous particle, and the reaction occurs
throughout the whole particle. The limitations can be defined as chemical reactions,
diffusion in the porous particle, heat transport in the particle, and diffusion in the
external gas film. Grain models describe the system in which smaller solid particles
form the solid particle, which is very useful for the system in which a pellet is formed
by the compaction of fine-sized grains (Ramachandran & Doraiswamy, 1982), given
in Figure 12 (Yake, 1980).

UNREACTED CORE
PRODUCT LAYER

Figure 12. Description of grain model
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According to this model, small particles, which are called grains, are non-porous;
however, the formed particle has a void fraction due to the space between small
particles. As in the continuous model, the reaction takes place in the entire pellet,
while in the grain scale, the reaction occurs according to the shrinking core model.
The main difference between the continuous and grain models is that the grain model
assumes that small particles form the solid pellet with spaces between them. On the
other hand, the continuous model assumes that the pellet is formed with a continuous
solid phase with porous space. Moreover, the structural change in the solid particle
is attributed to the change in each solid grain in the grain model, while it is attributed
to the change in the geometrical variation of the pores in the continuous reaction
model (Dai, 2017).

Rather than the shrinking core model or continuous reaction model, the
particle/pellet model (grain model) is selected as the model represents the
phenomena during the solid/gas reaction in this system. The reason behind this
selection is that the shrinking core model needs many parameters, some of which
cannot be obtained experimentally. These theory-based parameters increase the
percentage of error between theoretical and experimental results. In the model, the

reaction occurs at the grain level, and heat and mass transfer occur at the pellet level.

The model was developed for a slab pellet that contains spherical grains. At t=0, the
valve between the small ammonia tank and the chamber opened, and ammonia was
allowed into the chamber, and then the valve was closed. As ammonia was supplied
to the chamber, it diffused through the pellet and reacted with the metal salt. During
the reaction, since the molar volume of the product was almost twice the molar
volume of the reactant, individual grain volume increased, leading to an increase in
pellet volume. This increase also changed the parameters related to pellet structure,
such as pellet density, thermal conductivity, and heat capacity. Besides, ammonia
pressure decreased inside the chamber due to diffusion and reaction. But also, when
the pellet volume increased, the available volume for the ammonia decreased, which

led to increase in ammonia pressure inside the container. Therefore, ammonia
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pressure inside the chamber was calculated at each time interval. The illustration of

the system is given in Figure 13.

Reactor

0.1m
0.014m

Ammonia Gas Cylinder

0.002 m

Tao=300K

Figure 13. Schematic representation of the reactive system

The assumptions for the system are as follows:

YV V. V V V V V V

Radial heat and mass transfers are neglected,

Grains are spherical and have uniform size and shape,

The number of grains in each space interval is constant,

The external mass transfer is negligible,

The void fraction is constant,

The mass transfer is mass diffusion, which is in the z-direction only,

The thermal conductivity of ammonia and metal salts is constant,

Ammonia is assumed to be an ideal gas, and density calculation is done
accordingly,

Pellet density, thermal conductivity, and heat capacity are calculated
according to the volume averaging method,

The expansion space of the solid particles is large enough; therefore,

agglomeration is neglected.
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3.8 Slab Coordinates

Slab shape pellets were obtained by compression; therefore, the model equations

were derived for slab geometry.

3.8.1 Heat Transfer Equation

The model was developed for slab geometry in which time and position were the
dependent variables. The model was in one-dimensional geometry for unsteady state.
In Figure 14, the geometry of the pellet is given.

NH3

l i i

NH3

Figure 14. Slab pellet geometry

The temperature distribution was assumed to be only in the axial direction. For the
selected shell, there was heat conduction in the shell at point z and conduction out at
point z+Az, and there was heat generation because of the reaction in the entire shell.

This description led to Equation 31.

d 31
e,(mr?)|z — e,(nr?)|z + Az — So(nr?Az).AH,yy, = o (PsysCp,sysTr?Az)

Dividing by (rr2Az) and taking the limit as Az — 0, governing equation for the heat

transport was obtained as given in Equation 32.
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d dT(t, z) 32
P kerr (x(t,2)) o + So(x(t, 2))AH

d
= 2 (Pos (x(6, ) Cpsys (x(6,2), TIT (2, 2))

In Equation 32, k. is system effective thermal conductivity, p,, is system density,
Cpsys IS system heat capacity and S, is the energy term of the reaction. Heat
generation during the adsorption reaction is related to the heat of reaction and is

given in Equation 33.

dx 33
alt E

Where § is the stoichiometric coefficient and Nsart is the number of moles per unit

SO = 6Ns

volume of the reactive medium. System parameters were calculated based on the
volume averaging method as given in Equations 34, 35, and 36. In heat capacity and

density calculations, ammonia was neglected since it had a very low value.

Myeactant Mproduct 34
Psys = Preactant + Pproduct =
total,solid Miotal,solid
k =k Vreactant k Vproduct +k 35
eff — Mreactant Vv ] product Vv ] NH3£
total,solid total,solid
_ Myeactant Mproduct 36
Cp,sys - Cp,reactant — + Cp,product -
Meotal,solid Myotal,solid

3.8.1.1 Boundary Conditions for Energy Transfer

The equations were solved as axisymmetric. Hence, the z is equal to 0 and represents
the center of the slab pellet. The first boundary condition implies that there is no
energy flux at z=0.

daT(t,z) _ 0 37
0z

atz=20
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The second boundary condition implies that heat is transferred to the surrounding by

convective heat transfer.

dT(t, z) 38

atz=L(t) —keys(x(t,2)) —— = hyu, (DT (£, L) — Teo)

For the convective heat transfer coefficient calculation, firstly Nusselt number was

calculated according to the Churchill-Chu correlation given in Equation 39.

2 39
0.387 - Ra'/®

B

Nu =10.825 +

In Equation 39, Ra is Rayleigh number which defines the relationship between
buoyancy force and viscosity, and Pr is Prandtl number which defines the
relationship between thermal diffusivity and momentum diffusivity. The relations

are also given in Equations 40 and 41.

F gB(Ts — Too)L%pZCp 40
= Tk

Ra

pr=" 41
a

In Equation 40, B is the thermal expansion coefficient, T; is surface temperature and

T, is bulk temperature, L is the characteristic length (Vbody/Asurface), and in Equation

41, v is kinematic viscosity of the fluid and « is thermal diffusivity. Thermal

expansion coefficient is a fluid property which defines the change in density with

respect to temperature at constant P, and its relation is given in Equation 42.

=5

After calculating the Nusselt number, the convective heat transfer coefficient was

42

P

calculated as given in Equation 43.
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Nuk 43

3.8.1.2 Initial Condition for Energy Transfer

Initially, the pellet temperature was equal to the water bath temperature.

att=0 T =318K for CaCl, - (2 & 4)NH,
44

att=0 T =321K for CaCl, - (4 & 8)NH,

According to governing equation and boundary conditions, second timestep
temperature values were obtained. Before going further to mass transport equations,
effective diffusivity was calculated, temperature effects were considered, and the
following relation was used (Everson, 2011).

Deff _ (2)3/2 45
Dy To

3.8.2 Mass Transport Equations

Mass transfer occurs in the z-direction only; likewise, shell balance was written as

given in Equation 46.

d 46
NA(mr?)|z — NA(nr?)|z + Az — Sy(nr?Az) = T (eCyy,mr?Az)

The definition of mass flux led to Equation 47.

0 0 [ P(t,z) _d e(x(t,2))P(t, 2) a7
a_Z(Deff(x(tr Z)) & (RT(t, Z))) - SO(x(t' Z)) - %( RT(t,7) >

When the chain rule is applied to Equation 47, the following expression given in

Equation 48 was obtained as the mass transfer equation.
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10 0P(t,z) 2D.s;(x(t,2)) dP(t, z) T (t, zx)
EE(Deff(x(t' Z))) 9z Te 0z 0z
P(t,z) 0T (t,zx) 0
CeT(t,z) 0z E(Deff(x(t' Z)))

P(t, z)Deff(x(t, 2)) 9%T(t, z)
B T(t,z)e 0z2

ZP(t,Z)Deff(X(t,Z)) aT(t'z) 2 48
ST(t,Z)Z ( 0z >

Deff(x(t' Z)) OZP(t, Z)
_.|_
€ 0z2
4Nsalt(x(t, Z))RT(t, z)dx(t,z) P(t,z) 6£(x(t, Z))
B € dt ¢ dat
P(t,z)dT(t,z) _0P(t,z)
T(t,z) ot 0t

3.8.2.1 Boundary Conditions for Mass Transfer

The first boundary condition implies that there is no mass flux at z=0.

d0P(t,z 49
(62 _

tz=0
at z 57

The second boundary condition implies that ammonia pressure at the outer surface

is equal to bulk ammonia pressure.

atz =L(t) P(t,L) = Pyy(t) 50

3.8.2.2 Initial Condition for Mass Transfer

Because of the first two reactions CaCl, - (0 & 1)NH; and CaCl, - (1 & 2)NHj,
ammonia gas was present in the system. For the initial pressure of ammonia, the

amount of ammonia from the previous reactions was considered and taken as the
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initial ammonia pressure at the beginning of the CaCl, - (2 & 4)NH3 and CacCl, -
(4 & 8)NHj; reactions.

att=0 P(t, z) = 1.93 bars for CaCl, - (2 & 4)NH;

51
att=0 P(t,z) = 2.82 bars for CaCl, - (4 & 8)NH;

3.9  Analysis Method

The differential equations were solved numerically using the “Finite Difference
Method”. The explicit method with central in space and forward in time was used.
The discretization was given in Equations 52, 53, and 54. In these equations, £ is

used for an arbitrary parameter.

00 ijp — 0y 52
at At

00 Diyyj — iy 53
0z 2Az

220 _ .Ql-+1,j — Z.Qi,j + -Qi—1,j 54
or? Ar?

The given equations are for equal increments. In the developed model, the increase
in the pellet length was considered when the model was run for dt time. Therefore,
each length increment increased proportionally to the conversion. The revised
version of Equations 53 and 54 are given in Appendix -C.

3.10 Algorithm of MATLAB

1. Define constant values related to pellet and solid particle geometries, reaction
kinetics parameters, constants of physico-chemical properties of metal salts and

ammonia, and physico-chemical properties of metal salts and ammonia
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2. Set the initial values of pellet and solid particle geometries, reaction Kinetics
parameters, system pressure, system temperature, equilibrium pressure, physical
properties of the system (porosity and effective diffusivity), amounts of reactants
and products (in mass and in mole), the volume of pellet, ammonia volume,
particle number

3. Define the number of intervals and related spatial and time increments

4. Create zero matrices for all parameters according to the defined number of
intervals that are defined in the 3™ item.

5. Specify initial constants and initial calculated values as the first term of the
matrices defined in the 4™ item.

5.1. Calculate the initial value of Pr, Ra, and Nu numbers and convective heat
transfer coefficient (h)
5.2. Discretize the length of the pellet, total and solid volumes of pellet, reactant
and product salt amount (in mole and in mass), particle number, pellet density (p),
pellet heat capacity (Cp), and pellet thermal conductivity (k)
6. Beginning of time loop;
6.1. Calculation of conversion at each spatial interval
6.2. Calculation of conversion-related parameters
6.3. Calculation of temperature at each spatial position
6.4. Calculation of temperature-related parameters
6.5. Calculation of ammonia pressure at each spatial position
6.6. Calculation of ammonia pressure-related parameters
6.7. Calculation of convective heat transfer coefficient
6.8. Replace old values with new values
6.9. Write table
7. End of time loop
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Reaction Rate Kinetics Results and Discussion

In this section, the results of the experiments for the determination of reversible

reaction rate kinetics will be summarized and discussed.

4.1.1 CacCl, - (2 & 4)NH; Reaction Kinetics Results

0.3 grams of anhydrous CaCl, was used as the first reactant in CaCl, - (2 & 4)NH;
experiments. In order to avoid the simultaneous occurrence of the CacCl, -
(2 & 4)NH;3 and CaCl, - (2 & 4)NH; reactions, the operating pressure was selected
based on the equilibrium pressures at the working temperatures. The change in local
temperature salt and conversion for CaCl2.4NHs are given in Figure 15. Each

ammonia feeding is represented as arrows, described in Chapter 3.
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Figure 15. Salt temperature change inside the salt (open diamonds with round dot
line) and degree of conversion for CaCl,.4NHs (closed diamonds) with respect to
time for adsorption reaction a) 30°C b) 45°C c) 55°C

In Figure 15, the closed diamonds represent the conversion of CaCl2.4NHs with
respect to time. The conversion of CaCl2.4NHsreached 1 in two ammonia feedings
at each temperature. Moreover, the open diamonds represent the local temperature
change during the adsorption reaction. Since it was an exothermic reaction, the local
temperature of the salt suddenly increased as soon as the ammonia gas was sent
through the reactor. While the adsorption reaction continued, the temperature of the
salt decreased smoothly because of the external cooling from the water bath, where
the temperature was constant at 30°C, 45°C, and 55°C. Hence, the final temperature

of the salt reached the water bath temperature at the end of each temperature.

First, the Non-Linear Regression analysis was used to calculate the adsorption and
desorption rate constants and the parameters a, B, and y in Polymath software.

According to the first analysis, a, B, and y are selected as 3, 0.1, and 0.3, respectively.
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The analyzed adsorption and desorption rate constants are given in Table 5. The

Polymath analysis results are given in Appendix-A.

Table 5. Adsorption and desorption rate constants for 30°C, 45°C, and 55°C when

a, B, and y are 3, 0.1, and 0.3, respectively, for CaCl, - (2 & 4)NH; reaction with

initial 0.3 grams of metal salt

Operating

Temp()f(r)ature Variable Value Cor?gsj/gnce 2
- kq(z-4 (min~"*bar™3)  0.0570 48x1073 0.95
ka(z-a)(min~t) 0.0120 1.9x 1073 '
45°C Ka(2-ay(min~'bar™®)  0.0060 2.1x1073 0.68
Ka(2—ay(min~1) 0.0150 7.5x 1073 '
Ka(z-4y(min~'bar™®)  0.0014 1.9 x 1074
55°C Ka(2—ay(min~1) 0.0200 36x10-3 093

In Figure 16, Arrhenius plots are given for adsorption and desorption reaction rate

constants. The slope of In (reaction rate constant) versus -1/T gives the E/R, and the

intercept gives the In (A).

-1T (1K)
-0.0034 -0.0033 -0.0032 -0.0031 -0.003
S e 'I""I"'_O
I %
... 2
........ o
............ fa g
......... =
~.’... —
.......... S
y = -14655x - 51.245 e, . 16 2
R2=1 5
8 8
=
_a_

62



Except for the second ammonia feeding at 25°C, the experimental and calculated

reaction rates show good agreement.

4.1.2 CaCl, - (4 & 8)NH;3; Reaction Kinetics Results

CaCl, - (4 & 8)NH; adsorption reaction was followed by the CaCl, - (2 & 4)NH;
adsorption reaction. The experiments were conducted with 0.5 grams of initial CaCl>
as the first reactant. Ammonia flush and adsorption/desorption experiments were
carried out as described in Chapter 3. Changes in local temperature salt and

conversion for CaCl..8NHs are given in Figure 20.
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Figure 20. Salt temperature (open diamonds with round dot line) and degree of
conversion for CaCl,.8NHz (closed diamonds) for adsorption reaction at 30°C,
45°C and 55°C, respectively
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As observed in Figure 20, the local salt temperature increased suddenly as soon as
the ammonia was sent to the reactor. Because of the constant water bath temperature,

the salt temperature decreased down to the water bath temperature.
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Figure 21. Salt temperature (open diamonds with round dot line) and degree of
conversion for CaCl,.8NH3 (closed diamonds) for desorption reaction at 30°C,

45°C, and 55°C, respectively

In Figure 21, local salt temperature change and conversion of CaCl,.8NHjs are given
for the desorption reaction. Since the desorption reaction is endothermic, salt
temperature first decreases as soon as the ammonia pressure decreases. As observed
in the adsorption reaction, salt temperature eventually equals to the water bath
temperature in the desorption reaction. For the kinetic analysis, the same procedure
was followed for the CacCl, - (4 & 8)NH; reaction. According to the first analysis,
a, B, and vy are selected as 3, 0.5, and 0.2, respectively. The adsorption reaction rates
were first used to calculate adsorption and desorption reaction rate constants. The
calculated values according to NLR analysis in Polymath are given in Table 7.
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Table 7. Adsorption and desorption rate constants for 30°C, 45°C and 55°C when a,
B and vy are 3, 0.5 and 0.2, respectively for CaCl, - (4 & 8)NH; reaction with initial

0.5 grams of metal salt

Operating 95%
Temperature Variable Value Confi R?
(K) onfidence
s5oC Kq(a—gy(min~'bar™®)  0.0060 41 x 107* 0.92
ka(a—g)(min1) 0.0035 3.5x 107* '
45 Kaa-gy(min~'bar™3)  0.0004  3.1x 1075 0.95
Ka(a_g)(min~?) 0.0042 6.5 x 107* '
—_— Kq(a-g)(min~'bar™®)  0.0002 2.4 %1075 0.78
Ka(a—g)(min1) 0.0061  1.1x107° '

According to the calculated reaction rate constants for adsorption and desorption

reactions, Arrhenius plots are given in Figure 22.
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Figure 22. Arrhenius plots for CaCl, - (4 « 8)NH; reaction a) Desorption
Arrhenius plot b) Adsorption Arrhenius plot

From the Arrhenius plots, pre-exponential factors and activation energies of
adsorption and desorption reactions were calculated, and these values were used as
the initial values for the NLR analysis done in Polymath.

Table 8. Apparent activation energies and pre-exponential factors of adsorption and
desorption rate constants based on the Arrhenius plots and NLR analysis on
Polymath and Minitab for CaCl, - (4 & 8)NH; reaction

Ana|y3is Aa(‘l'—g) Ea, aPPa(4-8) Ad(4—8) Ea, aAPPa4-8)
Tool (min~'bar3)  (J/mol) (min-1) (J/mol)
Arrhenius ) o 1019 —94521 0.98 14050
Plots
Polymath ) 10-18 —88130 3.44 16500
Analysis
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CHAPTER 5

CONCLUSION

In the scope of this study, CaCl, - (2 < 4)NH5 and CaCl, - (4 & 8)NH; reactive
systems were investigated in terms of reaction kinetics. Different from the literature
where the reaction rates were expressed for adsorption and desorption individually,
reversible reaction rates were suggested. This study's suggested reaction rate
expression was based on the Langmuir-Hinshelwood model. In this model, the net
reaction rate is expressed as the summation of the adsorption and desorption
reactions. The net reaction rate depends on the vacant site's availability, the initial
ammonia pressure, and the energy of the gas molecules. The net effect of equilibrium
pressure is not integrated into the reversible reaction rate. The dependency of the
reaction rate to the equilibrium conditions is obtained from the desorption term in
the case of the adsorption reaction, and it is obtained from the adsorption term in the
case of the desorption reaction. Therefore, at the equilibrium, different from the
literature, the adsorption reaction rate is not zero; however, the adsorption and

desorption reaction rates are equal to each other.

In order to evaluate the reaction rate kinetic parameters, pre-exponential factors, and
activation energies, reaction kinetics experiments were conducted. For this purpose,
an experimental setup was demonstrated, which contains a reactor, gas cylinder, and
vacuum pump. The Kinetic experiments were done with the powder CaCl, to
eliminate the heat and mass transfer limitations during the reaction. The first reaction
was conducted with 0.5 grams of initial CaCl. powder. It is known that after the first
reaction, the structure of the metal salt changes, and the volume increases because of
the difference in the molar volumes of the reactants and products. After the first
cycle, the reaction rate becomes independent of the initial solid particle, the number
of cycles, and the conversion. Therefore, before the kinetic experiments, metal salt

was first flushed with ammonia. The reaction was conducted at three temperatures,
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30°C, 45°C, and 55°C, to evaluate the rate constant parameters. The NLR analysis
was done firstly to evaluate adsorption and desorption rate constants which were then
used for the Arrhenius plots for pre-exponential factors and activation energies. Then
the calculated values were integrated into the NLR analysis as the first guess values,
and these were also calculated with the whole data set, including the desorption
reaction rates for the reaction of CaCl, - (4 & 8)NH5. The experiments were also
repeated with 0.3 grams of initial metal salt, and the experimental and calculated
results were compared. According to the NLR analysis, pre-exponential factors were
obtained as 7.06 - 10722 and 102 for adsorption and desorption terms, respectively,
for the CaCl, - (2 & 4)NH; reaction. These values are obtained as 2.64 - 10718 and
3.44, respectively, for the CaCl, - (4 & 8)NH; reaction. Also, adsorption and
desorption activation energies were obtained as -115600 J mol and 23310 J mol?,
respectively, for the CaCl, - (2 & 4)NH; reaction. Moreover, these were obtained as
-88130 J mol™? and 16500 J mol™ for adsorption and desorption terms for CaCl, -
(4 & 8)NHj; reaction. The experimental and calculated reaction rates were observed
to be compatible with each other except for the desorption reaction at 25°C. This
deviation was believed to be the presence of the physisorption.

The metal salts are used in the pellet forms in the CHP and hydrogen storage
applications in order to increase the NH3 sorption capacity. Therefore, in the second
part of this study, CaCl.-NHjs reactive system was investigated when the CaCl> was
used in the pellet form. The reactive system was considered taking heat and mass
transport phenomena into account coupled with reversible chemical reactions. The
governing equations were developed by using the obtained reversible reaction
expression in the first part of this study. Since the differential equations are not
solved analytically, a numerical solution was required, and hence, Finite Difference
Method was used. The equations were solved using MATLAB software. Also,
different from the literature, the increase in the pellet volume was considered in the
model, and the boundary conditions are written accordingly. In order to compare the
simulation results, the pellet experiments were done at 318 K and 321 K. It was noted

that the volume of the pellet increased by its length while the diameter changed
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slightly. Therefore, the model was developed by considering the change in the
length. The simulation results were first obtained for the CaCl, - (2 & 4)NH;
reaction, where the initial ammonia pressure in the pellet and initial bulk ammonia
pressure was 1.93 bars. The effective diffusivity was calculated based on the
literature value, and a more adopted value was obtained as 2-107> m? s, The
porosity of the system was assumed as 0.1. In the simulation, the porosity and
effective diffusivity change was eliminated. Experimentally obtained bulk ammonia
pressure changes with respect to time were compared with the simulation results. It
was observed that the experimental and simulation results were compatible with each
other in 700 seconds. However, after 700 seconds, deviation in the results was
observed, which was attributed to the constant effective diffusivity in the simulation.
It was deduced that the effective diffusivity decreases as the adsorption reaction
progresses because the space between the voids decreases due to the increase in the
volume of the small grains. Also, a slight temperature distribution was observed,
which is an expected result since the system was mentioned as heat transfer limited
in the literature. Compared to the literature, the temperature distribution was smaller,
which may be due to the small pellet length in this study. Secondly, the reactive
system of CaCl, - (4 « 8)NH; was studied. In this case, the initial ammonia pressure
in the pellet was much smaller than the initial bulk ammonia pressure. The
experimental bulk ammonia pressure change and simulation results are compatible.
The deviation observed in the former reaction was not seen in this case because the
slab pellet was dispersed during the reaction. Therefore, effective diffusivity may not
decrease experimentally in this case and become more similar to the simulation. The
dispersion of the pellet showed that for the CHP and hydrogen storage applications,
pellets obtained by compression pressure lower than 60 kN are crucial because of
the repeatability and reproducibility of the system. When the compression pressure
is lowered, the amount of CaCl, would be decreased if the net volume is the same,
and this decrease will lead to lower sorption capacity; however, for the system to
have a higher number of cycles, it is significant. On the other hand, lower

compression force will lead to a higher permeability that enhances the mass transfer
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inside the pellet. Also, the temperature distribution was observed; however, it was
not clear as the former reaction because the reaction rate was slower than that of
CaCl, - (2 & 4)NH; reaction. Hence, as the reaction progressed, while the
temperature of the pellet increased because of the exothermicity of the reaction, it
also cooled down to the water bath temperature. Therefore, the temperature of the
salt did not increase as much as in the former case. On the other hand, a slight
pressure gradient was observed in this case because of the difference in the initial

ammonia pressure in the pellet and initial bulk ammonia pressure.

In conclusion, the reactive systems of CaCl, - (2 & 4)NH; and CaCl, - (4 & 8)NH;
were well represented by reversible reaction rate expressions, suitable for the
Langmuir-Hinshelwood model. Moreover, the reactive system was well established
by a theoretical model considering heat and mass transport phenomena with the
obtained reversible reaction rate kinetic with adapting the structural change by
MATLAB software.
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D. Discretized Heat Transport Equation

d?*T dT
@ + Sgen = Psys * Cp,sys ' E

When the Finite difference method is applied;
N-1,1
k.gys )
T(N,l) _ T(N—Z,l) ]
dzWN-1D) 4 q,(N-21) .(dz(N_l'l)

[(dz(N_l'l))Z + (dZ(N—2,1))2]
2

T(N,l) _ ZT(N—l,l) + T(N—Z,l) _

|

(N=1,2) (N-1,1)
B | N-1,2 X A
—dzW 2,1))|.|. 4N_ ) * AHyeqction *

J salt It
_ (N-11) | A(N=-1,1) TWN=-12) _ 7(N-11)
= Psys : Cp,sys ; =

Boundary Conditions for Energy Transport

tr=20 aT—O
atr = 5 =

Discretized form of Equation D3 is;
T(1,2) =T(2,2)

Discretized form of Equation D5 becomes as given in Equation D6.

oT
atr =R _ksys E = hNH3 (T - Tbulk)

keys 72 - T2 4 [ahy, - (dz W12 4+ dz(V-22) T ]
kST + |y, - [dz V12 + dzV-22] |

sys

TWN.2) —
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E. Discretized Mass Transport Equation

N-1,2
Dy
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- - NH NH _ _
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(dzV-12)2 + (dzN-22)2

2 |
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d d
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+
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F. Volume and Length Calculation of CaCl2.2NHs and CaCl2.4NHs Solid Pellet

The initial pellet volume can be calculated as given in Equation F1.

Vpettet,cact,=T * 0.007% X 2 x 1073 = 3.08 x 1077 m? F1

p
The ratio between the molar volumes of CaCl, and CaCl2.2NHzand accordingly the
volume and the length of the CaCl,.2NHs are given in Equations F2, F3, and F4.

MVcacizznuz 903 X 107° =1.76 i
MVcacz  5.10x 1075

Vpelletcacr,ani,=3-08 X 1077 x 1.76 = 5.42 x 1077 m? F3

F4

5.42x1077

LpelletCaCIZZNH3 = W = 352 X 10_3 m

The ratio between the molar volumes of CaCl..2NHs; and CaCl2.4NHz and
accordingly the volume and the length of the CaCl>.4NH3 are given in Equations F5,

F6, and F7.

MVcacizannz _ 1.29 X 104 143 F5
MViacizonnz 903 x 1075
VpelletCaCl24NH3=5.42 X 10_7 X 143 = 7.75 X 10—7 m3 F6
-7
77510° - 503 x 1073 m F7

Lpelletcaci,ann, = TTX0007%

124



G. MATLAB Code

clear all
cle
close all
%%

%Constant Values

cons.reactorvolume=0.0003225; %m"3
cons.ammoniadia=4.93*10"-10; %m
cons.gasconstant=8.314; %J/mol.K
cons.poredia=5*10"-8; %m
cons.alpha=1.1;

cons.beta=0.1;

cons.gama=0.85;
cons.Patm=100000; %Pa
cons.adsenthalpy=42268; %.J/mol
cons.adsentropy=229.92; %J/mol.K
cons.a=34.236;
cons.b=-0.221*10"-1;
cons.c=1.231*10"-4;
cons.d=-1.088*10"-7;
cons.e=3.203*10"-11;

cons.g=9.81; %m/s"2

%%

%Ilnitial Values
ini.adspreexponential=2.18E-9;
ini.despreexponential=0.0001;
ini.adsactivationenergy=-42000; %J/mol

ini.desactivationenergy=-13980; %J/mol
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ini.Pbulk=193354; %Pa

ini. Tsys=318; %K
ini.grainradius=3*10"-5; %m
ini.graindiameter=ini.grainradius*2;
ini.pelletlenght=1.76*10"-3; %m
ini.pelletx=0.007; %m
ini.pellettotallenght=ini.pelletlenght*2;
%ini.porosity=0.2;
%ini.tortuosity=ini.porosity”(-1);
ini.effectivediffusivity=2*10"-4; %%m”"2/s
%%

%Initial values of physicochemical properties of the used materials
cons.reactantsaltMW=144.98; %g/mol
cons.reactantsaltdensity=1606; %kg/m”3
cons.reactantsaltCp=1352; %J/kg.K
cons.reactantsaltMV=9.02E-5; %m”3/mol
cons.reactantsaltTC=0.37; %W/m.K

cons.ammoniaMW=17; %g/mol
ini.ammoniadensity=(ini.Pbulk/(8.314*ini.Tsys))*17/1000; %kg/m"3
cons.ammoniaCp=(cons.a+cons.b*ini.Tsys+cons.c*ini.Tsys"2+cons.d*ini. Tsys"3+
cons.e*ini. Tsys™4)*(1000/17); %J/kg.K

cons.ammoniaTC=0.02493; %W/m.K
ini.ammoniadynamicviscosity=10.0258*10"-6; %Pa.s

ini.ammoniadynamicviscosityfilm=10.0258*10"-6; %Pa.s

cons.productsaltMW=178.98; %g/mol
cons.productdensity=1382; %kg/m”3
cons.productsaltCp=1676; %J/kg.K
cons.productsaltMV=0.000129; %m”3/mol
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cons.productsaltTC=0.42; %W/m.K

%%

%Initial calculated values
ini.pelletvolume=pi*((ini.pelletx)*2)*(2*ini.pelletlenght);
ini.equilibriumpressure=(exp((-

cons.adsenthalpy/(cons.gasconstant*ini. Tsys))+(cons.adsentropy/cons.gasconstant)
)

ini.adsrateconstant= ini.adspreexponential*exp(-
ini.adsactivationenergy/(cons.gasconstant*ini. Tsys));
ini.desrateconstant=ini.despreexponential*exp(-
ini.desactivationenergy/(cons.gasconstant*ini. Tsys));
ini.reactantsaltamount=0.587; %g

ini.porosity=0.1;

ini.availablevolume=cons.reactorvolume-ini.pelletvolume;
ini.ammoniamoleinreactor=(ini.Pbulk*ini.availablevolume)/(cons.gasconstant*ini.
Tsys);

ini.particlevolume=(4/3)*pi*(ini.grainradius)"3;

ini.particlenumber=ini.pelletvolume*(1-ini.porosity)/ini.particlevolume;

%%

%Finite Difference Method Starts
N=10;

ini.dz=ini.pelletlenght/(N-1);
dt=2*10"-6;

z.Pammonia=zeros(N,2);
z.pelletvolumeincrement=zeros(N-1,2);
z.reactantmoleincrement=zeros(N-1,2);
z.productmoleincrement=zeros(N-1,2);
z.reactantmassincrement=zeros(N-1,2);

z.productmassincrement=zeros(N-1,2);
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z.inireactantmoleincrement=zeros(N-1,2);
z.effectivediffusivity=zeros(N-1,2);
z.conversion=zeros(N-1,2);
z.unreactedsalt=zeros(N-1,2);
z.newpelletvolume=zeros(1,2);
z.diffusedammoniamole=zeros(1,2);
z.diffusedammoniapressure=zeros(1,2);
z.ammoniamoleinreactor=zeros(1,2);
z.graindiameter=zeros(1,2);
z.particlenumber=zeros(N-1,2);
z.consumedammonia=zeros(1,2);
z.consumedammoniadueto_reaction=zeros(N-1,2);
z.accumulationammoniaexcept_lastincrement=zeros(N-1,2);
z.lenghtincrementsummation=zeros(N-1,2);
z.T=zeros(N,2);
z.pelletdensity=zeros(N-1,2);
z.pelletCp=zeros(N-1,2);
z.pelletTC=zeros(N-1,2);
z.adsrateconstant=zeros(N-1,2);
z.desrateconstant=zeros(N-1,2);
z.equilibriumpressure=zeros(N,2);
z.convectiveHT=zeros(1,2);
z.newpelletlenght=zeros(1,2);
z.lenghtincrement=zeros((N-1),2);
z.solidvolumeincrement=zeros((N-1),2);
z.Pbulk=zeros(1,2);
z.availablevolume=zeros(1,2);
z.ammoniadensity=zeros((N-1),2);
z.ammoniaCp=zeros((N-1),2);
Ra=zeros(1,2);
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Pr=zeros(1,2);
z.ammoniamass=zeros((N-1),2);
z.Tfilm=zeros(1,2);
z.ammoniaCpfilm=zeros(1,2);
A=zeros(1,2);

B=zeros(1,2);
Xammonia=zeros(1,2);

z.ammoniamoleincrement=zeros(N-1,2);

%%

% %%Initial conditions

z.Pammonia(1:(N),1)=ini.Pbulk;
z.equilibriumpressure(1:N,1)=ini.equilibriumpressure;
z.T(1:N,1)=ini.Tsys;
z.consumedammoniadueto_reaction(1:(N-1),1)=0;
z.accumulationammoniaexcept_lastincrement(1:(N-2),1)=0;
z.newpelletlenght(1)=ini.pelletlenght;
z.newpelletvolume(1)=ini.pelletvolume;
z.diffusedammoniapressure(1)=0;
z.consumedammonia(1)=0;
z.effectivediffusivity(1:(N-1),1)=ini.effectivediffusivity;
z.graindiameter(1:(N-1),1)=ini.graindiameter;
z.lenghtincrement(1:(N-1),1)=ini.dz;
z.conversion(1:(N-1),1)=0;
z.adsrateconstant(1:(N-1),1)=ini.adsrateconstant;
z.desrateconstant(1:(N-1),1)=ini.desrateconstant;
z.pelletvolume(1)=ini.pelletvolume;
z.Pbulk(1)=ini.Pbulk;

z.availablevolume(1)=ini.availablevolume;
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z.ammoniamoleinreactor(1)=ini.ammoniamoleinreactor;
z.ammoniadensity(1:(N-1),1)=ini.ammoniadensity;
z.ammoniaCp(1:(N-1),1)=cons.ammoniaCp;
z.ammoniadynamicviscosity(1:(N-1))=ini.ammoniadynamicviscosity;
z.Pr(1)=ini.ammoniadynamicviscosity*cons.ammoniaCp/cons.ammoniaTC;
z.Ra(1)=((cons.g*(1/ini.Tsys)*(z.T(N,1)-

ini. Tsys(1))*(((pi*ini.pelletx*z.newpelletlenght(1)))/(pi*ini.pelletx+2*z.newpelletl
enght(1)))*3)*(((z.ammoniadensity(1))*2)*z.ammoniaCp(1)))/(((z.ammoniadynam
icviscosity(1))*(cons.ammoniaTC)));
z.Nu(1)=(0.825+((0.387*(z.Ra(1))(1/6))/((1+(0.492/z.Pr(1))(9/16))(8/27))))\(2)
z.convectiveHT(1)=((z.Nu(1)*cons.ammoniaTC)*(pi*ini.pelletx+2*z.newpelletlen
ght(2)))/(pi*ini.pelletx*z.newpelletlenght(1));
z.ammoniamass(1:(N-1),1)=ini.ammoniadensity*ini.porosity*ini.pelletvolume;
A(1)=0;

B(1)=0;

for iz=1:(N-1)
z.lenghtincrementsummation(iz,1)=iz*(z.lenghtincrement(iz,1));

z.pelletvolumeincrement(iz,1)=pi*((ini.pelletx)"2)*(z.lenghtincrement(iz,1));

z.reactantmassincrement(iz,1)=ini.reactantsaltamount™(z.pelletvolumeincrement(iz,
1)/ini.pelletvolume);
z.reactantmoleincrement(iz,1)=z.reactantmassincrement(iz,1)*(1/(110.98));
z.productmassincrement(iz,1)=0;
z.productmoleincrement(iz,1)=0;

z.solidvolumeincrement(iz,1)=z.pelletvolumeincrement(iz,1)*(1-ini.porosity);

z.particlenumber(iz,1)=(z.solidvolumeincrement(iz,1))/(((1/6)*pi*(z.graindiameter(
i2,1))"3));
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z.pelletdensity(iz,1)=calculateinitialpelletdensity(iz, cons.reactantsaltdensity,
z.reactantmassincrement,cons.productdensity, z.ammoniadensity, ini.porosity,

z.productmassincrement);

z.pelletTC(iz,1)=calculateinitialpelletTC(iz, cons.reactantsaltdensity,
z.reactantmassincrement, cons.productdensity, ini.porosity,
z.productmassincrement, cons.reactantsaltTC, cons.productsaltTC,

cons.ammoniaTC);

z.pelletCp(iz,1)=calculateinitialpelletCp(iz, cons.reactantsaltdensity,
z.reactantmassincrement,cons.productdensity, ini.porosity,

z.productmassincrement, cons.reactantsaltCp, cons.productsaltCp, z.ammoniaCp);

z.unreactedsalt(iz,1)=
((z.reactantmoleincrement(iz,1))./(z.pelletvolumeincrement(iz,1)));

z.Pavel(iz,1)=(z.Pammonia(iz+1,1)+z.Pammonia(iz,1))/2;

z.Tavel(iz,1)=(z.T(iz+1,1)+z2.T(iz,1))/2;

z.ammoniamoleincrement(iz,1)=(z.Pavel(iz,1)*z.pelletvolumeincrement(iz,1))/(co
ns.gasconstant*z.Tavel(iz,1));

end

z.inireactantmoleincrement(1:(N-1),1)=z.reactantmoleincrement(1:(N-1),1);
%%
% Time Loop Starts
tfinal=100000;
for j=0:dt:tfinal
z.Pammonia(N,1)=z.Pbulk(1);
for iz=1:(N-1)
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z.conversion(iz,2)=calculateconversion(iz, z.conversion,dt, z.Pammonia,
ini.adspreexponential, ini.adsactivationenergy, cons.gasconstant, z. T, cons.alpha,
cons.beta, ini.despreexponential, ini.desactivationenergy, cons.gama);
if z.conversion(iz,2)>1
z.conversion(iz,2)=1;
end
if z.conversion(iz,2)<0
z.conversion(iz,2)=0;
end

end

for iz=1:(N-1)

z.productmoleincrement(iz,2)=z.inireactantmoleincrement(iz,1)*z.conversion(iz,2);
z.reactantmoleincrement(iz,2)=z.inireactantmoleincrement(iz,1)-

z.productmoleincrement(iz,2);

z.reactantmassincrement(iz,2)=z.reactantmoleincrement(iz,2)*cons.reactantsalt MW

z.productmassincrement(iz,2)=z.productmoleincrement(iz,2)*cons.productsaltMW,

end

z.solidvolumeincrement(1:(N-1),2)=z.solidvolumeincrement(1:(N-
1),1).*(1+((cons.productsaltMV-cons.reactantsaltMV).*(z.conversion(1:(N-1),2)-
z.conversion(1:(N-1),1)))/cons.reactantsaltMV);

z.graindiameter(1:(N-1),2)=((((z.solidvolumeincrement(1:(N-
1),2))*6)./((z.particlenumber(1:(N-1),1))*(pi))).~(1/3));

z.pelletvolumeincrement(1:(N-1),2)=(z.solidvolumeincrement(1:(N-1),2))./(1-

(ini.porosity));
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z.newpelletvolume(2)=2*sum(z.pelletvolumeincrement(:,2));
z.newpelletlenght(2)=((z.newpelletvolume(2))/(pi*(ini.pelletx)"2))/2;
z.availablevolume(2)=cons.reactorvolume-z.newpelletvolume(2);
z.unreactedsalt(1:(N-1),2)=z.reactantmoleincrement(1:(N-
1),2)./(z.pelletvolumeincrement(1:(N-1),2));
z.sumvolumeincrement=cumsum(z.pelletvolumeincrement);
z.lenghtincrementsummation(1:(N-1),2)=power(((z.sumvolumeincrement(1:(N-
1),2))/(((ini.pelletx)*2)*pi)),1);
z.lenghtincrement(2:(N-1),2)=z.lenghtincrementsummation(2:(N-1),2)-

z.lenghtincrementsummation(1:(N-2),2);

z.lenghtincrement(1,2)=power(((z.sumvolumeincrement(1,2))/(((ini.pelletx)"2)*pi)

):1);

%%

% Calculation of Local Temperature

for iz=2:(N-1)

2.T(iz,2)=calculateT(z.T, iz, z.pelletTC, dt, z.pelletdensity, z.pelletCp,

z.lenghtincrementsummation, z.lenghtincrement, z.unreactedsalt, cons.adsenthalpy,
z.conversion, z.adsrateconstant, z.desrateconstant, z.equilibriumpressure,
z.Pammonia);

end

%Boundary Conditions for Energy Transport

2.T(1,2)=2.T(2,2);

2.T(N,2)=((z.pelletTC(N-1,1)*z.T(N-
2,2))+(z.convectiveHT(1)*ini.Tsys*(z.lenghtincrement(N-
1,2)+z.lenghtincrement(N-2,2))))/(z.pelletTC(N-
1,1)+(z.convectiveHT(1)*(z.lenghtincrement(N-1,2)+z.lenghtincrement(N-2,2))));

%%

133



% Calculation of Effective Diffusivity Based on New Porosity and Local

Temperature Values

for iz=1:(N-1)
z.effectivediffusivity(iz,2)=
z.effectivediffusivity(iz,1)*((((z.T(iz+1,2))+(z.T(iz,2)))/2)/(((z. T (iz+1,1))+(z.T(iz,1
N)/2))(3/2);
end
%%
%Calculation of Local Pressure of Ammonia
for iz=2:(N-1)
z.Pammonia(iz,2)=calculatePammonia(z.Pammonia, iz,
z.effectivediffusivity,z.lenghtincrementsummation, ini.porosity, z.lenghtincrement,
dt, z.T, z.conversion, z.unreactedsalt, cons.gasconstant);
end
z.Pammonia(1,2)=z.Pammonia(2,2);
foriz=1:N
z.equilibriumpressure(iz, 2)=(exp((-
cons.adsenthalpy/(cons.gasconstant*z.T(iz,2)))+(cons.adsentropy/cons.gasconstant
));
end
%%
%Calculation of Boundary Condition for Pressure of Ammonia
for iz=1:(N-1)
z.consumedammoniadueto_reaction(iz,2)=((z.reactantmoleincrement(iz,1))-
(z.reactantmoleincrement(iz,2)))*2;
z.Pavel(iz,2)=(z.Pammonia(iz+1,2)+z.Pammonia(iz,2))/2;
z.Tavel(iz,2)=(z.T(iz+1,2)+z.T(iz,2))/2;

134



z.ammoniamoleincrement(iz,2)=(z.Pavel(iz,2)*z.pelletvolumeincrement(iz,2))/(co
ns.gasconstant*z.Tavel(iz,2));
for iz=1:(N-2)
z.accumulationammoniaexcept_lastincrement(iz,2)=(((((z.Pammonia(iz,2))-
(z.Pammonia(iz,1)))+((z.Pammonia(iz+1,2))-
(z.Pammonia(iz+1,1))))/2)*(z.pelletvolumeincrement(iz,2)))/(cons.gasconstant*ini.
Tsys);
end
A=2*sum(z.consumedammoniadueto_reaction);
B=2*sum(z.accumulationammoniaexcept_lastincrement);
z.consumedammonia(2)=A(2)+B(2);
z.ammoniamoleinreactor(2)=(z.ammoniamoleinreactor(1))-

(z.consumedammonia(2));

z.Pbulk(2)=(z.ammoniamoleinreactor(2))*cons.gasconstant*ini.Tsys/(ini.availablev
olume);

z.Pammonia(N,2)=z.Pbulk(2);

z.Xammonia(2)=1-(z.Pbulk(2)/ini.Pbulk);

for iz=1:(N-1)

z.ammoniamass(iz,2)=((((z.Pammonia(iz,2)+z.Pammonia(iz+1,2))/2)*(z.pelletvolu
meincrement(iz,2))*((ini.porosity)))/(cons.gasconstant*((z.T(iz,2)+z.T(iz+1,2))/2))
)*(17/1000);

z.ammoniadensity(iz,2)=((((z.Pammonia(iz+1,2)+z.Pammonia(iz,2))/2))/(8.314*(z.
T(iz+1,2)+2.T(iz,2))/2))*17/1000; %kg/m”3

end

for iz=1:(N-1)
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z.pelletdensity(iz,2)=calculatepelletdensity(iz, cons.reactantsaltdensity,
z.reactantmassincrement,cons.productdensity, z.ammoniadensity, ini.porosity,

z.productmassincrement);

z.pelletTC(iz,2)=calculatepelletTC(iz, cons.reactantsaltdensity,
z.reactantmassincrement,cons.productdensity, ini.porosity,
z.productmassincrement, cons.reactantsaltTC, cons.productsaltTC,

cons.ammoniaTC);

z.pelletCp(iz,2)=calculatepelletCp(iz, cons.reactantsaltdensity,

z.reactantmassincrement, cons.productdensity, ini.porosity,
z.productmassincrement, cons.reactantsaltCp, cons.productsaltCp,
cons.ammoniaCp);

end

%%

%Calculation of conductive heat transfer coefficient

2. Tfilm(2)=(ini.Tsys+z.T(N,2))/2;

z.ammoniadensityfilm(2)=(((z.Pammonia(N,2)+z.Pbulk(2))/2)/(8.314*(z.Tfilm(2)))
*17/1000);

z.ammoniaCpfilm(2)=(cons.a+cons.b*z.Tfilm(2)+cons.c*(z. Tfilm(2))"2+cons.d*(z
Tfilm(2))"3+cons.e*(z. Tfilm(2))"4)*(1000/17);

z.Pr(2)=ini.ammoniadynamicviscosityfilm*z.ammoniaCpfilm(2)/cons.ammoniaTC

z.Ra(2)=((cons.g*(1/(z.T(iz+1,2)+z.T(iz,2))/2)*(z.T(N,1)-
ini.Tsys(1))*(z.newpelletlenght(2))"3)
*(((z.ammoniadensityfilm(2))*2)*z.ammoniaCpfilm(2)))/(((ini.ammoniadynamicvi

scosityfilm(1))*(cons.ammoniaTC)));
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Nu(2)=(0.825+((0.387*(z.Ra(2)) (L/6))/((1+(0.492/z.Pr(2))*(9/16))(8/27)))) (2);

z.convectiveHT(2)=((Nu(2)*cons.ammoniaTC)*(ini.pelletx+2*z.newpelletlenght(2

))/(ini.pelletx*z.newpelletlenght(2));

%%
%Replace Old and New Values for the Next Time Step
z.lenghtincrement(1:(N-1),1)=z.lenghtincrement(1:(N-1),2);
z.solidvolumeincrement(1:(N-1),1)=z.solidvolumeincrement(1:(N-1),2);
z.pelletvolumeincrement(1:(N-1),1)=z.pelletvolumeincrement(1:(N-1),2);
z.effectivediffusivity(1:(N-1),1)=z.effectivediffusivity(1:(N-1),2);
z.unreactedsalt(1:(N-1),1)=z.unreactedsalt(1:(N-1),2);
z.reactantmoleincrement(1:(N-1),1)=z.reactantmoleincrement(1:(N-1),2);
z.reactantmassincrement(1:(N-1),1)=z.reactantmassincrement(1:(N-1),2);
z.productmoleincrement(1:(N-1),1)=z.productmoleincrement(1:(N-1),2);
z.productmassincrement(1:(N-1),1)=z.productmassincrement(1:(N-1),2);
z.graindiameter(1:(N-1),1)=z.graindiameter(1:(N-1),2);
z.lenghtincrementsummation(1:(N-1),1)= z.lenghtincrementsummation(1:(N-
1).2);
z.adsrateconstant(1:(N-1),1)=z.adsrateconstant(1:(N-1),2);
z.desrateconstant(1:(N-1),1)=z.desrateconstant(1:(N-1),2);
z.pelletCp(1:(N-1),1)=z.pelletCp(1:(N-1),2);
z.pelletdensity(1:(N-1),1)=z.pelletdensity(1:(N-1),2);
z.pelletTC(1:(N-1),1)=z.pelletTC(1:(N-1),2);
z.conversion(1:(N-1),1)=z.conversion(1:(N-1),2);
z.ammoniadensity(1:(N-1),1)=z.ammoniadensity(1:(N-1),2);
z.newpelletvolume(1)=z.newpelletvolume(2);
z.newpelletlenght(1)=z.newpelletlenght(2);

z.diffusedammoniapressure(1)=z.diffusedammoniapressure(2);
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z.diffusedammoniamole(1)=z.diffusedammoniamole(2);
z.availablevolume(1)=z.availablevolume(2);
z.Pbulk(1)=z.Pbulk(2);
z.convectiveHT(1)=z.convectiveHT(2);
z.ammoniamoleinreactor(1)=z.ammoniamoleinreactor(2);
Ra(1)=Ra(2);

Pr(1)=Pr(2);

Nu(1)=Nu(2);

z.Xammonia(1)=z.Xammonia(2);
z.Pammonia(1:N,1)=z.Pammonia(1:N,2);
z.equilibriumpressure(1:N,1)=z.equilibriumpressure(1:N,2);
z.T(1:N,1)=2.T(1:N,2);

if rem(j,1)==0

T1=table(z.Pammonia(1:N,1), z.T(1:N,1), z.equilibriumpressure(1:N, 1),
‘VariableNames',...

{'Pammonia’ 'T" 'equilibriumpressure'});

T2=table(z.conversion(1:(N-1),1), z.lenghtincrement(1:(N-1),1),...
z.effectivediffusivity(1:(N-1),1), z.adsrateconstant(1:(N-1),1),...
z.desrateconstant(1:(N-1),1),...
z.lenghtincrementsummation(1:(N-1),1), z.graindiameter(1:(N-1),1),...
z.unreactedsalt(1:(N-1),1), z.reactantmoleincrement(1:(N-1),1),...
z.productmoleincrement(1:(N-1),1),...

'VariableNames', {'conversion’ 'dr' 'Deff' 'adsrateconstant’
‘desrateconstant'...
'lenghtincrementsummation’ 'dgrain’ 'unreactedsalt'...

'reactantmoleincrement’ '‘productmoleincrement'});
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T3=table(z.Pbulk(1), z.newpelletvolume(1),z.newpelletlenght(1),...
z.availablevolume(1),z.ammoniamoleinreactor(1), z.Xammonia(1),...
'VariableNames',...

{'Pbulk’ 'newpelletvolume' 'newpelletlenght’ ‘availablevolume'...

‘ammoniamoleinreactor' "Xammonia'});

filename = sprintf('z%04d.xlIsx",j/1);
sheet1=1,;

writetable(T1, filename, ‘sheet’, sheetl);
sheet2=2;

writetable(T2, filename, 'sheet’, sheet2);
sheet3=3;

writetable(T3, filename ,'sheet’, sheet3);

end
end

end
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Calculation of conversion
function output=calculateconversion(iz, conversion,dt, Pammonia,
adspreexponential, adsactivationenergy, gasconstant,...

T, alpha, beta, despreexponential, desactivationenergy,

gama);

output=conversion(iz,1)+(dt/60)*(adspreexponential*exp(-
adsactivationenergy/(gasconstant*((T(iz+1,1)+T(iz,1))/2)))*(((Pammonia(iz+1,1)+
Pammonia(iz,1))/200000)"alpha)*((1-conversion(iz,1))"beta)-
despreexponential*exp(-
desactivationenergy/(gasconstant*((T(iz+1,1)+T(iz,1))/2)))*(conversion(iz,1)*gam

a));

Calculation of local Ammonia Pressure
function output8r=calculatePammonia(Pammonia, iz, effectivediffusivity,...
lenghtincrementsummation, porosity, lenghtincrement,...

dt, T, conversion, unreactedsalt, gasconstant);

A=
((2*dt*(effectivediffusivity(iz,2))/((porosity)*((lenghtincrement(iz,2))+(lenghtincre
ment(iz-1,2)))*(((lenghtincrement(iz,2))"2)+((lenghtincrement(iz-
1,2))*2)))))*((((Pammonia(iz+1,1))-(2*(Pammonia(iz,1)))+(Pammonia(iz-
1,1)))*((lenghtincrement(iz,2))+(lenghtincrement(iz-1,2))))-(((Pammonia(iz+1,1))-
(Pammonia(iz-1,1)))*((Ilenghtincrement(iz,2))-lenghtincrement(iz-1,2))));

B= ((2*(effectivediffusivity(iz,2))*dt)/((porosity)*(T(iz,2))))*(((T(iz+1,2))-(T(iz-
1,2)))/((lenghtincrement(iz,2))+(lenghtincrement(iz-1,2))))*(((Pammonia(iz+1,1))-
(Pammonia(iz-1,1)))/((lenghtincrement(iz,2))+(lenghtincrement(iz-1,2))));
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C=
(((2*effectivediffusivity(iz,2))*(Pammonia(iz,1))*dt)/((T(iz,2))*(porosity)*((lenght
increment(iz,2))+(lenghtincrement(iz-
1,2)))*(((lenghtincrement(iz,2))"2)+((lenghtincrement(iz-
1,2))"2)))*((((T(iz+1,2))-(2*(T(iz,2))) +(T (iz-
1,2)))*((lenghtincrement(iz,2))+(lenghtincrement(iz-1,2))))-(((T(iz+1,2))-(T(iz-
1,2)))*((lenghtincrement(iz,2))-(lenghtincrement(iz-1,2)))));

D=
(((2*(effectivediffusivity(iz,2))*dt*(Pammonia(iz,1)))/(((T(iz,2))"2)*(porosity))))*

(((((T(1z+1,2))-(T(iz-1,2)))/((lenghtincrement(iz,2))+(lenghtincrement(iz-
L2)MN)"2);

E= ((4*(unreactedsalt(iz,2))*gasconstant*(T(iz,2))/(porosity))*((conversion(iz,2))-

(conversion(iz,1))));

F= Pammonia(iz,1);

G= (((Pammonia(iz,1))/(T(iz,2)))*((T(iz,2))-(T(iz,1))));

output8r=A-B-C+D-E+F+G;

Calculation of local temperature

function output7r=calculateT(T, iz, pelletTC, dt, pelletdensity,

pelletCp,lenghtincrementsummation, lenghtincrement, unreactedsalt, adsenthalpy,

conversion, adsrateconstant, desrateconstant, equilibriumpressure, Pammonia);

A=
((2*pelletTC(iz,1)*dt)/(pelletdensity(iz,1)*pelletCp(iz,1)*(lenghtincrement(iz,2)+|
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enghtincrement(iz-1,2))*(((lenghtincrement(iz,2))"2)+(lenghtincrement(iz-
L2)Y2))*(((T(iz+1,1)-2*T(iz,1)+T(iz-
1,1))*(lenghtincrement(iz,2)+lenghtincrement(iz-1,2)))-((T(iz+1,1)-T(iz-
1,1))*(lenghtincrement(iz,2)-lenghtincrement(iz-1,2))));

B=((4*unreactedsalt(iz,2)*adsenthalpy)/(pelletdensity(iz,1)*pelletCp(iz,1)))*(conv

ersion(iz,2)-conversion(iz,1));

C=T(iz,1);

output7r=A+B+C;

Calculate pellet thermal conductivity

function output_6=calculatepelletCp (iz, reactantsaltdensity,
reactantmassincrement,productdensity, porosity, productmassincrement,
reactantsaltCp, productsaltCp, ammoniaCp);
output_6=reactantsaltCp*(((reactantmassincrement(iz,2))/reactantsaltdensity)/(((rea
ctantmassincrement(iz,2))/reactantsaltdensity)+((productmassincrement(iz,2))/prod
uctdensity)))+ammoniaCp.*porosity+productsaltCp*(((productmassincrement(iz,2)
)/productdensity)/(((reactantmassincrement(iz,2))/reactantsaltdensity)+((productma

ssincrement(iz,2))/productdensity)));

Calculate pellet density
function output_4=calculatepelletdensity(iz, reactantsaltdensity,
reactantmassincrement,productdensity, ammoniadensity, porosity,

productmassincrement);
output_4=reactantsaltdensity*(((reactantmassincrement(iz,2))/reactantsaltdensity)/(

((reactantmassincrement(iz,2))/reactantsaltdensity)+((productmassincrement(iz,2))/

productdensity)))+ammoniadensity(iz,2).*porosity+productdensity*(((productmass
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increment(iz,2))/productdensity)/(((reactantmassincrement(iz,2))/reactantsaltdensit

y)+((productmassincrement(iz,2))/productdensity)));

function output_5=calculatepelletTCv (iz, reactantsaltdensity,
reactantmassincrement, productdensity, porosity, productmassincrement,
reactantsaltTC, productsaltTC, ammoniaTC);
output_5=reactantsaltTC*(((reactantmassincrement(iz,2))/reactantsaltdensity)/(((re
actantmassincrement(iz,2))/reactantsaltdensity)+((productmassincrement(iz,2))/pro
ductdensity)))+ammoniaTC*porosity+productsaltTC*(((productmassincrement(iz,
2))/productdensity)/(((reactantmassincrement(iz,2))/reactantsaltdensity)+((product
massincrement(iz,2))/productdensity)));

143






CURRICULUM VITAE

Surname, Name: Karakas Helvaci, Zeynep

EDUCATION
Degree Institution Year of
Graduation
MS METU Chemical Engineering 2016
BS METU Chemical Engineering 2013

High School  Golbasi Anatolilan High School, Ankara 2007

FOREIGN LANGUAGES

Advanced English.

PROFESSIONAL EXPERIENCE
Process Engineer at Roketsan A.S. (2019 — Ongoing)
Teaching Assistant at METU, Chemical Enginnering Department (2014-2019)

PUBLICATIONS

- International Congress of Chemical and Process Engineering - CHISA - PRAG -
2016

Oral Presentation on Theoretical and Experimental Investigation of Ultrasound Propagation

Through Porous Medium
- 4™ Anatolian School of Catalysis - Izmir - 2016

Poster Presentation on Investigation of Ammonia Adsorption/Desorption Systems of Alkaline
Earth Metal Salts

- 7™ Catalysis Conference -Denizli- 2018

Poster Presentation on Theoretical Investigation of Adsorption/Desorption Reaction between
Metal Salts and Ammonia Based on “Unreacted Shrinking Core” Model.

145



- 9" Eastern Mediterranean Chemical Engineering Conference -Ankara- 2018

Poster Presentation on Theoretical Investigation of Structural Changes during Ammonia
Adsorption Reactions of Metal Salts

- 8" National Catalysis Conference -Ankara- 2021

Poster Presentation on Theoretical and Experimental Investigation of Metal Salt-Ammonia
Reactive System

146





