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OZET

_Fe/KCIOy IKILI KARISIMLARININ ISIL BOZUNMA
KINETIGININ ANALITIK VE NOMERIK YONTEMLERLE
TAYIN EDILMESI

Anil ALKAN
Yuksek Lisans, Kimya Muhendisligi Bolumu
Tez Danigmani: Prof. Dr. Selma MUTLU

Haziran 2018, 132 sayfa

Onerilen tez, birincil pil teknolojilerinden 1sil pilde kullanilan 1si tabletinin kinetik
dinamiklerinin arastiriimasi ve modelleme ile dogrulanmasini amacglamaktadir. Tez
kapsaminda, farkli kitlesel karisimlarinda Fe/KCIO, icin sicaklik taramali termal
analiz yontemiyle 1s1 (Q) — sicaklik (T) verileri elde edilmistir. Isi (Q) — sicaklik (T)
verileri, MATLAB™ (R2014A) da yazilan veri isleme yazilimi kullanilarak dénisim
(reaksiyonun ilerleme orani, a) — sicaklik (T) verisine gevrilmistir. Her 1si1 tabletinin
iIsil bozunma reaksiyonunun gorunur aktivasyon enerjisi (Es) Starink’in
izoddénusum yontemiyle belirlenmistir ve bu aktivasyon enerjisi kullanilarak Malek
kinetik proseduriyle reaksiyon modeli (f(a)) belirlenmistir. Analitik yontemlerle elde
edilen reaksiyon parametreleri (gorunur aktivasyon enerijisi, E,, reaksiyon model,
f(a), frekans faktoru, A), COMSOL Multiphysics yaziliminda olusturulan deneysel
veri ile model verisi arasindaki farki iterativ yontem ile minimuma indirgeyen paket
programinda sinir kosulu olarak kullaniimis ve optimum reaksiyon parametreleri
elde edilmistir. Son olarak; nimerik yontemle elde edilen optimum kinetik

parametreler COMSOL Multiphysics’de tanimlanan isi tableti yanma modelinde



calistinllarak yanma hizi sonuglari hesaplanmistir. Bu sonuglar literattirdeki yanma
hizi sonuglari ile karsilastiriimis ve boylece kinetik parametrelerin dogrulamasi

gerceklestirilmigstir.

Tez calismasinin ilk asamasinda farkli kutlesel karisimlarda (a/a) (82/18, 84/16,
86/14 ve 88/12) hazirlanan 1si tabletlerinin gorunur aktivasyon enerjisi degerleri
Starink izodonusum yontemi kullanilarak sirasiyla 208, 210, 218 ve 222 kJ/mol
bulunmustur. Yizde KCIO, orani arttikga aktivasyon enerjisi azalmaktadir. Bu
durum, tablet icerisindeki KCIO, miktari arttikga, Fe molekulu ile reaksiyon
gerceklesme ihtimalinin artmasina baglanmistir. Ayrica, Starink yontemiyle elde
edilen donugume kargi aktivasyon enerjisi degerleri, donusum degeri 0.4 olana
dek KCIO4 bozunmasi ve Fe oksitlenme reaksiyonlarinin ayni anda gergeklestigini

gostermistir.

Farkli 1s1 tabletleri i¢in ortalama aktivasyon enerjisi degerleri ve Malék proseduru
kullanilarak, 1si tabletinin 1sil bozunma reaksiyonunun Sestak-Berggren reaksiyon
modeline uydugu belirlenmigtir. Malék prosedurt kapsaminda 1si tableti bozunma
reaksiyonu icin olusturulan y(a) ve z(a) edrileri bozunma reaksiyonunun

cekirdeklenme (ing. Nucleation) siirecine gére gergeklestigini géstermistir.

Elde edilen kinetik parametreler kullanilarak farkli 1si tabletleri i¢cin zamana (t) karsi
donisim (a) egrileri hesaplanmis ve deneysel verilerle karsilastiriimistir.
Karsilastirma, hesaplanan zamana kargi donusum ve deneysel zamana karsi
doénusum egrilerinin yeterince oOrtismedigini godstermistir. Bu sebeple, kinetik
parametrelerin optimizasyonu igin COMSOL Multiphysics yaziliminda iterativ
prosedurt kullanan deneysel ve model arasindaki farki minimize etmeye dayali
program yazilmistir. Programin c¢iktisi olan optimize kinetik parametreler
kullanilarak hesaplanan zaman (t) — donusum (a) ve deneysel zaman (t) —
doénusum (a) egrilerinin értisme orani korelasyon faktori cinsinden (r) 0.98 — 0.99

araliginda bulunmustur.

Optimize edilmis kinetik parametreler 1si tabletinin yanma modelinde kullaniimistir.
82/18, 84/16, 86/14 ve 88/12 kitle karisim oranlarindaki 1si tabletleri igin yanma



hizi sirasiyla 26.0, 15.7, 11.5 ve 10.7 cm/s olarak hesaplanmistir. Yizde KCIO4
orani artttkga yanma hizinin eksponensiyel olarak arttigi géralmustar. Bu durum,
Isi tabletlere ait kinetik parametrelerle de ortusmektedir. Buna ek olarak,
hesaplanan yanma hizinin literatirdeki degerlere ¢ok yakin oldugu goérilmustir.

Bu ortisme elde edilen kinetik parametrelerin dogrulugunu teyit etmektedir.

Isil pilin aktiffesme ve c¢alisma slreglerinin dogru modellenemebilmesi igin
dogrulugu teyit edilmis Is1 tableti bozunma kinetik parametrelerinin elde edilmesi
gerekmektedir. Sonug olarak; isil pilin modellemeye dayali tasarim suregleri igin
krittik ©neme sahip olan 1s1 tabletinin bozunma reaksiyonuna ait kinetik

parametreler elde edilmigtir.

Anahtar Kelimeler: Isil pil, 1sI tableti, reaksiyon kinetigi, aktivasyon enerjisi, termal

analiz, reaksiyon modeli, optimizasyon, piroteknik, modelleme.
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The proposed thesis aims to investigate the kinetic dynamics of heat pellets used
in thermal batteries which is a type of a primary battery. For this purpose, heat (Q)
— temperature (T) curves for Fe/KCIO4 mixtures with different weight compositions
were obtained using non-isothermal thermal analysis. Heat (Q) — temperature (T)
curves were then converted to conversion (a) — temperature (T) curves utilizing a
data processing script that was developed with MATLAB™ (R2014A). For thermal
decomposition of each heat pellet with different weight composition, the apparent
activation enery (E,) was determined using Starink’s isoconversional method.
Malek’s kinetic procedure was followed to determine the reaction model, (f(a)) with
the obtained activation energy. The kinetic parameters that were analytically was
used as the initial values for the program that was developed with the COMSOL
Multiphysics that aims to minimize the difference between experimental and
calculated values in a iterative fashion. Lastly, the optimized kinetic parameters

that were calculated using numerical methods were used in the heat pellet burning



simulation which was defined with COMSOL Multiphysics to calculate the burn
rate of heat pellets. These burn rate values were compared with the literature
values to validate the obtained kinetic parameters.

In the first part of the study, for heat pellets with different weight compositions
(wiw) (82/18, 84/16, 86/14, 88/12) apparent activation energies were determined
as 208, 210, 218, 222 respectively using the Starink isoconversional method. The
activation energy decreases with the increasing % content of KCIO,4. The reason
for this increasing trend is the increased probability of oxidation reaction with
increasing % content of KCIO4. Additionally, activation energy values with respect
to conversion revealed that multi-step decomposition (KCIO, decomposition and

Fe oxidation) takes place until the overall conversion reaches 0.4.

The reaction model for the thermal decomposition of heat pellets was found to
follow Sestak-Berggren’s reaction model that was found by using the apparent
activation energies obtained for different heat pellets together with the Malék’s
kinetic procedure. The master plots, y(a) and z(a) revealed that the thermal

decomposition of heat pellets takes place according to the nucleation model.

The obtained kinetic parameters were used to calculate the conversion (a) vs. time
(t) to compare with the experimental values. Comparison showed that there was
no overlapping between calculated and experimental values. Therefore, for the
optimization of kinetic parameters the iterative approach that was designed with
COMSOL Multiphysics to minimize the difference between model and
experimental values was employed. The optimized kinetic parameters obtained
from optimization tool was used to calculate the time (t) — conversion (a) curve
which was compared with the experimental time (t) — conversion (a) curve.

Correlation factor (r) between these curves were calculated as 0.98 — 0.99.

The optimized kinetic parameters were used in the simulation of burning process
of heat pellets. For the heat pellets with weight compositions of 82/18, 84/16,
86/14 and 88/12 the burn rates were calculated as 26.0, 15.7, 11.5 and 10.7 cm/s,

respectively. With increasing % content of KCIO4, the burn rate increases



exponentially. This behavior is supported with the obtained kinetic parameters for
heat pellets. Additionally, the calculated burn rate values were found to be close to
the literature values. This correlation verifies that the obtained kinetic parameters

are accurate.

In order to accurately model the activation and operation processes of thermal
batteries, accurate kinetic parameters of the thermal decomposition of heat pellets
should be determined. Consequently, the Kkinetic dataset of the thermal
decomposition of heat pellets which is crucial for the design processes relying on
modelling are obtained within the scope of this study.

Keywords: Thermal battery, heat pellet, reaction kinetics, activation energy,

thermal analysis, reaction model, optimization, pyrotechnic, modelling.
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1. INTRODUCTION

Thermal batteries are mostly used for military application which require high power
outputs such as in guidance kits, fuses, cruise missiles, emergency ejection seats,
space vehicles and in the nuclear warheads [1-4]. Thermal batteries are designed
according to the requirements of the system that it will be used in. Operation time of a
thermal battery varies from few seconds to one hour which makes it a versatile
electrical source for military applications. Main advantages of thermal batteries over
conventional batteries are its endurance to the harsh environment conditions and its
low or none self-discharge under storage conditions. This low/none self-discharge
feature gives thermal battery the ability to withstand high/low temperatures under
storage conditions over 15 years without losing its electrical capacity [1]. Solid-state
electrolyte pellet is the main reason for the low/none self-discharge characteristic.
Thermal battery is activated by melting the solid electrolyte with the carefully amount

of thermal energy.

In a conventional thermal battery, pellets of iron powder (Fe) and potassium
perchlorate (KCIO4) binary mixtures are used as a heat source which supplies
thermal energy necessary for melting the eutectic salt. Melted eutectic salt permits
lonic migration between anode and cathode. Consequently, thermal battery starts to
provide desired voltage output within a certain amount of time. Activation time is a
critical design parameter to be adjusted for the system that the battery is
implemented in can perform its mission successfully [2, 3]. Understanding of heat
generation mechanism and the rate which this heat is generated is critical for the
activation phase of the battery. For this purpose, thermal decomposition mechanism

and kinetic parameters needs to be evaluated.

The main objective of this Master's Thesis is to develop a kinetic dataset for thermal
decomposition of Fe/KCIO,4 heat pellets that are used as the heat source for thermal
batteries. In addition, this thesis also evaluates the effect of weight compositions to

the decomposition kinetics of heat pellets.

For this purpose, a self-validating analytical and numerical path of kinetic analysis
method was engineered compiling the methods that are used commonly in literature.
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Although the kinetic analysis of stoichiometric mixture of Fe/KCIO, powder was
studied previously [4], the novelty is introduced by the study of kinetic analysis in

pellet form and validation of the kinetic parameters by simulation studies.

Heat pellets with varying weight compositions were prepared and thermal analysis
was conducted. Kinetic parameters for heat pellets were extracted from thermal
analysis data utilizing analytical methods (isoconversional method and malek’s
procedure). Analytically obtained kinetic parameters showed that with decreasing
KCIO,4 content, reactivity of heat pellet was decreased. Furthermore, decomposition
mechanism of heat pellets were determined. It was showed that thermal
decomposition of heat pellets obeys nucleation model. Fine-tuning of the analytically
obtained kinetic parameters were performed with COMSOL Multiphysics’s
optimization tool. Model data obtained using optimized kinetic parameters gave good
fitting with the experimental data. Correlation factors, (r) were in the range of 0.98 —
0.99. Accountability of the obtained kinetic parameters were proven by modelling the
burning process with obtained kinetic parameters. With increasing KCIO, content,

burn rate showed an increasing trend which was in the range of 10.7 — 26.0 cm/s.



2. LITERATURE SURVEY

It is presented an overview of the reaction kinetic models and the models that have
been considered to be used for kinetic analysis and simulation of heat pellet
decomposition. The aim is to study the kinetics of the methods reported in the area of
pyrotechnic decomposition and to evaluate the suitability and reliability of these

methods.

Firstly, an introduction summarizing the thermal battery technologies and basis of
reaction kinetics is presented. Then, a survey on the thermal analysis methods was
done to establish the basis for experimental methods that will be used. Lastly, the
tools and methods that were used to interpret the thermal analysis data were

examined.

2.1. Thermal Batteries

Thermal batteries are hermetically sealed primary reserve batteries which has
exceptionally high shelf life (> 15 years), mechanical stability in harsh environmental
conditions (rotational force resistance, impact resistance etc.), and wide current
discharge rating (50 — 1000 mA/cm?). For its inherent advantages and high reliability,
thermal batteries are mostly used in military applications such as; missile guidance
kits, fuses, cruise missiles, canopy jettison systems in fighter jets etc. Apart from
military applications, thermal batteries are also used in geothermal borehole

applications [5, 6].

A thermal battery unit cell typically consists of anode, cathode, electrolyte and heat
pellets which are in solid-state at room temperature. Thermal battery is made of stack
of cells which may be connected in series or parallel. A schematic view of unit cells in

a battery stack are shown in Figure 1.
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Figure 1. Schematic view of thermal battery cells in series

Thermal batteries are designed according to the requirements of the system that it is
implemented in. Characteristics of a thermal battery (electrical performance,
activation time, operation time etc.) are mainly defined by the species that are used in
cells. Unit cell configurations (species) that are used in thermal battery and their

advantages/disadvantages are given in Table 1.

Table 1. Types of unit cells used in thermal batteries

Electrochemical system: Operating cell Characteristics and/or

Anode/electrolyte/cathode voltage(V) applications

Used for fuse applications
where low noise levels are

Ca/LiCI-KCI/WO3 24-2.6 :
needed and dynamic
conditions are not severe.

Used for short-term

Ca/LiCI-KCl/CaCrOy4 22-26 applications (10-100 s) in
severe applications.

Mg/LiCI-KCI/V»0s 22-27 Used for short-term

applications (10-100 s) in



severe applications.

Used for short-medium
applications (1 — 10 mins) with
high current densities in severe
conditions.

LiSi/LiCI-LiBr-LiF/FeS, 16-21

Used for medium-long
applications (10 mins — 30
mins) with medium current
densities in severe conditions.

Li(Si or Al)/LiCI-KCl/FeS, 1.6-2.1

Used for medium-long
applications (10 mins — 30
mins)  with  high  current
densities in severe conditions.

Li(Si or Al)/LiCI-LiBr-LiF/FeS, 1.6-2.1

Used for long applications (> 1
Li(Si or Al)/LiCI-KBr-LiF/CoS, 1.6-2.1 hour) with medium current
densities in severe conditions.

Solid-state cell components at room temperature are the main reason for high shelf
life by substantially reduced self-discharge. To activate thermal battery, certain
amount of heat input is needed to melt the electrolyte and thus melted electrolyte
acts as an ionic bridge between anode and cathode. Heat input is provided by the
enthalpy of thermal decomposition of pyrotechnic heat pellets. Heat pellets are
ignited by electro-explosive devices such as electrical squibs or mechanical igniters
(ignition process is triggered by the momentum of impact or rotation for mechanical
igniters). Enthalpy of heat pellets should be carefully adjusted to bring up the
temperature in battery up to the point where eutectic electrolyte melts. Typical
working temperature for a thermal battery is between 300 and 600 °C depending on
the electrolytes used. Keeping inner temperature of thermal battery as high as
possible increases the ionic conductivity of electrolyte and the rates of mass transfer
and electrochemical reactions inside electroactive components. However, if too much
heat is introduced to the thermal battery, electro-active materials may exothermically
deteriorate and increase the inner temperature more, eventually causing thermal

runaway of the battery [2-5].
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Figure 2. A schematic representation of thermal battery assembly

After igniter is fired, physical and chemical events that take place at the ignition point

of heat pellets are described below and schematically shown in Figure 3:

e Heat and shock wave produced from the igniter travels through the pellet
holes to the end of the thermal battery stacks.

e Heat pellets starts to ignite from the inner radius because of the energy of heat
and shock wave.

e Heat produced from thermal decomposition of heat pellets raises the
temperature of thermal battery up to a degree where eutectic salt (typically
LiCI-KCI salt is used) in electrolyte pellet begins to melt. The process where
the electrical or mechanical igniter is fired to the point where electrolyte is
melted and meaningful current could be drawn from battery is termed as the
activation. The time that battery takes to activate is termed as activation time.

e Immobilizing agent (typically magnesium oxide, MgO) acts as a matrix for ions
in eutectic salt mixture to move freely in electrolyte pellet. If electrolyte pellet
loses its mechanical integrity or lets ionic conductive eutectic salt solution to
leak between cells, short circuit may arise. Short circuiting has a potential to

lead thermal runaway of battery and should be avoided.



e Once ionic link between anode and cathode is established, electroactive
component of anode (typically lithium, Li), oxidizes to form its positive charged
ion (Li*) and electron (e").

e Electrical energy released from this reaction is used for electrical work and
conducted to the heat pellet. (Li*) that is released from anode diffuses to the
electrolyte matrix. To preserve ionic equilibrium, (Li*) ion diffuses to the
cathode as well.

e Cathode (typically iron sulfide commonly known as pyrite, FeS,) undergoes
reduction reaction with electron and lithium ion to end single electrochemical
cycle. Once the inner temperature of the battery drops below the melting point
of electrolyte or the electroactive materials are depleted because of
electrochemical or side (chemical) reactions, the battery cease to provide
meaningful voltage (acceptable lower voltage limit for a unit cell is 1.5 V for
many applications). The process where thermal battery is activated to the

point of capacity depletion is termed as operation time.

o
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Figure 3. A schematic representation of thermal battery working principle

Overall cell discharge reaction defined from the aforementioned working mechanism
of the Li(Si)/FeS; cell chemistry is given below.

3Li + 2FeS; — LisFeySs (Ecen= 1.6 — 2.1 V)

Internal resistance of thermal battery directly affects the voltage of unit cells. For the

better electrical performance of battery, ionic conductivity of the electrolyte should be
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kept as high as possible. That is accomplished by developing novel materials and cell
chemistries for thermal battery or by carefully managing the heat generated inside
thermal batteries. Main considerations that should be taken into account for efficient
heat management are given below:

e Thermophysical properties of unit cell components,

e thermal insulation of thermal battery assembly,

e design parameters of heat pellets such as weight, calorific output (cal/g),

weight composition and relative density.

Heat pellet in each cell is the main component that affects the heat management of
the thermal battery. It is a paramount necessity to define the decomposition process
of heat pellets for precisely designing the activation and operation phases of the

battery.

2.2. Thermal Decomposition of Heat Pellets

Guidotti et al. performed a study to determine the ideal pyrotechnic mixture to be
used in thermal batteries. Fe/KCIO,4 outperformed other candidates with its electrical
conductivity feature of its reaction products, high calorific output (cal/g), controllable
and ideal range of linear burn rates (5 cm/s — 100 cm/s), dimensional stability, ideal

ignition sensitivity and no outgassing feature [2].

Heat pellet consists of iron powder (Fe) as the fuel and crystalline potassium
perchlorate (KCIO,) as the oxidizer. Heat pellets are produced by cold pressing of the
homogenous mixture of iron and potassium perchlorate mixtures with specified
particle size. The pellets have a hole in the center that it is ignited by the electro-
explosive initiator. The iron content by weight is varied between 80 — 90%. The iron
content is deliberately set higher than the stoichiometric ratio to preserve the
electrical conductivity of heat pellet with remaining iron content. As well as electrical
conductivity, excess iron moderates heat output into the battery components by

reducing the thermal diffusivity [3].

For sake of better understanding of the scope of this thesis, following notations are
defined:



Calorific Output:

Calorific output is the heat release of 1 g pyrotechnic mixture (Fe/KCIO,4) during

burning under inert conditions; the unit is usually defined as cal/g [7].

Adiabatic Burning Temperature:

The maximum temperature, the heat pellet would reach under thermally ideal

isolation conditions.

Linear Burn Rate:

Linear burn rate can be defined as the distance the burning surface of a pyrotechnic
composition advances per unit time. Heat and shock wave of the electro-explosive
device ignites the heat pellet from the center hole (Figure 4).

The time when the first surface of center hole of heat pellet ignites is termed as to.
The time when last surface of heat pellet decomposes is termed as t;. Linear burning

can be defined with the following equation [7]:

Outer radius of pellet — Inner radius of pellet
Burn rate (€M/g) = Ip — /P (1)
L

-10

z

y‘\l/_,{

—> Indicates Burning Front

Figure 4. A Schematic view of burning process of heat pellet



Percent of Theoretical Density of Heat Pellet:

Also termed as degree of consolidation or green density, relative density defines the
ratio of solid content in the pellet matrix. Relative density can be mathematically
expressed as:

dpellet

Percent of Theoretical Density (%) = X 100 % (2)

theo.
where dpeier is the density of prepared heat pellet (g/cm?), dineo. is the theoretical

density assuming that heat pellet has no inner and interparticle voids (g/cm®).

2.3. Kinetics of Thermally Initiated Solid-State Reactions
The rate of chemical reaction and its dependency to the reactant concentration and
conditions (pressure and temperature) are studied for many chemical reactions.

Mechanism of the reaction dictates how these parameters affect the reaction rate [8].

2.3.1. Reaction Kinetics
The concept of reaction kinetics takes roots back into the 1800’s when Wilhelmy
discovered the rate depends on the amount of reactant that is in the reacting mixture.
He mathematically described this dependence as follows:
dC
-5 =

where t (s) is the time, C (mol/m®) is the concentration, and k (m%/s) is the rate

kC 3)

constant.

Based on van’'t Hoff's works on thermodynamic model [9], Arrhenius introduced
concept of activation energy that takes roots from Boltzmann statistical theory of the
energy distribution of activated particles to describe the temperature dependence of
the reaction rate with following equation:

k(T) = Ael_ /rT) (4)

where E, is the activation energy (J/mol) and R is the universal gas constant (8.314
J/ mol.K).

The activation energy (E,) can be described as the threshold value of energy needed
for reactant molecules to rearrange or break its bonds in a chemical reaction. It can

also be defined as the energy difference of the initial state of a reactant and the
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transition state (Figure 5). The pre-exponential factor represents the frequency of

collisions between reactant molecules [8].

transition state
(activated complex)

activation

final state
{products)

potential energy —————-

initial state
(reactants)

progress of reaction ———

Figure 5. Change of state during the chemical reaction [10]

Heterogeneous (solid-state) thermal kinetics originates from the theory of
homogenous gas or solid kinetics. Arrhenius equation is originally derived for the
homogenous reactions. Therefore, several authors [11-13] criticize the use of
Arrhenius equation in solid-state reactions in literature. However, Vyazovkin et al.
and Galwey et al. have pointed out in his work that the reaction kinetic of solid state
decomposition can be successfully described with activation energy using Arrhenius

theory [14, 15].

In solid-state decomposition, reaction rate equation related to temperature and
conversion can be expressed as:

% = k(T)f(«) (5)
where t is the time, k(T) is the rate constant, f(a) is the reaction model. A reaction
model is a theoretically developed mathematical expression which defines what
occurs experimentally. The conversion or the extent of reaction (a) that is taken place
represents the overall transformation of measured overall properties of reaction.
Depending on the instrumentation used and the characteristic of studied reaction,
measured properties can be the mass (i.e. thermogravimetric analysis), heat flow (i.e.

differential scanning calorimetry), concentration (i.e. spectroscopic methods) etc..
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The most typical mathematical expression for conversion is given as ratio of mass

change:

my —mr
oap =T (6)
mO - mf

For exothermic reactions, the conversion is expressed as the ratio of heat released

from reaction (Figure 6):

T
. fo Qreleased X dT (7)
(f
fo Qreleased X dT

where T is the temperature (K), Qreleased IS the heat flow released from decomposition

a7

of sample per unit mass of sample (W/g), a is the conversion, m is the mass of
sample (g). The subscript “0” denotes the initial state, “f” denotes the final state and T

denotes the property at specified temperature.

Integrated Area of Heat Flow Curve

]
—
T

Heat Flow (W)

—
=
T

U 1 l
Exo Up0.94 096 098 1 1.02
Normalized Temperature

|
1.04 1.06

Figure 6. Heat flow released and temperature in an exothermic process

Solid-state decomposition reactions have nature of following multi-step reaction
pathway [16]. The multi-step reaction pathway was studied extensively by several
researchers and the concept of reaction model, f(a) which is the representation of the
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reaction mechanism, was proposed [11-16]. The reaction models are reported by

Flanagan et al. in Table 2 [17].

Table 2. Solid-State rate and integral expressions for reaction models [17]

Differential Form Integral Form

Reaction Model
f(a) g(a)
Nucleation Models
Power law (P3) 3a?” a’®
Power law (P4) 4a" a*
Avrami-Erofeyev (A2) 2(1- a)[-In(1- a)]*? [-In(1- a)]?
Avrami-Erofeyev (A3) 3(1- a)[-In(1- a)]*® [FIn(1- a)]**®
Prout-Tompkins (B1) a(1-a) In[a/(1- a)] + c*
Extended Prout-Tompkins . . )
a” (1- a) no analytical form

(Sestak-Berggren) (B2)

Geometrical Contraction Models

Contracting Area (R2) 2(1- a)*? 1-(1- a)*?
Contracting Volume (R3) 3(1- a)*? 1-(1- o)™
Diffusion Models

1-D Diffusion (D1) 1/(2a) a’

2-D Diffusion (D2) -[1/In(1-a)] [(2- a)in(1- )] + a
3-D Diffusion - Jander (D3) [3(1- a)™*)/[2(1-(1- &)™ (1-(1- a)'")?
Reaction Order Models

Zero-Order (FO/F1) 1 a
First-Order (F1) (1- a) -In(1- a)
Second-Order (F2) (1- a)? (1- o)t

4Constant of integration.

Vallet et al. conducted the first kinetic evaluations based on non-isothermal thermal
analysis done at constant heating rate (8=dT/dt) setting on temperature program. For
sake of better mathematical definition he suggested replacing the time differential of

conversion in Equation (5) to the temperature differential [14]:

dT = B x dt (8)
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Based on the theories presented previously, the reaction rate for the heterogeneous

solid-state reaction under isothermal conditions can be mathematically expressed as:
da —E

— = Aexp( “/ RT)f(oc) 9)
dt

Implementing Equation (8) to Equation (9), reaction rate under non-isothermal

conditions can be derived:

da _ A (/pr) (10)
T Bexp RT/f(a)

Equation (10) is the basis of the thermal decomposition reactions. A, E and f(a)
parameters are the so-called kinetic triplet by the literature [14]. It can be seen from
Equation (10) that decomposition rate of the pyrotechnic at a certain temperature

depends on the conversion (a) at that temperature.

In the following section, literature survey on the heat pellet decomposition will be
presented in conjunction with the reaction kinetics knowledge presented in this

section.

2.4. Decomposition of Heat Pellet

A pyrotechnic mixture consists of solid fuel and an solid source of oxygen which are
required for the self-sustaining thermal decomposition reaction. These mixtures are
based on fine particles of typically metallic fuel (iron,Fe) and inorganic oxidizing agent
(potassium perchlorate (PP), KCIOy) [7].

Typical applications for such pyrotechnic devices are given in Table 3 below.

Table 3. Applications of pyrotechnic devices [18]

Feature of _ o
i Main Use Description
Pyrotechnic

Using red phosphorus or
white phosphorus gives
different colors to the
generated smoke.

Used for obscuring,
Smoke Generator screening and signaling
purposes on battlefield.

Produces light for signaling or Mixtures of only oxidizing

lluminatina Elare visual illumination. Used as agent and a metal fuel.
g infra-red decoys in fighter jets Additives are used for
as well. controlling burn rate.
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Electro-explosive
Devices

Used in thermal batteries as
initiators.

Electrically initiated devices
which utilize bridge-wire.
Typically zirconium —
potassium perchlorate
mixture is used in a metal
container.

Pyrotechnic Delays

Used in war-heads for fuze
applications. Used as timers
in grenades.

Larger particle size fuels and
oxidizers are used to control
the reaction rate.

Gas Generator

Used as an initiator in a
rocket motor.

Produces large amount of
hot and compressed
gaseous products for ignition
of rocket fuel.

Heat Source

Used as heat sources for
thermal batteries, self-
sustained high temperature
(SHS) reactions etc..

For thermal batteries,
typically in pellet form with a
hole in the middle. Ignition
starts from the middle with a
heat pulse from an electro-
explosive device.

2.4.1.

Pyrotechnic Ignition and Propagation

Pyrotechnic compositions are physical and heterogeneous mixtures of fuel and

oxidizer and sometimes heat mediators such as Viton®. These components may be

organic or inorganic. These formulations possess the characteristic of producing

large amount of heat, light and often gas. Most used fuel and oxidizer compositions

and their heat of reactions are given in Table 4.

Table 4. Typical binary pyrotechnic compositions and their heat of reactions [3,

19]
Fuel (% weight) | Oxidizer (% weight) AH, (kJ/g)
Fe 61.8 | KCIO,4 38.2 2.974
Fe 86.0 | KCIO,4 14.0 1.088
Mg 40.0 | KCIO4 60.0 9.372
Mg 37.0 | KCIO3 63.0 9.581
Al 34.0 | KCIO,4 66.0 10.251
Al 40.0 | NaNOs 60.0 8.368
Al 25.0 | FeO 75.0 4.017

Under room conditions, these compositions are stable and do not undergo any

decomposition reaction. An external stimulus (laser, heat etc.) should be directed to

the pyrotechnic composition to initiate the process of heat release (burning). In Figure
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7, internal energy variation starting from ignition till the end of burning process is
given. As it is stated, an external stimulus is needed to overcome the activation
energy barrier (E,). This is indicated as the “Energy In” part of Figure 7. After this
point, pyrotechnic composition starts to release its chemical energy which is called
the enthalpy of reaction (AH;). This heat release is indicated as the “Energy Out” part
of Figure 7. The reason why heat of reactions vary for each of the compositions given

in Table 4 is the number and energy of chemical bonds that are broken and formed
are different for each case.

Activation
Energy
B '
= :
S :
T ! Heat c?f
= E Reaction
= |
2 a
=1 mn | out g
s

Reaction Progress

Figure 7. An illustration of internal energy variation as reaction progresses for
a pyrotechnic composition [20]

The decomposition process of pyrotechnics is defined as self-sustaining. Once
ignited, thermal energy produced from thermal decomposition is sufficient to
overcome the activation energy barrier of the pyrotechnic mixture in vicinity (AHr>E,),

thus decomposition reaction proceeds until reactants are entirely consumed.
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Figure 8. An Illustration of the propagation process for arod formed
pyrotechnic composition [20]

Ignition of a pyrotechnic composition with an external stimulus will only provide
enough thermal energy for a small part to be started to burn. For burning front to
propagate, certain conditions should be fulfilled. Most important of them is given
previously: the need for higher heat of reaction than the activation energy for burning
process (AH>E,). Figure 8 shows the how burning front proceeds when a rod of
pyrotechnic composition is ignited. This figure not only shows how propagation
occurs, it gives insight about the heat transfer mechanism in which some of the
generated heat is conducted to the reacting material and some of heat is lost to the
surroundings. A fraction of the heat produced by burning (AH,) of pyrotechnic is lost
to the surroundings. Remaining fraction of the heat of reaction reaches the burning
front and brings up the temperature of pre-reacting material to the point of re-ignition.
This fraction is termed as Fq. Consequently, the inequality given previously (AH>E,)
should be revised and rewritten as AHr x Fg, >E, to fulfill the conditions needed to
pyrotechnics propagation proceeds until all reactants are depleted [20]. How fast this
propagation takes places is controlled by intrinsic properties of the compacted

pyrotechnic composition which is covered in the next section.

2.4.2. Burn Rate and Controlling Parameters

The rate of propagation or burn rate (cm/s) should be well adjusted to ensure safety
or to solely control heat release of the pyrotechnic composition for design
considerations. Therefore, understanding the factors that control burn rate should be
identified and investigated. Kosanke et al. presented and discussed the main factors

that affect burning process in their work as follows [7].
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1. Choice of Fuel and Oxidizer:

The choice of fuel and oxidizer is the key element that affects the kinetic
parameters which dictates the burn rate of a pyrotechnic composition. Some
oxidizers may be decomposing exothermically which have a boosting effect on
burn rate. In the case of KCIO, decomposition, decomposition energy is 37.656
J/ig which is exothermic [21]. The kinetic parameters of selected pyrotechnic

compositions (in stoichiometric ratios) are given in Table 5.

As well as kinetic parameters, choice of fuel and oxidizer also affects the
thermophysical properties such as thermal conductivity and heat capacity.
Thermophysical properties determine the aforementioned fraction of fed back (Fs)

energy to the burning front.

Table 5. Arrhenius kinetic constants for PP, ZPP, BPP, FPP

Pyrotechnic Apparent
. o Frequency Factor,
Composition Activation In(A) Reference
n
(Powder Form) Energy (kJ/mol)
Zirconium/Potassium
212 33.19 Helmy [22]
Perchlorate (ZPP)
Boron/Potassium _
228 37.94 Miyata [23]
Perchlorate (BPP)
Iron/Potassium _
554 34.40 Shamsipur [4]
Perchlorate (FPP)
Potassium .
235 39.18 Miyata [23]
Perchlorate (PP)

2. Weight Composition:

The weight composition that gives the fastest burn rate is termed as the optimum
weight composition. Moving off the composition of pyrotechnic mixture causes the

burn rate to decrease as well. This behavior is best shown in the Figure 9 below.
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Figure 9. The effect of KCIO, ratio to the burn rate for heat pellet system (TD:
Theoretical Density) [2]

From this figure, one can deduce that for heat pellet system, as oxidant (KCIOg)
composition increases burn rate increases as well in the given limits of weight
percentage (%12-20). As per Guidotti et al.’s works, the use of KCIO4 weight ratio
more than % 18 is not advisable for thermal battery applications due to shipping
restrictions, safety concerns and possible negative impacts on the battery

performance [2].

As well as burn rate, weight composition has influence on the calorific output as
well. For heat pellets Guidotti et al. derived an equation for this relationship as

follows:

Heat Output (Cal/g> = 1,884.73 — 18.8999 X (% Fe) (11)

where %Fe is the weight percentage of the iron in pyrotechnic composition.

The reason why the burn rate is lowered when using non-stoichiometric
compositions is that the specific heat of reaction is lowered and thus temperature
in reaction completion zone as well. Therefore, this condition results in slower
reaction rates than in stoichiometric conditions. The effect of excess fuel reduces

the heat production and its effect is doubled as the excess fuel mass absorbs
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heat away from the burning front. This causes a steep decrease in reaction
temperature thus burn rate [3]. It should be noted that fastest burn rates are

usually achieved when using weight compositions near stoichiometric ratio [24].

3. Degree of Mixing:

Poor mixing may cause deviations from the specified weight composition which in
return causes burn rate to fluctuate. Therefore, for precise burn rate,
homogeneous mixing of the solid components must be achieved. Bauman et al.
studied the mixing of solid with different mixing devices. In this work, it was
concluded that V-blenders and mechanical mixing devices were defined as ideal

mixing tools for powder mixing [25].

4. Particle Size:

In general sense, reducing the particle size of the components will cause
acceleration in burning due to the increase in surface areas. Lee et al.
investigated the effect of particle size on the decomposition of KCIO4. In his work,
it was concluded that; as the patrticle size range was lowered from 44 - 74 ym to <
44 pm, activation energy of KCIO, decomposition was dropped from 113 to 106
kJ/mol under nitrogen atmosphere. This work shows that, lowering particle size of
the oxidizer would have a small impact on the overall activation energy of the heat
pellet. Furthermore, Kosanke et al. concludes in his work that oxidizer particle
size has much small impact on the pyrotechnic characteristics compared to the

particle size of the fuel used [7].

Reed et al. studied the effect of Fe particle size on the burn rate of heat pellets. It
was found that rather than the particle size of Fe, the amount of surface area
increase because of the particle size reduction increases the burn rate. It was
recommended in this work to use iron of average particle size below 44 ym and

above 10 um for optimal burn rates [26].

5. Particle Morphology:

Guidotti et al. investigated the effect of iron particle morphology on the heat pellet
strength, burn rate and calorific output. When the morphology of Fe is elongated
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spongy structure, mechanical stability becomes the highest because of the
interlocking matrix of fuel and oxidizer. As well as mechanical stability, this
structure ensures high surface area interface between fuel and oxidizer; therefore

ensures desirable burn rates [2].

6. Pellet Theoretical Density:

Guidotti et al. showed that pellet theoretical density has a dominant effect on
burning characteristics. Highest burn rate was achieved when using 55 — 65 %
theoretical density for all compositions. When this theoretical density is used burn
rates of 7 and 55 cm/s were measured [2].

2.4.3. Mechanism of Heat Pellet Decomposition Reaction
The decomposition of heat pellets are classified as solid-state decomposition. The
reason for this classification is that the chemical components and the final products
are solid at the ambient temperatures. Solid state decomposition of pyrotechnics was
studied by Tammann and McLain for the first time [27, 28]. They proposed that
reaction of burning takes place inside the powder matrix rather than the surface of
individual particles. This approach was not widely accepted by the literature. Main
reason for this disapproval was that direct interaction between fuel and oxidizer
would require too high activation energy for a rapid decomposition reaction like in
pyrotechnics. For example in the case of zirconium/potassium perchlorate (Zr/KCIO4
- ZPP), activation energy for decomposition of KCIO,4 is =251 kJ/mol and activation
energy for zirconium atom extraction from zirconia is 608 kJ/mol. Total activation
energy would be 860 kJ/mol which is too high for a fast reaction. This condition
indicates that decomposition of such pyrotechnic compositions should proceed in
liquid or gaseous matrix. From this perspective, Yang et al. described the pyrotechnic
reaction mechanism using the relation from the combustion of solid-propellants
mechanism [29]. In his work, based on the combustion of boron (B) with ammonium
perchlorate (NH4ClO,), potassium nitrate (KNO3) and potassium perchlorate (KCIO,)
[23, 30], he suggested the following findings are also applicable to physically picture
the decomposition of ZPP:
e As the temperature of the composition increases, oxidizer (KCIO4) melts.
When both fuel and oxidizer are solid particles, relatively little portion of their

surface are actually in physical contact. After the melting of KCIO, at
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temperatures of 350 — 500 °C, it is free to flow over the surface of the fuel.
Thus, the number of fuel and oxidizer atoms in physical contact is very much

greater.

Before:

Porous Very little
Fuel surface in
Particles contact
Crystalline
KCIO,4
Particles
After:
Very much
Zr/KClOy4 more surface
Solution in contact
Interface

Figure 10. An illustration of melting of KCIO4and increase in contact surface
area [7]

o After melting of oxidizer, KCIO, decomposes and produces free oxygen
efficiently. Free oxygen atoms extracts zirconium atom from the solid state,
reacts rapidly with the fuel (Zr) at the interface surface of zirconium (Figure
10). At this point, zirconium is in solid state. Through this reaction, ZrO is
formed at the surface endothermically. This type of reaction has resemblance
with the dissolving of salts in solvent or the etching of metals by high
concentration acids. As a remark, it is presented experimentally in this study
that reaction of zirconium and oxygen atom is much faster than the reaction of
oxygen atoms with itself to from oxygen gas. Therefore, oxygen is retained in
the system rather than being released out of the system. This is mass

preserving aspect for a pyrotechnic reaction of this kind.

22



e At the temperatures in the reaction zone, ZrO becomes gaseous around the
zirconium particles. Diffusion of free-oxygen into the ZrO which is in gaseous
state occurs rapidly to from ZrO, which is the dominant exothermic reaction for

this system.

As it is presented above, the chemical kinetics of pyrotechnic reactions is challenging
to be understood due to the high reaction rates and temperatures involved and the
complexity of the products of the reaction. This is the main reason thermal
decomposition reactions are treated as single-step rather than multi-step reactions.
The decomposition of Fe/KCIO,4 (FPP) may be written as according to the Guidotti et
al. [2]:

4Fe + KCIO4 — 4FeO + KCI + AH,

AH; for this reaction when fuel and oxidizer are used in stoichiometric ratio (61.8 %
Fe / 38.2% KCIO4 w:w) is 3304 kJ.

During thermal decomposition process reversible and irreversible reaction steps
occur. Those steps are explained below, by the insight provided by Yang et al. about
the thermal decomposition of ZPP:

1. Crystal structure of potassium perchlorate (KCIO,4) reversibly and endothermically
shifts from rhombic into the regular phase at 300 °C.

2. Potassium perchlorate starts to disassociate to form oxygen atoms at 460 — 500
°C. Also just before disassociation, KCIO, rapidly melts and forms a solution
phase at the Fe/KCIO, interface [20].

3. Released oxygen atoms immediately react with iron (Fe) molecules highly

exothermically at temperatures of 490 — 510 °C.

Reaction Rate Insensitivity to Ambient and Partial Pressure

A pyrotechnic reaction does not require the oxygen from atmosphere as oxidizer.
Typically an inorganic salt (KNOs, KCIO4 etc.) is used as a source of oxygen atoms

upon its decomposition.

Venicelli et al. conducted experiments about the dependence and generation of

pressure in the decomposition reactions of lower burn rate (2 cm/s- 50 cm/s)
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pyrotechnics such as Zr/BaCrO4. In his experiment; decomposition reaction took
place in a hermetic container which was had an pressure. He found out that there
was no change in pressure after decomposition. As a result, for lower burn rate
pyrotechnics such as Fe/KCIO4, dependence of pressure to the reaction rate can be
assumed negligible. This pressure independent behavior was verified by Yang et al.

and Bement et al. as well [29, 31].

On the other hand, even if KCIO, decomposition is reversible and reaction rate
depends on a h(P) function; since decomposition product oxygen (O) reacts with
excess iron (Fe) in heat pellet as soon as oxygen gas emerges, it would be feasible
to assume that decomposition of KCIO, does not depend on the partial pressure of
oxygen and furthermore reaction is reversible as it is also observed for the similar
zirconium/potassium perchlorate system [29]. This assumption can be verified by the

iInvariance of activation energy with respect to conversion.

2.5. Thermal Analysis Methods

For kinetic characterization of solid state reactions, thermal stimulus is the most
common activation method. As well as thermal activation, magnetic field, pressure,
electrochemical potential and photons are used as stimuli for solid state reaction
activation. Activation method which is based on thermal stimuli is termed as thermal
analysis methods. In a typical thermal analysis method, a property (e.g. mass, heat,
magnetism, crystal structure etc.) of the sample is monitored as the temperature of
the sample is varied linearly or modulated (sinusoidal, square etc.). For solid state
reactions commonly used thermal analysis methods are Thermogravimetric Analysis
(TGA), Differential Thermal Analysis (DTA) and Differential Scanning Calorimetry
(DSC) [32]. TGA is a method used to measure the change of mass of the sample as
a function of temperature (non-isothermal method) or time (isothermal method). DTA
and DSC working principles are based on the same technique which is the
measurement of the difference of the temperature of sample and reference as a
function of temperature. DSC is a more sophisticated system which allows to
determine calorific values such as heat of fusion, crystallization, decomposition etc..
More recently, simultaneous differential technique (SDT) is preferred for solid state

reactions because SDT combines both TGA and DTA in one device [33].
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2.5.1. Differential Thermal Analysis (DTA)

DTA and DSC are most employed thermal analysis methods since all reactions that
take place are endothermic or exothermic [34]. These reactions can be roughly
classified as: solid state reactions, fusion, crystallization, curing and decomposition.
While the temperature of the sample is varied linearly, sample goes through a
reaction at certain temperature interval. This reaction causes a shift in temperature of
the measured temperature due to the heat effects of reaction. Total mass of this
reaction does not necessarily need to change for a change in heat to occur. These

types of reactions and their output are depicted in Figure 11.
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Figure 11. Typical heat flow signal for exothermic and endothermic processes

Conceptual design of DTA takes roots to the date of 1899 when W. C. Roberts-
Austen produced a device that heated the sample and a reference material in same
process chamber in close proximity [35]. In this device, both temperatures of the
sample and reference were measured at the same time by thermocouples which
were placed directly into the pan (sample holder) contents and temperature
difference can then be determined. Main advantage of this design was the
minimization of the temperature difference of sample and reference which in return
meant whenever sample reacted, a certain amount of heat is either released or
absorbed caused a difference in the temperature of sample and reference (AT =

Tsample - Treference). When this reaction process is completed, temperature difference
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reduces to the pre-reaction state. A typical endothermic sample and reference

response is given in Figure 12 below.
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Figure 12. An endothermic temperature response signal of sample and
reference in DTA setup

Thermocouple A is placed in the sample to be analyzed. Thermocouple B is placed in
an inert reference material. When the temperature of sample equals the temperature
of reference, the thermocouples produce identical voltage, and the voltage output,
AT, is zero. When a physical or chemical reaction occurs in the sample, a differential

signal is received and recorded. Figure 13 shows a schematic of the DTA system.
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Figure 13. Schematic of DTA configuration

A typical DTA data (AT) generated from the temperature responses of sample and
reference is given in Figure 14 below.
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Figure 14. Typical DTA signal calculated from the response of thermocouples

In this apparatus certain aspects of the experiment should be taken into
consideration:

1. The reference material should be thermally stable throughout the experiment.

2. Heat capacity of the sample and reference should be similar.

3. There should be no reaction between sample and reference.
Boersma improved Roberts-Austen’s device by eliminating the considerations stated
above [36]. He suggested using a conductive plate between the sample and the
thermocouple to filter out the parasitic effects of the thermal properties of the sample
and interactions of sample with thermocouple. This design is still used as the main
configuration for both DTA and SDT devices. However, SDT device differentiates in a
way that it measures weight of the sample too. The configuration that measures both

DTA signal and weight of the sample is called the thermobalance.

2.5.2. Isothermal and Non-Isothermal Processes

Earliest kinetic analysis was employed using isothermal thermal analysis
experiments. In isothermal thermal analysis approach, experiment is programmed to
reach to a final temperature as soon as possible and stay at that temperature until
the reaction process is finished. This approach requires three or more isothermal
experiments to generate kinetic parameters [14]. Main disadvantage of isothermal

thermal analysis is the non-zero conversion at the start of isothermal period. Main
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cause of this problem is the aging in the heat-up time period. This aging problem
becomes more severe when working at more elevated temperatures and it is
impossible to avoid [37]. For heat pellets, reaction initiation temperature is about 465
°C [2]. Therefore, using isothermal thermal analysis for heat pellet decomposition
may result in missing out the kinetic data at the early stages of decomposition

reaction.

Flynn et al. pioneered the way to the non-isothermal experiments in his study [38]. In
thermal analysis at non-isothermal condition, aging problem (non-zero conversion) of
sample prior to the reaction process has been overcome by implementing a scan of
predefined temperature range while observing heat flow signals. In brief,

decomposition reactions take place during the heating/cooling process of the system.

2.5.3. Effects of Experimental Parameters

In order to obtain accurate kinetic parameters, thermal analysis data should low noise
and high resolution. To ensure proper data, calibrations of thermal analysis
equipment should be performed carefully. As defined previously, DTA is a device that
heats the sample and the reference in the same proportions to scan a predefined
temperature range. In this setup, sample and reference can’t practically have the
same specific heat capacity. Therefore, certain amount of temperature difference is
inevitable between sample and reference along the temperature range of experiment.
Due to nature of specific heat capacity dependence to temperature (C, = f(T)), this
temperature difference may become higher or lesser. Therefore, the calibration
measurements should be performed under the conditions that are very close to the
conditions of actual kinetic measurements. For typical non-isothermal experiment the
conditions that requires calibration are; heating rate (°C/min), sample holder type
(platinum/alumina), inert gas and inert gas flow rate (mL/min), sample mass [39, 40,
41]. Addition to the heat capacity effect, Vyazovkin et al. stated in his work that the
temperature difference will increase when conducting experiments at faster heating
rates. This deviation can cause and error of 10 — 20% in frequency factor (A) and

apparent activation energy (Ea) [37].

In order to acquire the accurate thermal analysis data (moderate reaction rates and

removal of evolved gas from reaction), one needs to optimize experimental
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conditions of the process. The conditions that are controlled during a non-isothermal
run are:

e Heating rate (°C/min)

e Pan material

e Sample mass

e Sample size and form

e Reaction chamber atmosphere

¢ Flow rate of purge gas (mL/min)
By investigating the impact of these experimental conditions theoretically, basis for
experimental conditions will be established that is going to be used in experimental

part.

Heating rate:
ICTAC Kinetics Committee recommends using heating rates as low as 2 °C/min at

first. Maximum heating rate should not exceed 10 °C/min to avoid accelerating the
reaction rate to the point of self-heating of the sample [41]. Self-heating can be
explained as the heat accumulation inside the sample and the increase of
temperature in the sample causing unwanted acceleration of reaction rate. Main
causes for this phenomenon to occur are the high heat release rate or the inefficient
heat transfer from sample to environment due to thermal contact resistance between

sample and sample holder.

It has been reported that as heating rate is increased heat powder decomposition
rate peak temperature shifts to higher values [4]. This shift of the temperature where
reaction rate is maximum is based on the reaction kinetics. Lowering heating rate
causes moderation of reaction, therefore heat production/absorption from reaction

becomes slower.

Pan (sample holder) material:

The pan materials should be selected in a way that it does not react with sample nor
catalyze the reaction. Platinum, silver, aluminum, alumina ceramic, silica glass etc.
are used as typical pan materials. As well as non-reactivity with sample, pan should
not go through a transition in the temperature range of thermal experiment and
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should have high thermal conductivity [41]. In order to select best pan material to be
used for thermal analysis of heat pellets, literature of reactivity between reactants and

pan material and thermal conductivity of pan material were investigated.

The material with highest thermal conductivity is platinum with 71.6 W/m.K
conductivity at room temperature. Glasner et al. found out in their research that
platinum can be used as a KCIO4 reduction catalyst [42]. With this knowledge,
platinum pan is regarded as unsuitable. As well as platinum, metal materials are
known to be prone to cause catalytic parasites in KCIO,4 reduction. Therefore,
ceramic pans are investigated: Furuichi et al. stated in this study that potassium
perchlorate (KCIO4) decomposition in the presence of alumina (a-Al,O3) does not
affect the process of decomposition at all. Additionally, alumina has thermal
conductivity of 20 W/m.K. To sum up, alumina pan will be considered as the

strongest candidate for the experimental method.

Sample mass:

Ideally, sample mass should be kept small but not so small that the change in mass
or heat when reaction undergoes could be easily detected. ICTAC Kinetics
Committee stated in their work that, for the first run 3 mg is good choice. According to

the results obtained mass of sample may be incrementally increased [41].

Sample size and form:

Large variability in the particle size of pellets may result non-uniform temperature
distribution in sample; therefore it should be avoided whenever possible. As well as
particle size difference, when dealing with solid samples, sample form should be as

thin as possible to avoid heat accumulation inside the sample [41].

Reaction chamber atmosphere:

In the thermal analysis, nitrogen or argon as an inert gas is usually used to purge the
reactor. It was pointed out in Vyazovkin et al.’s study that purging the reaction

chamber for 20-30 minutes prior to thermal analysis gives best results [41, 37].
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Flow rate of purge gas:

As it is pointed out in the recommendations of ICTAC Kinetic Research Committee,

inert gas flow should be close to 100 mL/min for first run [41].

2.6. Survey on Kinetic Parameter Determination Procedures
The main characteristic of the SDT experiments that were developed were based on
non-isothermal experiments. Because of this fact, kinetic methods that are only
applicable for non-isothermal experiments will be studied in this section.
Kinetic parameters to be determined using these procedures are;

e Apparent activation energy (Ea, kJ/mol),

e Frequency factor (A, s™),

e Reaction model (f(a)).
In the next section, the review of methods that are commonly employed for
determining activation energy is identified and reviewed. Visual categorization of

these methods is given in Figure 15.
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Figure 15. Methods for determination of activation energy [37]
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2.6.1. Methods for Determination of Apparent Activation Energy

The methods used for determination of apparent activation energy can be classified

into two as:

a. model fitting methods,

b. model-free methods.

Model Fitting Methods:

Model fitting employs fitting of reaction models f(a) or g(a) into the general kinetic
equation (Equation (10)). Values of kinetic parameters (E,, A) are determined using
regression analysis. By regression analysis, the difference between experimental and
theoretical data is tried to be minimized by adjusting kinetic parameters through

iterative analysis [37].

Linear and non-linear approaches could be employed in model fitting methods. In

linear model fitting, first step would be to linearize rate equation (Equation (10)) by

taking natural logarithm. Taking natural logarithm will linearize reaction rate (da/dt)
respect to reciprocal of temperature (1/T).

da E
ln[ (—)]zlnfaA—— (12)

B(37)| = InCfen) = —
In order to determine the kinetic triplet one needs to fist assume an appropriate
reaction model. For linear model fitting usually a reaction model in general form is

assumed:
f(a) = ca™(1 — )" (13)

where ¢, m and n are constants. This type of reaction model is called the modified
truncated SeStak-Berggren [37, 43]. By varying parameters c,n and m this reaction
model fits to the various models given in Table 2. Parameters of fitted reaction

models are given in Table 6.
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Table 6. Modified truncated SeStak-Berggren parameters for selected reaction

models [37]

Reaction Model f(a) Parameters of M. T. ?eétak—

Berggren Equation
Contracting Area 2(1- a)™* 2(1- a)?
Contracting Volume 3(1- a)™? 3(1- a)?
First Order (1- a) (1- a)
Avrami-Erofeyev-2 2(1- a)[-In(1- a)*? 2.079(1- a)*8% o>
Avrami-Erofeyev-3 3(1- a)[-In(1- a)]*® 3.192(1- a)* "8 g®°%
2-D Diffusion -[1/In(1-a)] 0.973(1- a)**% 0%

Rearranging Equation (12) and (13) one can get the general form of the equation to
be used in linear model fitting [44]:

In [(ﬁ) (j—?)] = In(cA) - RE_T a4

To evaluate kinetic parameters utilizing Equation (14), one needs to acquire
conversion (a) or reaction rate (do/dt) values versus temperature experimentally.
These data are acquired using thermal analysis methods. Through using several
non-isothermal thermal analyses with varying heating rate, 3, linearized data of the
left hand side of the Equation (14) vs. reciprocal of temperature (1/T) can be acquired

for different sets of n and m parameters.

Non-linear model fitting is ideal for the kinetic analysis of multi-step processes. This

method uses regression by minimizing the difference between the experimental and
calculated data without linearizing the general kinetic equation (Equation (10)). This
common method is termed as least squares method and mathematically expressed

as follows [37]:
Residual Sum of Squares (RSS) = Z(yexp — Veaie)? (15)

This methodology consists of finding the values of kinetic parameters (E,, A, ¢, n and

m) that minimizes the residual sum of square for different heating program

experiments. To accomplish that, good initial values should be used. After attaining

initial values to parameters, iterative procedure calculates RSS for each iteration until

global minimum is found [45]. This iteration routine can be constructed using software
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(MATLAB, COMSOL) easily. Importance of the initial values should be emphasized
because it is pointed out that results are highly dependent upon the initial values
used [37].

Summing up, utilizing model-fitting methods without prior knowledge about the
kinetics of the investigated process give rise to accuracy problems. According to
ICTAC Kinetic Committee, preliminary work should be conducted such as applying
Malek’s kinetic procedure (or Master-plot method) to determine the reaction model.
Without defining reaction model correctly or other kinetic parameters, solving for
kinetic parameters becomes fruitless [37]. Consequently, it would be ideal to first
establish the correlation between conversion, a and reaction model, f(a) (Equation

(10)).

Model-free Methods:

Model-free methods or isoconversional methods are employed without assuming
reaction model to determine the activation energy. Model free methods can be
classified into three different categories according to the mathematical method it
utilize:

a. Differential isoconversional,

b. Integral isoconversional,

c. Modulated or advanced integral methods [46].

Isoconversional Methods:

Without assuming any reaction model for the investigated Kkinetic process,
iIsoconversional method lets one to acquire apparent activation energy (E,) at a given
conversion (a). Isoconversional methods are widely employed in pyrotechnic kinetic
analysis [19, 47, 48, 49, 50]. Particularly Starink’'s method based on the Kissinger-
Akahira-Sunose (KAS) method is known to be more accurate than its predecessor
[37, 51].

Isoconversional principle takes root from the principle that reaction rate is only the
function of temperature at a given conversion. Mathematically this assumption can be

described as:
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da
— = 16
T f(T), (16)

This assumption is mathematically further explained using general kinetic equation
(10) with the given expression taking natural logarithmic derivative:
dln(da/dT) _ alnk(T)] alnf(a)] 17

o1 | ~ et I, [Tt 1 |, a7

At a fixed conversion, since reaction model f(a) becomes constant, derivation gives

zero and equation (17) becomes as follows:
laln(da/dT) —E,

aT-1 - R (18)
04

Isoconversional methods take root from the relation presented in Equation (18).

Differential Isoconversional Methods:

Mathematical start point of differential isoconversional method is the Equation (10).
This method is firstly employed by Friedman et al. [52] for kinetic analysis of the
thermal degradation of phenolic resins. According to the thermal analysis method to
be used (isothermal and non-isothermal) general kinetic equation of (9) or (10) is
used. Since, non-isothermal methods are chosen to be the valid method for
pyrotechnic kinetic analysis as per literature review, only non-isothermal expression

will be considered.

Differential isoconversional expression for non-isothermal experiments can be
derived by taking natural logarithms of the general kinetic equation. Through this
derivation one can arrive to the equation (12) with appropriate subscription, i
denoting the heating rates () used.
da E,

In [,Bi (d_T)] = In(f(a)A) — R_Tl (19)
Recall that in isoconversional principle, at a given conversion, a reaction model, f(a)
and frequency factor, A should be constant. Therefore, slope of the plot of
In[Bi(da/dT)] vs. 1/T; for experiments with different heating rates will give the apparent
activation energy (Ea). Since differential data is directly used in this approach,
possible noise in the data is magnified and may lead to apparent activation output
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with high deviation [37, 53]. Therefore, ICTAC Kinetics committee advises the use of

integral isoconversional methods.

ICTAC Kinetics Committee also advises the use of at least three or more non-
isothermal analysis data with different heating rates [37]. In order to obtain linear
curve with good correlation factor (r > 0.98) at the plot of In[Bi(da/dT)] vs. 1/T;, using
at least three non-isothermal data is a necessity. Also, Vyazovkin et al. pointed out in
his work that for accurate determination of activation energy, linear curves with
correlation factor that is higher than 0.98 should be used in plot of In[Bi(da/dT)] vs.
1/T; [54].

Integral Isoconversional Methods:
This approach is based on the separation of variables and integrating Equation (10).

Obtained integral form of reaction conversion for utilization of integral conversion

(“Ba
g(a)— m B f /Rt (E/RT>

where g(a) is termed as the integral form of reaction model, f(a). Temperature

methods:

(20)

integral is analytically unsolvable. Therefore, p(E/RT) approximation is used. The
equation to be used to solve the temperature integral approximation, p(E/RT) at the
right side of the equation makes the difference between various methods such as
Kissinger, Kissinger-Akahira-Sunose (KAS), Flynn-Wall-Ozawa (FWO) and Starink
method. Like the differential isoconversional methods, integral isoconversional

[{ g

methods also require analysis of plot which is In(B/T*) vs. 1/T. “X” uppercase varies
with the method to be used. “x” value is dictated by temperature integral
approximation that is used in the integral isoconversional method. The accuracy of

the mentioned integral isoconversional methods are discussed below:

1. The FWO Method:

The FWO method uses the Doyle appromixation to calculate temperature integral
in the right hand side of the Equation (20) [55]. By implementing approximation of
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Doyle, p(E/RT) to the Equation (20), FWO method’s equation can be derived as

follows:
E 0.0048AE
lnBi = _10516R_TL + an (21)
where g(a) is the integral form of the reaction models given in Table 2. g(a)
function has a constant value for a given conversion. Therefore, activation energy
value is obtained by calculating the slope of the linear Inf3; vs. 1/RT; plot for fixed

conversion values.

Some studies reported that FWO method gives inaccurate results for estimation

of activation energy due to errors of the Doyle approximation [56, 57, 54].

2. The KAS Method:

The KAS method uses Coats-Redfern approximation to calculate temperature
integral in Equation (20) [58]. This method is the most known and employed

isoconversional method. By using Coats-Redfern approximation, derived equation

1 b __~ [ AR 22
"\12) = TR T M Eg@ 22

The slope of plotting In(B/T?) vs. 1/T gives the value of E/R for given conversion.

is as follows:

3. Starink Method:

Starink pointed out in his work that using his approximation for the temperature
integral leads to a highly accurate method for estimating activation energy as it is
acknowledged by the ICTAC Kinetic Committee as well [37, 51]. The following

equation derived for this approximation is given below.

In(=£_) = ~1.0008-2 4 12K (23)
M\rz ) T TR T M Eg ()

Similar to the KAS method, the slope of plot In(B/T*%%) vs. 1/T gives E/R at a

specified conversion.
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Example of the Starink plot for the evaluation of apparent activation energy, Ea for
the Mg/NaNO3 pyrotechnic ignition process for conversions between 0.1 - 0.9 is

given below [48].
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Figure 16. Starink plots for conversions starting from 0.1 to 0.9 with four (4)
different heating rates

Modulated Isoconversional Methods:

In this method, temperature program is not set to constant heating rate. It is
modulated for the process at hand. Typical modulation used is the frequency
dependent, T=sin(2mrwt) type [37].

2.6.2. Methods for Determination of Reaction Model

A reaction model is a theoretical, mathematical description of what occurs
experimentally. In solid state reactions, a model describes a particular reaction
mechanism. By applying the reaction model, one can determine the reaction rate

dictated by that particular mechanism.

Two simple techniques are employed in literature to determine the reaction model
(f(a)) as well as the frequency factor (A) of the kinetic process at hand. These
methods are:

a. Invariant Kinetic Parameters Method
b. Malek’s Kinetic Method
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Invariant Kinetic Parameters Method:

This method arises from the relation called the “compensation effect” that can be

mathematically expressed as follows [59, 60]:
In(A) = a+ bE (24)

where a=1/RTmax and b=BE/RT?nax. Max subscript denotes the temperature value
when the reaction rate is maximum. Using this relation, Lesnikovich et al. proposed
that for several heating rate experiments, linear regression lines of Equation (24)
intersect at a point for unique set of kinetic parameters. Using this relation, one can
obtain the frequency factor(A). Using the frequency factor and activation energy,

model fitting methods can be directly employed.

Malek’s Kinetic Method:

Malek’s kinetic procedure principle depends on graphically analyzing y(a) and z(a)

“‘master plots” calculated from the experimental data. Utilizing this method in
conjunction with the aforementioned isoconversional methods, one would be able to

determine all the kinetic parameters (Ea, A, f(a)) for a kinetic process.

To use this method, first check would be to be sure that investigated kinetic process
obeys the Arrhenius kinetic relation. This check can be done by obtaining activation
energy (Ea) with varying conversion using isoconversional methods. If the variation of
the obtained activation is limited to + 10-15 %, then it can be assumed that reaction
proceeds in one step fashion, thus obeys the Arrhenius relation. Average value of the
obtained activation energy (Eayg) is implemented to the equation below to obtain one

of the master plots, y(a):

da

y(a) = <E)a exp (i“}’j ) = Af () (25)

Equation (25) is derived from the equation (10), by inserting the experimentally
obtained data (da/dt), and the average value of activation energy (Eay) Obtained by
using isoconversional methods, y(a) can be calculated. For the investigated kinetic
process, y(a) vs. a plot is obtained and then compared with the theoretical y(a)

curves obtained for the reaction models given in Table 2.
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Since frequency factor (A) is constant, y(a) plot is determined by the reaction model.
Therefore, it is considered to be a valid tool to use for determination of reaction
model [37, 59]. Theoretical y(a) plots for selected reaction models from Table 2 is

given in Figure 17 below.
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Figure 17. Theoretical y(a) plots [37]

For each reaction model, there is a certain conversion value (ay) when the y(a)
function has its maximum value. Likewise, conversion where z(a) has maximum is

termed as a,. These conversion values for kinetic models are given below.
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Table 7. ay and a, values for the y(a) and z(a) functions [54]aa

Reaction Model, f(a)

The conversion where

y(a) is maximum, ay

The conversion where

z(a) is maximum, a;

Contracting Area (R2) 0 0.750

Contracting Volume (R3) 0 0.704

First-Order (F1) 0 0.632

Avrami-Erofeyev (A2) 0.393 0.632

Avrami-Erofeyev (A3) 0.283 0.632
Extended Prout-Tompkins

(82) m/(n+m) —
2-D Diffusion (D2) 0 0.834

Additionally, z(a) master plot is used as well. z(a) plot is mathematically expressed as

the multiplication of the differential (f(a)) and the integral (g(a)) reaction model vs.

conversion. Recalling integral form of the reaction model (Equation (20)):

gla) = | =—=

f() B

j Ea/RT dT o~ A_E
BR

(%er)

z(a) is expressed as follows combining equations (10) and (20):

(@ = @@ = (5). Té(

pl(E ﬂ/;?T)a]> (26)

where p(E/RT)q is the temperature approximation at a given conversion. Using

equation (26), z(a) vs. a plot can be obtained for theoretical reaction models as

follows in Figure 18.
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Figure 18. Theoretical z(a) plots [37]

2.7. Modelling of Burning Process

Starting from 2010, thermal battery research efforts are directed to a multi-physics
simulation tool for efficient and faster development of thermal battery technologies
[61, 62]. First step for the activation of thermal battery is the burning process of the
heat pellet. In order to construct an accurate simulation for the operation period of
thermal battery, heat pellet burning process should be well identified and studied.
Significance of the heat pellet burning process is pointed out in the literature as well
[63].

Several studies investigated the theory of the propagation of burning front in thermite
reactions and gun propellants [64, 65, 66]. In the recent study of the Eisenreich et al.
similar to the work of previously discussed Yang et. al.’s work, they proposed that for
a composition of fuel and oxidizer, one or both components are in molten state
before decomposition process. Moreover, Eisenreich et. al. stated that for a burning
process of a pyrotechnic composition to be simulated, both mass and heat transfer
equations needs to be solved simultaneously (multi-physics). The governing partial

differential equations for burning process in 3-D are given below [24]:
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dT d
pCp E — AAT = Aern a—i (27)
dc
a — D-Ac = —k(T)COf((Z) (28)

where p is the density (kg/m3), Cp is the specific heat capacity (J/mol.K), A the thermal
conductivity (W/m.K), D is the diffusion coefficient (m?s), c the concentration
(mol/m?), AH the enthalpy of decomposition (J/mol), Co the initial concentration of the
reactant. Equation (27) is the heat transfer equation and the equation (28) is the
mass transfer equation. Eisenreich et. al. indicated that to solve these equations

numerical calculation should be implemented.

In this Master’s Thesis, burn rates of different weight composition Fe/KCIO, heat
pellets are calculated using COMSOL Multiphysics with kinetic boundary conditions
which were obtained using kinetic analysis methods. Obtained theoretical burn rate

values were compared with the literature values.

2.8. Concluding Remarks on Literature Survey
The literature survey presented above showed that:
1. Since heat pellets provides necessary heat to increase the temperature in
thermal battery to a certain point, accurate kinetic parameters (E,,A,f(a)) are

needed to efficiently simulate and validate new thermal battery designs.

2. Heat pellet decomposition reaction mechanism is well identified using several
sources of the literature. First step of the mechanism is the melting of the one
or both components of the fuel and the oxidizer of pyrotechnic heat source.
Second step is the thermal decomposition of oxidizer to form oxygen atoms.
Third and final step is the oxidation of the fuel in highly exothermic fashion.
Additionally, it was found that reaction rate is not dependent to the ambient

pressure or partial pressure.

3. Factors controlling the burn rate were discussed and the optimal physical

characteristics of a heat pellet are determined. It was found that to vary the
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heat output and burn rate of the heat pellet, main variable that is controlled is
the weight composition of the pellet. Furthermore, for safety and performance
considerations weight composition of oxidant should be varied between 12 —
18 %.

. Most appropriate thermal analysis method for mass-preserved reaction was
determined to be DSC/DTA non-isothermal experiments. To ensure accurate
Kinetic data results by verifying Arrhenius behavior, it was also pointed in

literature that at least three runs must be conducted.

. Kinetic parameter determination methods were evaluated. It was found out
that for model fitting methods or iterative procedures, procedure should be
started from some initial “guessed” values of kinetic parameters. Good starting
points are obtained by using Starink’s isoconversional method. Furthermore,
for reaction model determination Malek’s kinetic procedure was found to be an

appropriate method for pyrotechnic decomposition.

In order to simulate burning process accurately, both energy and mass
transfer equations should be calculated coupled for each mesh element.
Additionally, it can be assumed that heat transfer in heat pellet media is only

achieved by conduction.
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3. EXPERIMENTAL METHODS

This chapter consists of the information about the materials and apparatus used in
the experiments and the methodology that was pursued to determine, test and
validate the kinetic parameters of heat pellets. Experimental method starts with the
preparation of heat pellets by cold compaction. Before pelletizing, raw materials were
obtained and characterized. Subsequently raw materials were subjected to
conditioning phase which were grinding, sieving, drying and mechanically mixing.
The heat pellets were prepared with varying weight compositions starting from 82/18
to 88/12 Fe/KCIO4 (w:w). Theoretical density percentage of pellets (dpeliet/dineo.particle)
was kept constant (57.5 £ 0.5%) for all heat pellets prepared. Since raw materials are
susceptible to the effects of moisture, all sample preparation stages were done in dry
room conditions (< 1 % RH). Kinetic analysis data were obtained using TGA/DTA.
For kinetic data analysis, EXCEL® (2010) and MATLAB® (R2014A) were used as
tools for data processing. COMSOL Multiphysics software (COMSOL 5.3) was used
as a tool for both model fitting and the simulation of the burning process. The

flowchart for the followed experimental procedure is given in Figure 19.
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Figure 19. Flowchart of the experimental procedure
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3.1. Materials

Components of heat pellet are the sponge type iron powder and the potassium
perchlorate powder. Classification of sponge type is the indication of the spongy
morphology of particles of iron. This morphology was verified by the micrographs

obtained from a scanning electron microscope (SEM).

Iron,Fe with sponge type morphology was obtained. Average particle size of the iron
powder was 46 ym and the purity was above 99.9 %. It had a theoretical particle
density of 7.8 g/cm®, which was determined by a gas displacement pycnometer

system.

Crystalline potassium perchlorate, KCIO4, was obtained. It is a white powder
classified as 5.1 A oxidizer powder according to the manufacturer’s safety datasheet.

Its purity was above 99.5 %.

3.1.1. Chemical and Physical Structure of Raw Materials
Characterization of the raw materials was conducted using SEM micrograph,
theoretical particle density, particle size and XRD analysis. The experiments were
conducted in the laboratory of Defense Industries Research and Development
Institute of The Scientific and Technological Research Council of Turkey at Power
and Battery Unit.

3.1.1.1. Determination of Particle Size

Particle size analysis of grinded KCIO,4 and supplied Fe powders were carried out.
For particle size analysis Malvern MasterSizer 2000 was used. It had a tolerance of
+1% for measuring average particle size. For particle analysis of both samples
(KCIO4 and Fe), sample weights of 0.2 — 0.3 grams were used. For Fe patrticle size
analysis, pure water (Type 3) was used as the dispersant medium and for KCIO4

particle size analysis isopropyl alcohol (298% purity) was used.

3.1.1.2. Determination of Particle Morphology

Particle morphology of supplied sponge type iron was determined using a scanning
electron microscopy (SEM). The SEM was based in the Middle East Technical
University, Metallurgical Engineering Department with brand and model of Jeol JSM
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6400. 20 kV accelerating voltage was used to acquire micrographs with
magnifications of 500X, 1000X, 4000X and 5000X.

3.1.1.3. Determination of Theoretical Density of Particles

Theoretical density of grinded KCIO4 and supplied sponge type iron were determined
by helium (He) pycnometer with brand and model of Accupyc Il 1340. He gas was
used as the penetrating agent. Care was taken to only calculate the displaced He

which penetrated into the particles not voids between particles.

3.1.1.4. Determination of Powder Purity

X-Ray Diffraction on sponge type iron was performed to make sure that supplied iron
didn’t have any crystal impurities. Rigaku Miniflex 11 600 was used equipped with Cu-
anode as the X-Ray source. XRD analysis was performed within the 2 °theta range of

3 —90 2 °theta with scanning rate of 1 °/mins.

3.2. Sample Preparation

The procedure that was followed to produce the heat pellets with the raw materials

that were prepared was described in this section.

3.2.1. Pre-treatment of Raw Materials

Before using iron powder for the production of heat pellets, it was vacuum-dried using
a vacuum furnace at 90 °C for 48 hours under dynamic vacuum. To avoid
agglomerate formation, powder was sieved through No. 120 mesh (125 um) after the

drying process.

The obtained potassium perchlorate was wet due to safety considerations. Therefore,
it was vacuum-dried using a vacuum furnace at 90 °C for 48 hours under dynamic
vacuum. Then it was grinded using an impact mill to average particle size of 9 + 2
Mm. Average particle size was determined per the screening results for the optimal
heat pellet from the study of Guidotti el al. [2]. Theoretical particle density of the
grinded KCIlO, was determined as 2.52 g/cm®. Before using KCIO, for heat pellet
preparation, agglomerates in the powder were eliminated by sieving the powder
through No. 120 mesh (125 ym).
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Before compaction process, powders were homogenously mixed for 120+5 minutes
(90 rpm) with appropriate amounts of iron and potassium perchlorate powders using
mechanical shaker and mixer. The antistatic container used for this process was the
3M Velostat with 1L volume due to its electro-discharge characteristics to avoid
unwanted ignition in the pyrotechnic mixture while mixing the powders. After

blending, pyrotechnic mixture was again sieved using No. 120 mesh (125 um).

3.2.2. Preparation of Heat Pellets

Heat pellets with four different weight compositions were prepared. The compositions
used for this study are given in Table 8. Most used optimal range of weight
compositions was determined from the literature analysis. Each heat pellet had a
different theoretical particle density. To calculate theoretical particle densities of the
pellets used, following equation was used.

100

d cle =
theo.particle Mass %KClO4/ N Mass %Fe/ (29)
theo.KClO4 theo.Fe

where dineo. pariicle IS the theoretical particle density (g/cm?), mass % is the mass ratio

of Fe or KCIO4 in the pyrotechnic mixture.

Table 8. Weight composition and theoretical particle density of heat pellets

Potassium Theoretical Particle
Iron Powder .
Sample . Perchlorate Powder Density
Composition .
No. Composition (g/cm?®)

weight %
(weig ) (weight %)

1 82 18 5.699
2 84 16 5.880
3 86 14 6.072
4 88 12 6.387

The instrumentation used for the pelletizing of powder mixture of iron (Fe) and

potassium perchlorate (KCIO,) is given in Figure 20.
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™~ : —

s 0.2—-5 mm

Figure 20. (a) Manual hydraulic press for heat pellet compaction, (b)
representation of the die used for pellet preparation

The compaction of different weight ratio of heat pellets was done using a manual
press with capability of producing load of O — 100 tons (Figure 20 — (a)). The press
had an error margin of £2% for load. For preparing heat pellets with outer diameter of
50 mm and hole diameter of 5 mm, appropriate tooling was used (Figure 20 — (b)).

First, pyrotechnic mixture was weighed using an analytical balance with +0.01 g
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accuracy. Weight of the pyrotechnic pellets were kept constant at 3.92 + 0.05 g.
Prepared pyrotechnic mixture was dispersed using a rod into the powder die cavity of
the tooling used. To maintain theoretical density percentage of pellets at 57.5 + 0.5%,
thickness of the pellets were varied by applying different compression loads between
10 — 40 tons. Calculations for the thickness value for different weight ratio heat

pellets were performed using the equations below:

dpellet

X 100% = 57.5% (30)

dtheo.,particle

mpellet
2 2
(T[Ro T[Ri )hpellet

dpellet = (31)

where dpeliet is the density of the heat pellet (g/cm?®), Mpeliet IS the mass of heat pellet
(9), Ro is the outer radius of pellet (cm), R; is the inner radius (cm) and hpejet is the
thickness of the pellet (cm).

Calculated thickness values for preparing heat pellets with theoretical percent density
of 57.5% are given in Table 9 below.

Table 9. Thickness values of heat pellets used

Sample No. Thickness (mm)
1 0.61
2 0.59
3 0.57
4 0.55

Thickness values of the prepared heat pellets were measured using a digital caliper
with an accuracy of 0.01 mm. For each weight composition, 20 pellets were
produced. If the pellets were not used immediately for testing, they were stored in

inert atmosphere of argon (0.1 atm) in sealed packages.

The heat pellet formed by pelletizing pyrotechnic mixture is given in Figure 21.
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Figure 21. Compacted pyrotechnic mixture (heat pellet)

For thermal analysis tests, samples were prepared by clipping 4.5 £ 0.5 mg of heat
pellet with tweezers from the edge of pyrotechnic pellet. Care was taken not to
deform the clipped sample while clipping. Clipped pellets were immediately analyzed
by SDT (Simultaneous Differential Technique) device with different heating rates.

3.3. Experimental Setup and Procedure
Prepared heat pellets with varying weight compositions were subjected to thermal
analysis with objective of acquiring kinetic parameters. Acquired kinetic parameters

were validated using burning model of the heat pellets.

Experimental procedure contained the following procedures:
1. Obtaining thermal analysis data with SDT,
Processing the obtained thermal analysis data,
Conducting kinetic analysis to obtain kinetic parameters of decomposition,

Fine tuning of the obtained kinetic parameters,

o &~ 0N

Simulation of burning process with obtained kinetic parameters.
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3.3.1.  Thermal Analysis Apparatus: SDT
Non-isothermal heat flow data for thermal decomposition process of heat pellets with
different weight compositions were collected by TA Instruments SDT Q600 model

unit with horizontal thermo-balance (Figure 22).

Figure 22. TA Instrument SDT Q-600 for thermal decomposition analysis

Experimental conditions for DTA analysis were provided to instrument using the
software called Q Series Advantage Software that was provided by the manufacturer.
This software also enables the constant communication between computer and
instrument thus recording the heat flow data at specified time intervals. Time interval
for data collection for all experiments was set to 0.5 s/data point. Obtained data was
accessed using the TA Universal Analysis software. Detailed instrumentation

information for a SDT was provided in the previous section (see Chapter 2.5).

3.3.1.1. Settings for Thermal Analysis

According to the suggestions from ICTAC kinetics committee on data collection [41],
prior to non-isothermal thermal analysis, furnace chamber was purged with N, gas for
20 minutes to remove any remaining air inside the chamber to avoid oxidation of Fe

particles in pellet. Additionally, heat flow calibrations were performed for elimination
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of thermal background effects, every time an analysis condition (heating rate,

alumina crucible) was changed.

In order to optimize thermal analysis conditions for most accurate heat flow results,
several experiments were carried out with varying heating rate, flow rate of purge gas
and sample mass. Sample masses were decreased from 10 mg until no evidence of
self-heating was observed. Flow rate of purge gas was varied within 50 — 200

mL/mins.

Heating program was established after optimizing the experimental conditions.
Optimization study is briefly discussed in the next chapter. Heating program that was

applied for all experiments are given below:

e Sample holder: Alumina

e Flow rate of N, gas: 100 mL/min.

e Heating rate: 2, 3 and 5 °C/min.

e Heating program: To observe thermal decomposition process without parasitic

reactions certain heating program was applied for all experiments. Since the
thermal decomposition of KCIO, starts in the range of 450-465 °C. Rapid
heating up to 400 °C was selected to avoid limit oxidation of Fe in the
pyrotechnic mixture. Heating program was composed of following steps:
1. Temperature equilibration of sample pans at 50 °C.
2. Isothermal part for 20 minutes for purging of the remaining air inside
reaction chamber.
3. Temperature equilibration of sample pans at 400 °C. The starting
temperature for the experiment.
4. Ramping the temperature with a specified heating rate (2,3 and 5
°C/min) to final temperature of 600 °C.
To observe the statistical variation of the thermal analysis data, experiments were

conducted three times for different weight compositions of heat pellets.

3.3.2. Data Processing
Objective of data processing was to transform the experimental temperature vs. heat
flow per sample mass (W/g) to temperature (°C) vs. conversion (a) to perform Kkinetic

analysis.
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The data obtained for the 84/16 (w:w) heat pellet and the sample data processing is
represented in the figures below. The experimental data (heat flow, W/mg) is
accessed using TA Universal Analysis software. It is first imported to the MATLAB®
(R2014A) software. A script was executed using the input of thermal analysis data
(code for this script is given in Appendix C). This script lets user to select
interpolation data points on the heat flow curve (Figure 24). This interpolation curve is
calculated with “cubic spline interpolation”. Heat flow that was acquired three times
for each dataset was averaged before they were converted to conversion vs.

temperature data.

0.8 T T T T T T

06+ .

o o

o ] B
T T T
I 1 1

Heat Flow (W/mg)

o
[
T
1

-04r ]

_0. (R TN N N TN T S T T T N T T T N T T Y T T T T Y N O T S I B B 1
200 425 450 475 500 525 550 575 600
Temperature (°C)

Figure 23. Raw data of 84/16 (w:w) heat pellet with heating rate of 3 °C/min
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Figure 24. Cubic spline interpolated baseline of raw data given in Figure 23

54



After the determination of baseline curve, subtraction of baseline curve and heat flow
curve gives the heat flow normalized to the integral heat flow or baselined heat flow
(Figure 25). The necessity to obtain baselined heat flow curve comes from the need

to better interpret heat flow to calculate conversion values.
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Figure 25. Subtracted baseline from raw data given in Figure 23
Equation (7) was implemented to the MATLAB® script to calculate the conversion
value from baselined heat flow data for every data point starting from the thermal
decomposition process till the end. Representation of the calculated total area for
conversion calculation is given in Figure 26.
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Figure 26. Calculated area of heat flow between temperatures of thermal
decomposition process

55



[y

Conversion (o)
c o o o o o o o
R w S [d) ] [e7] ~l [+ 2] [{=]
T T T T T T T T

[}
-
T

| | | | | |
230 440 450 460 470 480 490 500 510
Temperature (°C)

Figure 27. Transformed data of temperature (°C) vs. conversion (a) from raw
data

For calculations of kinetic parameters EXCEL® (2010) was utilized as well.

3.3.3. Kinetic Parameter Determination Procedure
From the evaluation conducted in the literature survey, following kinetic parameter
determination procedure steps were devised:

1. Adequate method for the determination of apparent activation energy was
determined to be isoconversional method which is the Starink’s modification of
KAS.

2. For the determination of reaction model, using the mean activation energy as
the input, master plots y(a) and z(a) were plotted and Malek’s procedure was
followed.

3. Mean activation energy and reaction model parameters were calculated

analytically.

3.3.3.1. Determination of apparent activation energy

The calculated temperature vs. conversion data was transferred to EXCEL®
software. Utilizing the Equation (23) which is the isoconversional expression of
Starink, slope of the (1/T) vs. (B/T*%) plot gives the apparent activation energy at a

specified conversion.
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Starink plot of 84/16 heat pellet at conversion of 0.1 is given in the figure below.
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Figure 28. Sample Starink plot for 84/16 (w:w) heat pellet when conversion is
0.1

Apparent activation energy values for each conversion at the interval of Aa = 0.1
were determined for heat pellets with different weight compositions. Variation of the
apparent activation energy was related to the correlation factor (r) value at specified
conversion value. Activation energy between conversion of 0.1 and 0.9 were

calculated using the same routine.

3.3.3.2.  Determination of reaction model

According to ICTAC Kinetics Committee, mechanistical clues about the reaction
could be drawn from the thermal analysis data at the extremum heating rate [41]. In
this study fastest heating rate was 5 °C/min. Beyond this value of heating rate, there
were indications of self-heating (presented in results and discussion) that introduced
parasitic effects to the heat flow. The slowest heating rate (2 °C/min) contains more

noise resulted by the introduction of parasitic effects to the heat flow than the data
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with fastest heating rate. Noise in thermal analysis data is prone to affect results

dramatically [67].

As it is stated before, three experiments for each weight composition at a specified
heating rate were carried out. The dataset (which contained 2,3 and 5 °C/min heating
rate data) with least noise were selected for the determination of reaction model for
each weight composition. Master plots, y(a) and z(a) normalized between (0,1) were

plotted for thermal analysis data with 5 °C/min heating rate.

Following the procedure given in the literature survey (see Chapter 2.6.2), reaction
model of the thermal decomposition of each heat pellet with different weight

composition was determined.

3.3.3.3. Determination of the pre-exponential factor

Pre-exponential factor, A is calculated using the equation given below [37]:

A=— PEo exp( Eo ) (32)
RTr%axf,(amax) RTmax

where max subscript denotes the temperature or conversion value where thermal

analysis data reaches its maximum at the specified heating rate,  (°C/min) and Eg
(J/mol) is the average apparent activation energy calculated from isoconversional
method. For the determination of pre-exponential factor, same data used for the
reaction model was used. Determination of pre-exponential is the last step for kinetic
parameter calculation analytically. To this point, E, (apparent activation energy) as a
function of conversion, f(a) (reaction model) and A (pre-exponential factor) were
calculated. Using these parameters, reaction rate for thermal decomposition
dependent upon temperature and conversion can be calculated. However, validity of
the kinetic parameters is not proven yet. For validation non-linear regression utilizing

optimization routine was used.

3.3.4. Optimization of Kinetic Parameters by Model-Fitting

Non-linear regression was implemented using the optimization tool of the COMSOL
Multiphysics Software 5.3. The SNOPT (Sparse Nonlinear Optimizer) optimization
solver was used in this optimization tool as the algorithm for solving nonlinear least

squares problem. Kinetic parameters that were obtained using analytical methods
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were used as the initial values. All three heating rate experiment data were used

concurrently to compare with the computed conversion data with regards to

temperature.

SNOPT is a gradient-based optimization solver and is used by defining upper/lower

limits for control variables. In this case, control variables are the kinetic parameters

(Ea, reaction model parameters and pre-exponential factor). Initial values for the

optimization model are given below.

e initial temperature (°C) of the experiment for each heating rate,

e initial concentration (mol/m®) of the limiting reactant (Ckcioa),

e kinetic parameters that were obtained using analytical methods (Ea (J/mol), A

(s™), f(@)).

Initial values for the optimization model are given in Table 10 below.

Table 10. Initial values of thermal decomposition model

Weight
Composition
82/18 84/16 86/14 88/12
of Heat Pellet
(w:w)
Heating Rate
_ 2 3 5 2 3 5 2 3 5 2 3 5
(°C/min)
Temz)(%r;lture 423 | 433 | 444 | 419 | 432 | 445 | 421 | 429 | 454 | 423 | 447 | 460
0
S| Cicios (Mol/m?®) 4257 3903 3528 3181
T
>
©
ZE Cre 48117 50838 53767 57871

Analytically obtained kinetic parameters are given as initial values.

Reaction engineering

interface was used for the modelling of the thermal

decomposition process. Interface for the COMSOL Multiphysics software for reaction

engineering is shown in Figure 29. Equation (28) was used to calculate the
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concentration of KCIO,4 (limiting reactant) as a function of both temperature and

conversion.

Assumptions for the optimization model are given below:

1. Thermal decomposition reaction takes place in the liquidus interface of Fe and
KCIO,4. Therefore; concentration terms are valid to be used in reaction rate
expression.

Volume of heat pellet does not change during heat pellet decomposition.

3. Since KCIO4 is used below the stoichiometric ratio of 61.8/38.2 (w:w), limiting

reactant is the KCIlO4. Therefore, concentration of KCIO, was used as the

objective variable (objective variable is the function defined as “y” in Equation

(15)).

4. Optimality tolerance was left default at 0.01.
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Figure 29. Interface of COMSOL Multiphysics reaction engineering module
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Software is constructed to iteratively compute until the objective (the difference
between model and experimental data) value is minimized within the given optimality
tolerance. Using this technique, correlation coefficient between experimental and
model data and optimized kinetic parameters are obtained to be used in modelling of

the burning process.

3.3.5. Model Description of Burning Process

Burn models were constructed using COMSOL Multiphysics Software 5.3. Many
science and engineering simulations require partial differential equations (PDE) to be
solved coupled and simultaneously. This simultaneous approach is the main reason
for the term “Multiphysics”. In this study, physics of heat transfer of solids (which use
heat transfer equation) and chemistry/transport of diluted species (which use mass
transfer equation) interfaces are used to solve PDE’s of heat and mass transfer

simultaneously using COMSOL Multiphysics. Coupled variable for this analysis was

the temperature.

COMSOL Multiphysics software utilizes “Finite Element Method” (FEM) as the
algorithm to approximate the solution of PDE’s of the physical phenomena that it
deals with. FEM is basically a numerical method that is widely used by simulation

software which solves PDE’s using weak formulation.

Ignition and burning reactions occur quite rapidly in heat pellets and is quantified as
10 — 20 cm/s depending upon the characteristics of heat pellet (pelletizing pressure,
pellet composition etc.). Accurate simulations for these types of rapid reactions
largely depend on the accountability of the kinetic parameters provided. Kinetic
parameters obtained from the aforementioned methods are validated utilizing the

model described in this section.

Geometry of the heat pellet was identical to the prepared ones. Geometry of 84/16

heat pellet is given in Figure 30.
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Figure 30. Geometry (domain) of heat pellet for burning process modelling

2D dimensional axisymmetric heat and mass transfer analysis were conducted based
on Equations (30) and (31).

0T dc
pCp E — AAT = Aern E (30)
dc
a — D-Ac = —k(T)COf(C() (31)

For the sake of feasible convergence times in the error range of 10*? and 10™**
following simplifications and assumptions were made:
1. It was assumed that heat transfer in the heat pellet is dominated by
conduction.
2. Uniform distribution of particles throughout the heat pellet was assumed
due to ideal mixing of Fe and KCIO, powders prior to pelletizing.
3. Negligible mass diffusion occurs in solid state heat pellet.
4. All oxygen gas emerged from the decomposition of KCIO,4, oxidizes Fe
powder in the heat pellet due to the porous Fe particles and the interlocked
structure of the binary mixture in pellet state.

5. Decomposition reaction occurs irreversibly.
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6.

3.3.5.1.

For the typical thermal battery design, in order to ignite heat pellets in a
stack with electro-explosive device, small portion of the heat pellet is
positioned in the center hole. Described small portion is assumed to be
heated to 1450 °C (which is the adiabatic peak temperature for the 84/16
heat pellet) at the beginning of the model, t=0.

Activation energy (Es), pre-exponential factor (A), reaction model
parameters are not a function of conversion nor temperature and remains
constant throughout the burning process.

At the boundary of heat pellet, it was assumed to be no heat flow: thermal

insulation.

Settings for Modelling of Burning Process

COMSOL Multiphysics software uses different physics interfaces to simulate

mathematical models. For the thermal decomposition of heat pellets following physic

interfaces were used:

e Heat Transfer in Solids: used for calculating T=f(t,r,z,Qreac)-

e Chemistry: used for calculating —rA, reaction rate.

e Transport of Diluted Species, used for calculating Conversion=f(T,r,z,t) and

heat of reaction (Qreac).
COMSOL “Model Builder” interface is shown in Figure 31 below.
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Figure 31. Physic interfaces used in model

Domain Settings:

In heat transfer in solids interface, initial temperature values for igniting tip and
rest of heat pellet is defined in Initial Values 1 {init1} and Initial Values 2 {init2}.
In heat transfer in solids interface, heat source from reaction is defined in Heat
Source 1 {hs1}.

In transport of diluted species, initial values of concentrations of Fe and KCIO,4
were defined in Initial Values 1 {init1}.

In transport of diluted species, rate expressions for consumption/generation
are defined for individual species under the Reactions 1 {reac1}.
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3.3.5.2. Boundary Conditions
At the boundaries of the simulation domain, certain conditions are specified
according to the assumptions. For different physic interfaces different settings were
used (Figure 31):
1. For heat transfer, since it was assumed that heat pellet burns adiabatically,
“thermal insulation” was defined as the boundary condition.
2. For mass transfer, since it was assumed that no diffusion occurs in and out of
heat pellet domain, “no flux” was defined as the boundary condition.
3. For both physic interfaces, since it axisymmetric geometry was used “axial

symmetry” was defined automatically by COMSOL.

3.3.5.3. Initial Conditions

Thermophysical and thermodynamic initial values for burning process are given in

table below.

Initial concentration values were same with the optimization model (Table 10). “Value
of property before burning” in Table 11 represents the unreacted part of heat pellet
and “value of property after burning” represents the reacted part of heat pellet. Heat
capacity and thermal conductivity of heat pellet changes depending on the state of
heat pellet. Other properties (enthalpy of reaction, pellet density) that are given in
Table 11 do not depend on the burned/unburned state of heat pellet. Optimized

kinetic parameters were used as the initial value to calculate reaction rate.

Table 11. Thermophysical and thermodynamic initial values for heat pellet

Material Value of Property before )
. Value of Property after Burning
Property Burning

Enthalpy of
Reaction -413.23
(kJ/mol Fe)

Heat Capacity
of Heat Pellet 430 1010
(J/kg.K)

Thermal
Conductivity of
Heat Pellet
(W/m.K)

9.32 20.40
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Pellet Density 82/18 84/16 86/14 88/12
of Heat Pellet
(kg/m?) 3277 3380 3491 3673
Initial Tip of Heat Pellet (Figure 30) Rest of Hea’;(F)’)ellet (Figure
Temperature
°C) 1450 24

For validation of kinetic parameters, kinetic parameters (E,, A, f(a)) that were unique

for that weight composition were varied for each pellet used.

3.3.5.4. Simulation Procedure

To accomplish heat pellet propagation, the used mesh should have the similar shape
of propagation. Additionally, mesh density should be optimized in a way that
simulation gives solution with least error in feasible times. Following this logic,
meshing of the domain was done using “Mapped” mesh. Settings that accomplished
least error with feasible times (30 minutes/simulation) are when maximum element
size of the mesh is limited to 0.075 mm. The mesh generated using the defined
settings are given in Figure 32 below.
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Figure 32. Mesh used for heat pellet domain
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Study type for this simulation was “Time-dependent”. Simulation final time was set to
1000 ms. Time interval for the simulation was automatically adjusted by COMSOL

with its algorithm that keeps relative error under 1 %.
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4. RESULTS AND DISCUSSION

The results of the experiments and kinetic analysis were presented in the following
section. Firstly, characterization results of the used raw materials and the determined
weight ratios of the heat pellets for the same theoretical percent density (57.5 %)
were shown with images and tables. In the second step, the outputs from thermal
analysis of heat pellets were reported as the released heat versus temperature. The
kinetic parameters for the selected model were obtained by utilizing the method of
analytical isoconversional and master plots. The kinetic parameters obtained from
experiments were compared with the model and the correlation of the experimental
results with the model was represented. Finally, burn rate results of the simulation of
burning process were compared with literature values to verify that the determined

kinetic parameters are accurate.

4.1. Chemical and Physical Structure of Pyrotechnic Powder and
Pellet

Morphology of the iron particles affects the adequate compaction of heat pellets.
Guidotti et al. stated in his study that due to interlocking structure, iron with sponge
type morphology outperformed other candidates [2]. Therefore, the morphology of the
iron particles was investigated using SEM analysis. It is seen from the Figure 33 that,
supplied Fe particles had sponge type morphology and was suitable for heat pellet

preparation.
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Figure 33. SEM Images of Fe Powder (a) X1000, (b) X5000, (c) 10000

The average particle size of Fe powder was found 46 pm and the theoretical particle
density was determined to be 7.85 g/cm®. From the exact matching of the XRD
diffractrogram of Fe with the database (Appendix A), it was seen that supplied Fe did

not have any impurities. Impurity is an important factor that affects burning [7].

Average particle size of the impact milled KCIO4 was found to be 10 ym and the
theoretical particle density was 2.54 g/cm®. CoA (certificate of analysis) of the KCIO4

revealed that it had CI" and SO,* ionic impurities (Appendix A). Detailed results of
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average particle size, theoretical particle density and XRD for Fe and KCIO4 powders

are presented in Appendix A.

Fe and KCIO,4 powders were homogenously mixed in different weight ratios and by
uniaxial compression heat pellets were formed. In order to keep theoretical density
percentage constant (57.5 %), thicknesses of the prepared heat pellets were
controlled by varying compression loads. Properties of heat pellets with different
weight compositions are summarized in Table 12. Calculation method used to
calculate these properties (theoretical particle density, desired thickness of heat

pellet) are presented in Appendix B.

Table 12. Properties of prepared heat pellets with varying weight compositions

Property Calculated and Experimental Values
Weight Composition of Heat
82/18 84/16 86/14 88/12
Pellet (w:w)
Mass of Heat Pellet () 3.90+£0.01
Outer / Inner Diameter (mm) 50/5
Load of Compression (tons) 17 20 25 36
Thickness of Heat Pellet (mm) 0.61 0.59 0.57 0.55
Volume of Heat Pellet (cm?) 1.20 1.16 1.12 1.07
Pellet Density (g/cm?®) 3.28+0.01 | 3.38+0.01 | 3.49+0.01 | 3.67+0.01
Theoretical Pellet Density
(g/cm®) (assuming no void 5.70 5.88 6.07 6.39
inside pellet)
Pellet Density/Theoretical Pellet
Density
: . .575+0.01
(Theoretical Density 0.575 £ 0.010
Percentage)

4.2.

Determination of Setting Parameters of Thermal Analysis

The certain parameters are to be considered in thermal analysis implemented to heat
pellets. Heat pellet decomposition reaction releases high amount of energy. The
input of energy more than necessary to the analysis equipment causes distortion in

thermal analysis data or may even damage the equipment used [41, 47]. Therefore,
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settings for thermal analysis are needed to be adjusted carefully. The settings of
thermal analysis that were studied were:

e heating rate,3 (°C/min),

e sample mass,m (mg),

o flow rate of purge gas,d (mL/min).

4.2.1. Effect of Heating Rate

The range of heating rate was tried between 2 and 10 °C/min. Heating rates lower
than 2 °C/min were avoided because Fe in the sample is susceptible to oxidation
caused by the impurities that may exist in the furnace chamber. Additionally, the
ability of non-isothermal experiments is practicality to give rapid results. Using too low
heating rates would render the practicality of non-isothermal experiments useless.

To investigate the effect of heating rate to thermal analysis data, heat pellet with
weight composition of 84/16 (w:w) was used. The mass of the sample was adjusted

to 4.5 mg £ 0.5 mg. Purge flow was set to 100 mL/min.

The results of varying heating rates are given in Figure 34.

6 T T T T T T
—2°C/min
—3°C/min

—5°C/min
5r ——10 °C/min| |

Heat Flow (W/g)

400 420 440 460 480 500 520 540 560 580
Temperature (°C)

Figure 34. Effect of heating rate to the heat flow. Temperature range: 400 °C < T
< 580 °C, sample mass: 4.5 mg, flow rate of purge gas: 100 mL/min.

71



This result indicates that, when the heating rate is increased to 10 °C/min, the
increase of reaction rate is much higher than anticipated compared to 2, 3 and 5
°C/min heating rates. Therefore, the increase of heating rate causes an increase in
inner temperature of sample resulted from more rapid decomposition (self-heating).
Consequently, it results with a sharp increase in heat flow as it can be seen from the
Figure 34. The sharp increase in heat flow results with a peak shaped curve. This
type of heat flow is not suitable for kinetic analysis. For kinetic analysis, Gaussian
type curve should be observed like the heat flow obtained with 2, 3 and 5 °C/min.

4.2.2. Effect of Sample Mass

The sample mass affects the thermal analysis in the same way as heating rate. As
the sample mass increases, the amount of heat generation increases as well. Excess
sample mass may cause self-heating of the sample, causing distortion in thermal
analysis data. On the other hand, sample mass should not be too small that the heat

flow the reaction generates goes beyond the limit of detection.

To investigate the effect of sample mass, heating rate was kept constant at 5 °C/min
and the purge flow was adjusted to 100 mL/min. The results of varying sample

masses are given in Figure 35.
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Figure 35. Effect of sample mass to heat flow. Temperature range: 400 °C < T <
580 °C, heating rate: 5 °C/min, flow rate of purge gas: 100 mL/min.

72



In this figure, it was observed that, for the highest sample mass (10.3 mg), self-
heating of the sample was evident because of the steep temperature increase and
distortion in heat flow. The thermal analysis with the lowest sample mass (3.3 mg)
had the lowest heat flow among all. That is caused by the low heat generation from
reaction. Low heat generation may not be enough to give information about the
thermal decomposition mechanism of heat pellets. This may cause issues when
using heat pellets with lower calorific output (i.e. heat pellets with weight composition
of 86/14 and 88/12 (w:w)). Therefore, sample of 4.5 mg was used from the choice of
4.5 mg and 8.4 mg because the 8.4 mg sample mass is more prone to self-heating
when the heat pellet with more calorific output is used (i.e. heat pellet with weight

composition of 82/18 (w:w)).

The results showed that heating rate and sample mass have the effect of increasing
on heat flow. Based on the observed results, the heating rate range and sample
mass was selected as 2 — 5 °C/min and 4.5 £ 0.5 mg, respectively

4.2.3. Effect of Flow Rate of Purge Gas

Nitrogen purge gas was used in the chamber that the heat pellet sample to be
blanket from the oxidizing atmosphere. Flow rate of purge gas should be adjusted in
a way that, it can efficiently cover the sample but also should not affect thermal
analysis data with buoyancy force effect. The buoyancy force effect resulted by the
heating up of the accumulated purge gas in furnace chamber, is caused by the
certain decrease in the density of purge gas. As the density drops, fluid starts to
move vertically in the furnace chamber which affects the sample/reference pans and

causes the misreading of the weight of the sample [68].

Experiments for the effect of flow rate of purge gas were carried out using the heating
rate, B=5 °C/min and sample mass, m=4.5 + 0.5 mg. The recorded heat flow from the

thermal analysis for different flow rate of purge gas is shown in Figure 36.

73



25

T T T T T
’,/“x.‘ ——40 ml/min
."‘f \ ——50 ml/min
;' \ ——100 ml/min
2k \ —200ml/min ||
|
1
! \
| |
1.5 / ‘.‘ 7
G w
2 'ﬂ
= |
o
o
m
@
T
| 1 | 1 1 1 1
420 440 460 480 500 520 540 560 580

Temperature (°C)

Figure 36. Effect of flow rate of purge gas to heat flow. Temperature range: 420
°C < T <580 °C, heating rate: 5 °C/min, sample mass: 4.5 * 0.5 mg.

Thermal analysis in the conditions of the lowest two flow rates (40 and 50 mL/min)
showed two distinct reactions took place. This is the result of oxidation of Fe particle

in the sample. When the flow rate of purge gas is too low, effective removal of air
from furnace chamber could not be accomplished.

When Fe particles are used above stoichiometric ratio in heat pellet, if there is
oxygen present from outer source in furnace chamber, it results in parasitic oxidation
reactions. According to the principle of conservation of mass, oxidation of Fe with
oxygen from outer source causes sudden increases in the mass of sample. In the

Figure 37, the occurred parasitic oxidation reactions were seen as steps of weight
gains of sample for the flow rate of 40 mL/min.
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Figure 37. Comparison of weight change when 9 = 40 mL/min, 100 mL/min and
200 mL/min.

As seen in Figure 37, high flow rate (200 mL/min) causes the accumulation of N, gas
inside the furnace chamber and it affects the sample pans, that are caused the error
in the weight reading resulted from buoyancy force effect. Therefore, 100 mL/min
was selected to be the optimal flow rate that save the sample from the effect of
oxidizing environment and do not let N, gas to accumulate inside the furnace
chamber. The experimental parameters determined to the previous evaluations were

given in Table 13.

Table 13. Parameters of experimental conditions to be used

Experimental
- Parameter
Condition

Heating Rate
(°C/min)
Sample Mass
(mg)

Flow Rate of

Purge Gas 100
(mL/min)

45+0.5mg
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4.3. Thermal Decomposition of Heat Pellet

In order to conduct kinetic analysis, heat flow of thermal decomposition of heat pellet
with heating rates of 2, 3 and 5 °C/min were obtained. To ensure, heat flow is not
affected by the slight changes of the sample geometry or the apparatus [53], thermal
analysis at each heating rate were conducted three times. In the figure below, all
three experiments for the heat pellet with weight composition of 82/18 (w:w) with

varying heating rates are shown in terms of temperature versus heat flow.
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Figure 38. Heat flow from the thermal decomposition of heat pellets for
different heating rates, heat pellet: 82/18 (w:w)

Figure 38 shows the variation in heat flow data for three different experiments.
Starting, peak and final temperatures of the heat flow profiles are nearly the same
which is main parameter that defines the apparent activation energy (E,). Apart from
that, shapes of the profiles are relatively the same which defines the reaction model,
f(a). Same repeatability analysis was conducted for other heat pellets with different
weight compositions as well. Similar results were reported in Appendix D. Heat flow
data were averaged before converting heat flow to conversion to be used for kinetic
analysis. Average heat flows for heat pellets with different weight composition are

given in Figure 39 below.
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Figure 39. Average heat flow from the thermal decomposition of heat pellets for
different heating rates, (a) heat pellet: 82/18 (w:w), (b) heat pellet: 84/16 (w:w),
(c) heat pellet: 86/14 (w:w), (d) heat pellet: 88/12 (w:w)

The heat flow for all heating rates shifted to higher temperatures with decreasing %
content of KCIO4. Main reason for this shift is thought to be the decreasing surface of
area of interaction between molecules of Fe and KCIO,4. The cause of this shift will be
further investigated with the obtained kinetic parameters.

In further studies, the averaged values of the thermal analysis data were used.
Averaged heat flow was converted to temperature vs. conversion using the script
(see Appendix C) that was written for this purpose on MATLAB® (2014A). The

mathematical expression that was used to convert heat flow to conversion is given
below (Equation (7)).
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Results of the conversion vs. temperature data for all heat pellets studied with

At

heating rate of 2 °C/min, 3 °C/min and 5 °C/min are given in Figure 40, Figure 41 and

Figure 42, respectively.
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Figure 40. Conversion of decomposition reaction of heat pellets as a function
of temperature with heating rate of 2°C/min

Figure 40 shows that, there was a asymmetric behavior (slight tilt of curve to the
higher temperatures) of the thermal decomposition carried on to the conversion vs.
temperature data as well. This is a representation of the reaction model. It shows that
reaction rate reaches its maximum rate between conversion values of 0.5 — 0.8. This
observation is in agreement with Yang et al’s work in which he indicated
decomposition of KCIO, and oxidation of Fe are consecutive exothermic reactions

that takes place quite rapidly and furthermore oxidation step is the fastest [3, 29]:

KC|O4 — KCI + 202+AHr11
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2Fe + 02 —> 2Feo + AHr’Z

When using non-isothermal experiments, both k(T) and f(a) changes simultaneously.

This is the reason for the sigmoidal shaped curve of temperature vs. conversion.
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Figure 41. Conversion of decomposition reaction of heat pellets as a function
of temperature with heating rate of 3°C/min

Figure 41 shows that the inflection point became apparent on 88/12 heat pellet (w:w)
data. It is thought that inflection point is caused by the thermal lag in the reaction
zone. According to Equation (11), heat pellet with 88/12 (w:w) weight composition
gives the least amount of energy per gram of heat pellet. This causes the
temperature of reaction zone to increase gradually compared to other heat pellets.
However, when the temperature of reaction zone reaches the point of auto-ignition,
reaction rate dramatically increases. This causes an inflection point. By further
increasing the heating rate, this thermal behavior occurs at a lower conversion value
(Figure 42). Since the increase in reaction rate for 3 °C/min heating rate, auto-ignition

temperature is reached earlier when heating rate is 5 °C/min.
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Figure 42. Conversion of decomposition reaction of heat pellets as a function
of temperature with heating rate of 5°C/min

Results of thermal analysis show that multi step decomposition of Fe/KCIO, occurs
too rapidly to be detected. Only two of the data belonged to 88/12 with heating rates
of 3 and 5 °C/min gave inflection points. These inflection points were interpreted as
the thermal lagging of the decomposition process. Therefore, assumption of one-step
mechanism to identify the kinetic parameters of heat pellets appears favorable.
Variation of activation energy with respect to conversion was analyzed using the

conversion vs. temperature dataset.

4.4. Determination of Kinetic Parameters

In this section, the kinetic parameters obtained from the thermal analysis of the
samples of heat pellet are presented. For determination of apparent activation
energy, Starink’s isoconversional method was used due to its proven high accuracy
[37, 51]. With acquired average activation energy values (E,), reaction model, f(a)
was investigated with Malek’s procedure. Malek’s procedure was preferred because
it gives the knowledge of the reaction model from a simple graphical method. Finally,

pre-exponential value was calculated with obtained E, and f(a) values.
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4.4.1. Apparent Activation Energy

Starink’s integral isoconversional method was selected to determine apparent
activation energy for the thermal decomposition process of heat pellets because of its
high accuracy. Starink’s integral isoconversional method is model-free which can be
used without assuming any reaction model. The mathematical expression for this
method is derived from non-isothermal kinetic equation (Equation (10)) by integrating
and taking natural logarithm for linearization (Equation (23)).

In <L> = —1.0008i + In AR

Ti1'92 RT; Eg(a)
Slope of LT (K% vs. In(B/T*%) curve (Starink plot) gives the apparent activation
energy for the specified conversion. The Starink plot for a composition 82/18 (w:w) of

heat pellet for varied conversion are given in Figure 43.
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Figure 43. Starink plot for thermal decomposition process of 82/18 heat pellet
at three heating rates and various conversions (a: 0.1 —0.9)

As it can be seen from the figure, fits of first order polynomials in the form of (ax+b)
are not good in the conversion range of 0.1 — 0.3. Main reason for this is the
simultaneous reactions of KCIO, decomposition and Fe oxidation. After conversion is
0.4, goodness of the fits increases because the KCIO, decomposition reaction

ceases. To define goodness of the fits, correlation factor (r) was calculated.
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Activation energy values for 82/18 (w:w) heat pellet with increasing conversion
(Aa=0.1) are given in Table 14.

Table 14. The apparent activation energy (E,) its correlation factors for the
decomposition reaction of 82/18 (w:w) heat pellet

a Ea (kJ/mol) r (Correlation Coefficient)
0.1 134.4 0.93
0.2 150.7 0.93
0.3 167.1 0.93
0.4 171.9 0.99
0.5 193.4 0.99
0.6 206.1 0.99
0.7 212.3 0.99
0.8 226.1 0.99
0.9 237.7 0.99
Average 208.0 £ 33.0 0.99

According to ICTAC Kinetics Committee, activation energy value with correlation
coefficient lower than 0.98 should be disregarded and not be included in the
calculation of average apparent activation energy for a solid-state reaction [54]. For
that reason, activation energy values with correlation coefficient values lower than
0.98 were disregarded. Average activation energy for heat pellet with weight
composition of 82/18 (w:w) was calculated as 208.0 * 33.0 kJ/mol. Variation of

average activation energy was * 16 %.

The Starink plot for a composition 84/16 (w:w) of heat pellet for varied conversion are

given in Figure 44 below.
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Figure 44. Starink plot for thermal decomposition process of 84/16 heat pellet
at three heating rates and various conversions (a: 0.1 -0.9)

Similar to the 82/18 (w:w) heat pellet, fitting in the conversion range of 0.1 - 0.3 was
not adequate. In the following table, values of apparent activation energy and

correlation coefficients are given.

Table 15. The apparent activation energy (E,) and its correlation factors for the
decomposition reaction of 84/16 (w:w) heat pellet

a Ea (kJ/mol) r (Correlation Coefficient)
0.1 170.4 0.96
0.2 173.1 0.95
0.3 191.2 0.97
0.4 194.4 0.99
0.5 202.0 0.99
0.6 205.0 0.99
0.7 209.6 0.99
0.8 220.2 0.99
0.9 229.7 0.99
Average 210.2%117.6 0.99

Excluding the data with correlation coefficient below 0.98, average activation energy
was calculated as 210.2 * 17.6 kJ/mol. Variation of average activation energy was *
8.4 %.
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The Starink plot for a composition 86/14 (w:w) of heat pellet for varied conversion are

given in Figure 45 below.
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Figure 45. Starink plot for thermal decomposition process of 86/14 heat pellet
at three heating rates and various conversions (a: 0.1 —0.9)

Same behavior with 82/18 and 84/16 heat pellets were observed for the 86/14 heat

pellet as well. In the table below apparent activation energy with respect to

conversions and their correlation coefficients are given.

Table 16. The apparent activation energy (E,) and its correlation factors for the
decomposition reaction of 86/14 (w:w) heat pellet

a Ea (kJ/mol) r (Correlation Coefficient)
0.1 164.8 0.95
0.2 175.6 0.97
0.3 187.4 0.97
0.4 201.0 0.98
0.5 205.1 0.99
0.6 212.6 0.99
0.7 223.1 0.99
0.8 229.5 0.99
0.9 236.5 0.99
Average 218.0*17.7 0.99
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Excluding the data with correlation coefficient below 0.98, average activation energy
was calculated as 218.0 * 17.7 kJ/mol. Variation of average activation energy was *
8.1 %.

The Starink plot for a composition 88/12 (w:w) of heat pellet for varied conversion are

given in Figure 46 below.
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Figure 46. Starink plot for thermal decomposition process of 88/12 heat pellet
at three heating rates and various conversions (a: 0.1 -0.9)

Starink plot of 88/12 (w:w) heat pellet revealed that good fits was not achieved until
the conversion is 0.5. This is an indication of still ongoing KCIO, decomposition
reaction together with Fe oxidation until conversion of 0.5 is reached. In the following
table calculated values of apparent activation energy and correlation coefficient are
given.

Table 17. The apparent activation energy (E,) and its correlation factors for the
decomposition reaction of 88/12 (w:w) heat pellet

a Ea (kJ/mol) r (Correlation Coefficient)
0.1 118.2 0.97
0.2 120.4 0.97
0.3 143.0 0.97
0.4 154.7 0.97
0.5 189.3 0.99
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0.6 209.5 0.99
0.7 220.9 0.99
0.8 237.7 0.99
0.9 254.5 0.99
Average 22241326 0.99

Excluding the data with correlation coefficient below 0.98, average activation energy
was calculated as 222.4 * 32.6 kJ/mol. Variation of average activation energy was %
14.6 %. The variation in the activation energy with respect to conversion is due to the
two-step decomposition of Fe/KCIO, pyrotechnic. Variation in activation energy for
heat pellets with different weight compositions is in the range of 10 — 15 %, therefore
assumption of single step reaction with single averaged activation energy was made.
The results of activation energies obtained for all samples that were examined are
given in Figure 47.
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Figure 47. Average activation energies of heat pellets with different weight
compositions

Figure 47 shows that with decreasing KCIO,4 content, activation energy of thermal
decomposition increases. Fe/KCIO4 burning process starts with the decomposition of
KCIO, and proceeds with Fe oxidation. As the weight composition of KCIO4
decreases, probability of one KCIO; molecule to decompose and meet with Fe
molecule decreases. Consequently, with decreasing KCIO4 weight composition in the
heat pellet activation energy increases.
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Correlation factors of activation energy in the conversion range of 0.1 — 0.4 were less
than 0.98. Low correlation factors in Starink curves indicate that two or more
reactions take place concurrently in that conversion range [14, 37]. In the figure
below, representation of the overlapping reactions for thermal decomposition of heat

pellets is given with respect to conversion.

KCIO4
Decomposition

Fe Oxidation | [
I

1]
—_

Conversion (a)

Figure 48. Stages of thermal decomposition process of heat pellet

Findings at this point suggest that while the KCIO, decomposes to form oxygen, Fe
oxidation starts at a certain conversion, a;. KCIO, decomposition continues until the
0.4 fraction of the products (FeEO and KCI) form. After that point, decomposition
ceases and the oxygen that is formed in the vicinity of Fe molecules diffuses into the

Fe atoms and oxidation continues until oxygen depletes.

With the average activation energy determined, further mechanistal investigation

were carried out using Malek’s procedure in the next section.

4.4.2. Determination of the Reaction Model and Pre-Exponential

Factor of Thermal Decomposition Process
In this section, reaction model, f(a) of the thermal decomposition of heat pellets were
evaluated. With activation energy, the reaction model which best describes the
thermal decomposition of heat pellets for each weight composition was determined
using master plots, y(a) and z(a). y(a) and z(a) functions describes the reaction rate
(da/dt) with respect to conversion. y(a) function is also proportional to the reaction

model f(a). The mathematical expression that describes the y(a) function is given
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below (Equation (25)). First expression with the term of (da/dt), was used to calculate
experimentally obtained thermal decomposition. Second expression (y(a)=Af(a)) was
used to calculate the theoretical y(a) plots for reaction models given in Table 2 for
comparison with experimental results. Since pre-exponential factor (A) is unknown at

this point, both curves were normalized within (0-1).

@ = (G), o (72)
(@) = Af (@)

For all heat pellets studied, comparison of the theoretical y(a) plots and experimental
data are given below.
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Figure 49. Plots of y(a) vs. a for theoretical reaction models and for heat pellets
with different weight compositions at 5 °C/min heating rate. Heat pellets: (a)
82/18 (w:w), (b) 84/16 (w:w), (c) 86/14 (w:w), (d) 88/12 (w:w)
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Regardless of the weight composition of heat pellet, y(a) master plots show
resemblance with the Avrami-Erofeyev models. Avrami-Erofeyev reaction model is
mainly used for describing a reaction which undergoes a nucleation process.
Nucleation process is the formation of new phase at reactive sites in the lattice.
Nucleation process takes place when the crystal in reacting structure has
imperfections such as impurities, surfaces, edges, dislocation, cracks or point
defects. These imperfections in the structure cause drop in the activation energy and
therefore lets nucleation reaction start at that imperfect point. In the case of KCIO4

crystal structure, imperfections are caused by the impurities of CI" and SO47? ions.

It can be seen from the mathematical expression of y(a) (Equation (25)) that y(a)
function is strongly controlled by the apparent activation energy. z(a) plot is
practically independent from the apparent activation energy values (Equation (26)).
To compensate for the error that may come from the inaccurate result of activation
energy, z(a) plot of thermal decomposition of heat pellets and nucleation models

were compared.

The mathematical expression that defines z(a) function is given below. First
expression with the term of (da/dt), was used to calculate experimentally obtained
thermal decomposition. Second expression (z(a)=f(a)g(a)) was used to calculate the
theoretical z(a) plots for nucleation models (Avrami-Erofeyev) given in Table 2 for

comparison with experimental results.
d E/RT),
(@) =(d_<:) 12 (p[( ﬁ/T ) ])
AE
2(@) = f@)g(e) = K@) gp || */rr

a

Comparison of experimental data between theoretical reaction models in terms of

z(a) master plot is given below.
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Figure 50. Plots of z(a) vs. a for theoretical reaction models and for heat pellets
with different weight compositions at 5 °C/min heating rate. Heat pellets: (a)
82/18 (w:w), (b) 84/16 (w:w), (c) 86/14 (w:w), (d) 88/12 (w:w)

Figure 50 shows that although the experimental and theoretical y(a) and z(a) plots
show resemblance they do not overlap. Malek et al. shows mathematically in his
study that in order to select nucleation models as suitable, the conversion where the
z(a) (a;) should be 0.63 [59]. For heat pellets of 82/18 (w:w), 84/16 (w:w), 86/14
(w:w), 88/12 (w:w), a; values are 0.60, 0.65, 0.58 and 0.69 respectively. In this case,
inequality of O < ay < a, should be checked. If this condition holds, then Sestak-
Berggren’s model can be used to describe the mechanism of reaction [59]. Sestak-
Berggren’s model (Equation ((33)) is a general form that can represent the

characteristic of various reaction by adjusting its parameters (n and m) (see Table 6).

fla) = o«a™(1 — )™ (33)
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To check whether 0 < ay < a, condition holds, ay and a, are determined heat pellets

studied as follows.

Table 18. ay and a, parameters of studied heat pellets

Weight

Composition The conversion The conversion
of Heat where y(a) is where z(a) is
Pellet maximum, ay maximum, o,
(w:w)

82/18 0.51 0.60
84/16 0.51 0.65
86/14 0.42 0.58
88/12 0.52 0.69

In all cases, 0 < ay < a, condition holds, that is set for the eligibility of a reaction
model to fit Sestak-Berggren reaction model.

Reaction model of Sestak-Berggren has parameters of m and n to be determined. To
determine m and n parameters, Sestak-Berggren’s reaction model expression
(Equation (33)) was inserted to the general kinetic equation for non-isothermal
processes (Equation (10)) and then it was linearized by taking natural algorithm
(Equation (34)). Slope of this linearized form gives the value of “n” parameter. The
intersection of the curve with In(y(a)) axis also gives the pre-exponential factor, A.
Linearity of the slope holds for conversion range of 0.5 and 0.8 (see Figure 40,
Figure 41 and Figure 42) “m” parameter was calculated using the relation given in
Equation (35).

y(@)
A
[ |
da Eavg
e _ P(1 — (34)
In 7 exp( BT )] InA + nin[aP(1 — a)]
p=_o_ (35)
n 1l-a,

Plots of Equation (34) for all heat pellets studied are given in figures below.
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Figure 51. Experimental data and Sestak-Berggren plots for all heat pellets

The Sestak-Berggren parameters (m and n) and pre-exponential factor (A) that was

calculated from the Sestak-Berggren plot is summarized in Table 19.

Table 19. Sestak-Berggren parameters and pre-exponential factor

Weight

Composition . , _

e m (Sestak-Berggren | n (Sestak-Berggren Pre-exponential
Parameter) Parameter) Factor (InA)

Pellet

(w:w)

82/18 0.757 0.657 31.40

84/16 0.804 0.721 31.17

86/14 0.694 0.947 35.39

88/12 0.084 0.094 30.81

Using Sestak-Berggren plot, pre-exponential factor is only calculated in the

conversion range of linearity which is 0.5 and 0.8. To calculate pre-exponential factor

that involved whole range of conversion or in other words thermal decomposition

process, Equation (32) was used and the results were reported in Table 20.
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Table 20. Calculated values of pre-exponential factor

Heat Pellet Pre-exponential
_ _ Calculated Pre-
Weight Factor determined .
. . exponential Factor

Composition from Sestak- (InA)

n
(w:w) Berggren Plot (InA)
82/18 31.40 30.00
84/16 31.17 30.14
86/14 35.39 32.86
88/12 30.81 32.80

To this point, all kinetic parameters (E,, f(a) and A) for each weight composition heat

pellet were determined. Kinetic parameters are summarized in Table 21.

Table 21. Kinetic parameters obtained for different composition of heat pellets

Heat Pellet Average . .
. - m (Sestak- n (Sestak- Pre-
Weight Activation .
. Berggren Berggren exponential
Composition Energy
Parameter) Parameter) Factor (InA)
(w:w) (kd/mol)
82/18 208 0.757 0.657 30.00
84/16 210 0.804 0.721 30.14
86/14 218 0.694 0.947 32.86
88/12 222 0.084 0.094 32.80

Validity of these obtained kinetic parameters is tested using COMSOL model that
employs “Reaction Engineering” physics interface. Results of the comparison
between model and experimental data for 82/18 (w:w) heat pellet is given below.
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Figure 52. Comparison between time (s) vs. conversion (a) model curve and
experimental data for 82/18 (w:w) heat pellet

Figure 52 shows that, conversion values of model deviate from experimental values
too much. Since reaction rate of model was faster it was deduced that, either the

activation energy value is too low or the pre-exponential factor is too high.

This result reveals that analytical methods (isoconversional method, Malek’s
procedure) used to determine kinetic parameters are prone to errors and can only
produce rough estimates of kinetic parameters. Although these methods provide
inaccurate results, they are needed to obtain initial values for the non-linear
regression. Consequently, analytical methods are used in conjunction with a non-
linear regression method. Comparison of model and experimental data was also
repeated for 84/16, 86/14 and 88/12 (w:w) heat pellets as well. Results for this

comparison are given in Appendix E.

The extent of distinction between model and experimental data suggests that kinetic
parameters need fine-tuning before using them as parameters of reaction rate for
burning simulation. In the next section, optimization procedure was carried out using

the analytically obtained kinetic parameters as initial values.
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4.5. Optimization of Kinetic Parameters

The optimized kinetic parameter results obtained by using the analytically calculated
Kinetic parameters as initial values are presented. The optimization procedure
employed an iterative procedure that tried to minimize the difference between
experimental and calculated conversion (a) vs. time (s) data by controlling kinetic
parameters (E,, reaction model parameters; m and n, A). This iterative procedure
was created by using COMSOL Multiphysics’ optimization tool (see 3.3.4).

To determine the quality of the fit, correlation coefficients (r) between calculated
model and experimental data are evaluated as well. Correlation coefficient values
gave insight about the obtained kinetic parameters, whether they are in the

acceptable range to be used for simulation of the burning process.

The time(s) vs. conversion (a) data was obtained by non-linear regression with the
optimized kinetic parameters as the initial values are shown in the same figure with

experimental data. The comparison figure for 82/18 (w:w) heat pellet is given below.
1
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Figure 53. Comparison between time(s) vs. conversion (a) model curve
(calculated with optimized kinetic parameters) and experimental data for 82/18
(w:w) heat pellet

Figure 53 shows that with optimized kinetic parameters, overlapping between

calculated model and experimental data were greatly improved. This improvement is
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guantified by calculating the correlation coefficients as well. Correlation coefficients
for the model and experimental data for heating rates of 2 °C/min, 3 °C/min and 5
°C/min were 0.986, 0.990 and 0.994 respectively.

The comparison figure for 84/16 (w:w) heat pellet is given below.
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Figure 54. Comparison between time(s) vs. conversion (a) model curve
(calculated with optimized kinetic parameters) and experimental data for 84/16
(w:w) heat pellet

Correlation coefficients for the model and experimental data for heating rates of 2
°C/min, 3 °C/min and 5 °C/min were 0.993, 0.980 and 0.991 respectively. The
comparison figure for 86/14 (w:w) heat pellet is given below.
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Figure 55. Comparison between time(s) vs. conversion (a) model curve
(calculated with optimized kinetic parameters) and experimental data for 86/14
(w:w) heat pellet

Correlation coefficients for the model and experimental data for heating rates of 2
°C/min, 3 °C/min and 5 °C/min were 0.995, 0.982 and 0.989 respectively. The
comparison figure for 88/12 (w:w) heat pellet is given below.

Conversion («)

— — ~Experimental data points (2°C/min)| |
——Model Curve (2°C/min )
— — —Experimental data points (3°C/min)
——Model Curve (3°C/min ) 7
— — —Experimental data points (5°C/min)
——Model Curve (5°C/min )

1 1
1500 2000 2500 3000
Time (s)

Figure 56. Comparison between time(s) vs. conversion (a) model curve
(calculated with optimized kinetic parameters) and experimental data for 88/12
(w:w) heat pellet
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Correlation coefficients for the model and experimental data for heating rates of 2
°C/min, 3 °C/min and 5 °C/min were 0.995, 0.991 and 0.989 respectively. From the
results of correlation coefficient, r, it can be concluded that optimized kinetic
parameters provided good fitting with model results and experimental data.
Calculation time for kinetic parameter optimization of one heat pellet took about 21-
22 hours with 48 iterations using a Dell T7810 Pluton workstation. Without good initial
guesses obtained from analytical kinetic parameter determination methods, it would
have taken too long to calculate such optimization model or the calculated

parameters would have contained high error.

The results of the analytically obtained and optimized kinetic parameters are

summarized in Table 22.

Table 22. Comparison of the kinetic parameters obtained by analytical methods
and non-linear regression for heat pellets with weight composition range of
82/18 — 88/12

Kinetic Parameters obtained by _ _ :
. Non-linear regression with COMSOL
Isoconversional Method and Malek’s : :
Multiphysics
Procedure
- Heat Pellet Weight - Heat Pellet Weight
Kinetic . Kinetic .
Compositions (w:w) Compositions (w:w)
Parameters Parameters
82/18 | 84/16 | 86/14 | 88/12 82/18 | 84/16 | 86/14 | 88/12
n(S-B Optimization | n(S-B
0.657 | 0.721 | 0.947 | 0.094 0.636 | 0.755 | 0.694 | 0.644
parameter) parameter)
m(S-B m(S-B
0.757 | 0.804 | 0.694 | 0.084 0.441 | 0.373 | 0.321 | 0.229
parameter) parameter)
Ea(kd/mol) | 208 | 210 | 218 | 222 Ea(kd/mol) | 215 | 217 | 223 | 228
In(A) 30.0 | 30.1 | 32.8 | 328 In(A) 29.01 | 29.16 | 30 |29.77

From Table 22, it can be seen that apparent activation energy increases with
decreasing KCIO4 content in heat pellet while pre-exponential factor relatively
remains constant. Reason for increasing E, trend is explained as: with increasing

KCIO, content, imperfections in the crystal structure that causes depreciation in
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activation energy increases too (nucleation model). Consequently, activation energy

of thermal decomposition decreases.

Reaction mechanism in solid state is mainly controlled by the structure of reactants
used. For heat pellets, only the weight composition was changed. Therefore, reaction
mechanism of the thermal decomposition of heat pellets should be same. Slight
differences in Sestak-Berggren parameters (m and n) shows that reaction

mechanism for different weight composition of heat pellets were relatively same.

Up to now, study of thermal decomposition kinetics of heat pellets used in thermal
batteries was never reported. Therefore, for validation of determined Kkinetic
parameters, simulation studies of the heat pellets to determine burn rates (cm/s)

were carried out.

4.6. Kinetic Modelling and Simulation
In this section, the burn rate results of different weight composition heat pellets were
calculated using a time dependent model which was constructed using COMSOL
Multiphysics. Simulation results of burn rate were compared with the experimental
values in literature.
In this simulation, self-propagating combustion wave (Figure 57) was modeled. The
heat source term, Q is calculated using the mass density p (kg/m®), conversion a,
and heat of reaction AHeac. (kJ/mol) :
da
Q= pEAH (36)

The heat of reaction (calorific output) for this process was -413 kJ/mol Fe [3].
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Figure 57. Combustion wave propagation

From the analysis of reaction model, da/dt term was found to be:
da —E
— = a™(1 — a)"dex (—a> (37)
dt (1= a)"Aexp | pr
where E, is the apparent activation energy (J/mol), R is the universal gas constant
(J/mol.K), A is the pre-exponential factor (s), n and m are the Sestak-Berggren

parameters.

The temperature distribution was defined by differential equation of transient heat
transfer formulated based on the energy balance:

d(pC,T) @ (k oT

dt B a_x a_x) + Qreaction (38)
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where T (K) is the temperature, p is the mass density (kg/m?), C, is the specific heat
of heat pellet (J/kg.K), k is the thermal conductivity of heat pellet (W/m.K) and Qreaction

is the exothermic heat of the pyrotechnic reaction (W/m?3).

For the concentration distribution, following differential equation of transient mass

balance has been formulated:

@ = RC = TV (39)
ot
—r =k(a)™(1 — a)"c, (40)

where ¢, is initial concentration of the limiting reactant (mol/m?®), KCIO.,.

Solving the energy and mass balances simultaneously with the coupled independent
variable of T (temperature), results of temperature and concentration distribution in
heat pellets as a function of time and location is acquired. The results of temperature
distribution for 82/18 heat pellet with t=0 (ms), t=tfna/2 (MS) and t=tsina (MS) are given,

respectively.
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Figure 58. Temperature distribution of 82/18 (w:w) heat pellet with different
stages ((a) t=0 (ms), (b) t=tfina/2 (Ms) and (c) t=tsna (MS)) of burning process
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Figure 59. Temperature distribution of 84/16 (w:w) heat pellet with different
stages ((a) t=0 (ms), (b) t=tfina/2 (Ms) and (c) t=tsna (MS)) of burning process
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Figure 60. Temperature distribution of 86/14 (w:w) heat pellet with different
stages ((a) t=0 (ms), (b) t=tfina/2 (Ms) and (c) t=tsna (MS)) of burning process
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Figure 61. Temperature distribution of 88/12 (w:w) heat pellet with different
stages ((a) t=0 (ms), (b) t=tfina/2 (Ms) and (c) t=tsna (MS)) of burning process
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Time-dependent temperature distribution results were used to calculate the burn
rates of heat pellets with varying weight compositions. The comparison of burn rate

result of heat pellets with literature values are given in Table 23.

Table 23. Comparison of calculated and literature burn rate results for different
weight composition of heat pellets

Heat Pellet Burn Rates Percent.
. Calculated o
Weight from Deviation from
o Burn Rates )
Composition Literature Literature
(cm/s)
(w:w) (cm/s) [2, 26] (%)
82/18 26.0 22.5 15.56
84/16 15.7 15.0 4.67
86/14 115 10.2 12.75
88/12 10.7 9.8 9.18

The results of deviation show that there is a systematic error in burn rates. The cause
for this systematic shift of burn rates to higher values is interpreted as the effect of
assumption of thermal insulation on the heat pellet boundaries in simulation. In
literature, burn rate values were obtained experimentally by placing heat pellets
between insulators such as Min-K, quartz etc. These materials absorb some of the
heat of reaction from the heat pellets causing decrease in burn rate. Apart from
systematic error, calculated burn rates are in good agreement with the literature,
which proves that kinetic parameters obtained by optimization are consistent (Figure
62).
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Figure 62. Comparison of calculated and literature burn rates for studied heat
pellets

Both concentration of KCIO, and temperature distribution in heat pellets during
burning process at t=tina/2 (Figure 63) revealed that concentration profile of the
propagation has similarity with the “laminar flow” velocity profile of an incompressible
fluid. This shows that heat pellet combustion wave propagation was fully developed

for this simulation which is an indication of accurate simulation of burning process.
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Figure 63. Conversion distribution of 82/18 heat pellet at t=tfina/2
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5. CONCLUSIONS

In this study, kinetic parameters for heat pellets with weight compositions in the range
of 82/18 — 88/12 (w:w) were determined using a complementery method which
employs isoconversional and Malek’s method with non-linear regression utilizing
COMSOL Multiphysics’s optimization tool. These kinetic parameters were used as
initial values for the simulation of burning process of heat pellets. The burn rate
values that were determined using simulation were compared with the literature
values. The overlapping calculated burn rate values with literature values indicated

that obtained kinetic parameters were accurate.

From the results of isoconversional analysis, it was seen that with increasing %
content of KCIO,4, activation energy decreases. This behavior was attributed to the
increased probability of oxidation reaction with increasing % content of KCIO,.
Isocoversional analysis also revealed that multi-step decomposition (KCIlO4

decomposition and Fe oxidation) takes place until the overall conversion reaches 0.4.

Thermal decomposition of heat pellets was determined to follow Sestak-Berggren’s
model from the so called master plots, y(a) and z(a). Master plots showed that
thermal decomposition mechanism can be described by nucleation model. Nucleation
model is used to describe processes that take place when the crystal in reacting
structure has imperfect sites. These imperfect sites become the reactive sites when

the external conditions (temperature, pressure etc.) are fulfilled.

The model results computed using kinetic parameters that were obtained using
isocoversional and Malek’s method did not overlapped with the experimental results.
Therefore, optimization routine was created in COMSOL Multiphysics that employed
an iterative procedure with objective of minimizing sum of least squares between
model and experimental data. Optimization procedure gave the optimal combination
of reaction model, activation energy and pre-exponential factor. This showed that,
determination of kinetic parameters with non-linear regression is a more robust

method.
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Kinetic properties of heat pellets are the most dominant parameters that controls the
activation time in a thermal battery. In a case when fast power discharge is required for
a thermal battery, activation time is expected to be as small as possible. For this case,
kinetic parameters suggest that 82/18 (w:w) heat pellet should be selected. In the case
when operation time of the thermal battery is required to be long, 88/12 (w:w) heat

pellet should be selected because it release its heat of reaction more slowly.

More importantly, this study has laid foundations for thermal modelling of the ignition

phase of a thermal battery.
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APPENDIX A — Characterization Results of Fe and KCIO, Powders

AccuPye 111340%1.0 Linit 1 Serial # 218 Fage1

[N micromeritics’

Sample: DemirTozul 29 9.11.07
Qperatar:
Submitter:
Bar Code:
File: CA1340MDATADMTZ129 SMP
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{om™ facm™ fmm:ss)
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Figure 64. Theoretical particle density result of Fe powder

Analyst

Analysis date :

018/04/12 10:55:54
:_aalkan

Intensity (cps)

Meas. data:01_001-0000 —
2000 Iron, Fe, 03-065-4899 —
1500
1000
500
| ”
0 |I .i Ji ,|l
Iron, Fe, 03-065-4899 : — : : I : — : ]

20 30 40 50 60 70 80 90 100
2-theta (deg)

Figure 65. XRD analysis of Fe Powder
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Figure 66. Particle size analysis result of KCIO,4 particles
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[Mj micromeritics’
AccuPyc 11 1340V1.08 Unit 1 Serial #. 2862 FPage 1

Sample: potasyum perklorat 046-0000
MB
Submitter:
Bar Code:
File: G:\124 SMP

Analysis Gas: Helium Analysis Start: 29.03.2018 16:52:13
Reported: 29.03.2018 17:15:36 Analysis End: 29.03.2018 17:15:28
Sample Mass: 4.0550 g Equilib. Rate: 0.005 psig/min
Temperature: 21.40 °C Expansion Volume: 73.9780 cm?®
Number of Purges: 20 CellVolume: 154046 cm®

Chamber Insert: 10 cm*

Summary Report
Sample Volume
Average: 1.6038 cm?
Standard Deviation: 0.0018 cm?

Sample Density

Average: 2.5284 glem®
Standard Deviation: 0.0029 gicm®

Figure 67. Theoretical particle density result of KCIO, powder

Spec. Values

Assay (alkalimetric) 99.5-100.5 %
Insoluble matter < 0.005 %
pH-value (1 %; water) 5.0-7.0

Chloride (Cl) <0.003
Sulfate (SO4) < 0.001 %
Total nitrogen (N) < 0.0005 %
Heavy metals (as Pb) = 0.0005 %
Ca (Calcium) = 0.005 %
Fe (lron) < 0.0005 %
Na (Sodium) < 0.005 %
Carresponds to ACS

Figure 68. CoA of obtained KCIO4
APPENDIX B — Sample Calculations

Sample Calculation of Average Theoretical Density of Heat Pellets

Calculation was performed for 84/16 heat pellet:
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100

16 4 84
2.54 g/cm3 * 7.85 g/cm3

= 5.88 g/cm?3

Sample Calculation of Height of 84/16 Heat Pellet

dpellet
5.88 g/cm3

X 100% = 57.5%
dpenrer = 3.38 g/cm?

3929
dpellet = > 2
(T[Ro - T[Ri )hpellet

hpellet = 0.059 cm

APPENDIX C - Matlab Code for the Transformation of Thermal

Analysis Raw Data

area.m Script

% Ham veri A adiyla tanimlanir. Ham verideki fazla veriler atildiktan sonra
% Al olarak adlandirilair.

$ Al'in ilk kolonu sicaklik verisi, ikinci kolonu

% 1s1 akisi verisi olmalidair.

% bf fonksiyonu ham veriye baseline cekmek icin kullanilair.
[yl,yfit]=b£(Al(:,2), 'confirm',6);

figure(1l);

% baseline dizeltmesi yapilmis verinin sicakliga karsi cizilmesi
plot (Al (:,1),y1l);

o©

Figlir ltzerinden isaretleme ve iki nokta
arasi dogru olusturma kodu
[x,y]=ginput(2); line(x,vVy);

o°

o\°

% Baseline noktalari girilecek

promptl='x(1l) dederini girin (sayinin yuvarlanmadigina emin ol):';
x (1)=input (promptl) ;
prompt3='y(l) dederini girin (sayinin yuvarlanmadigina emin ol):';
y (1) =input (prompt3) ;
prompt2="x(2) dederini girin (sayinin yuvarlanmadigina emin ol):';
X (2)=input (prompt?2) ;
prompt4='y (2) dederini girin (sayinin yuvarlanmadigina emin ol):';
y (2)=input (prompt4) ;
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% Girilen x ve y noktalari arasinda N kadar bdlme islemi
N = 10001;

x fine = linspace(x(1l), x(2),N);

dx=x fine(2)-x fine(1l);

o

Boliinen noktalari interpolasyon ile birlestirme
top heat flow edrisi

bottom baseline dodrusu

top = interpl (Al(:,1),yl,x fine);

bottom = interpl(x,y,x fine);

o

o\°

%$EJrinin altinda kalan toplam alanin hesaplanmasi
totalarea = dx*trapz (top-bottom);

[

% Hesaplanan alanin taranarak gdsterilmesi
figure (2);
patch([x_fine fliplr(x fine)], [top fliplr(bottom)], 'r'");

o

N tane fraksiyon ig¢in ayri ayri edrinin altinda kalan alanin
% hesaplanmasi

%Baseline fonksiyonunun tanimlanmasi

x=x';y=y';
Baselinefit = fit(x,y,'polyl");
Coeff = coeffvalues (Baselinefit);

Bfunction = @(x) Coeff (1)*x+Coeff(2);

% Baseline'in basladigi ve bittidi veri noktasinin isaretlenmesi
for i=1l:1:1ength(Al)

if A1(i,1) == x(1)

Tinitial = 1i;

end

if Al1(i,1) == x(2)

Tfinal = 1i;

end
end

[

% fBottom ic¢in vektdor olusturulmasi
controlmatrix = zeros (Tfinal-Tinitial,1);
for n=Tinitial:1:Tfinal

controlmatrix (n-Tinitial+1l,1)= Al (n,1);
end

% Sicaklik aralidinin hesaplanmasi
Ti= x(2)-x(1);

[

% Data noktasi sayisi
NT=Tfinal-Tinitial;

sdT
dT=Ti/NT;

fTop = zeros(NT,1);
fBottom =zeros (NT,1);

for m= Tinitial:1:Tfinal-1
%linspace yerine interpl'de kullanilabilir
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fTop ((2* (m-Tinitial+1l))-1:(2* (m-Tinitial+1l)),1)
linspace(yl(Tinitial,1l),yl(m+1,1),2);
fBottom ( (2* (m—-Tinitial+1l))-1:(2* (m-Tinitial+1l)),1)

linspace ((Bfunction (controlmatrix (1l))), (Bfunction (controlmatrix (m-
Tinitial+2))),2);
fArea (m-Tinitial+1l,1) = dT*trapz (fTop-fBottom) ;

Conversion (m-Tinitial+l)=fArea (m-Tinitial+l)/totalarea;
end

Conversion = Conversion';

figure (3);

[n,m]=size (controlmatrix);
controlmatrix=controlmatrix (l:n-1,1);
plot (controlmatrix(:,1),Conversion(:,1))

bf.m Script
function [ycorr,yfit] = bf(y,varargin)
def method = 'spline';
def avgpts = 3;
method = [];
avgpts = [];
pts = [1;:
confirm = false;
for n = 2:nargin,
f = varargin{n-1};

if ischar(f),
if strcmpi (f, 'confirm'),

confirm = true;
else
method = £f;
end
elseif isnumeric(f) && numel (f) == 1,

avgpts = £;
elseif isnumeric(f) && numel(f) > 1,

pts = £;
elseif isempty(f),
continue
else
error (' 1Invalid input argument!"')
end
end
if isempty (method), method = def method; end
if isempty(avgpts), avgpts = def avgpts; end

dimy = size(y);

1st = dimy (1) ;

newdimy = [dimy(1l),prod(dimy(2:end))];
y = reshape (y, newdimy) ;

x = l:1lst;

if isempty(pts),
interactive = true;

else
interactive = false;

end

if interactive || confirm,
bffig = figure;

else
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bffig = 0;
end
ok = false;
while ~ok,
if interactive,
plot(x,real(y(:,1)))
set (bffig, 'Name', 'Baseline Fit - Select points')
fprintf(['\n Now select Dbaseline points to fit by positioning
cursor, ', ...
'"\n and selecting points with mouse button or key press.',...
'\n Press Enter key when done.\n'])

[a,b] = ginput; S#ok

pts round(a."');
end
pts = sort(pts);
pts(diff (pts)==0) = []; % delete duplicate points
if pts(1l)~=1, pts = [1,pts]; end S#ok
if pts(end)~=lst, pts = [pts,1lst]; end S#ok
npts = numel (pts) ;
pss = zeros (npts,2);
pss(:,1) = pts - floor (avgpts/2);
pss(:,2) = pss(:,1) + avgpts;

(

pss(pss < 1) = 1;

pss (pss > 1lst) 1st;
yavg = zeros ([npts,newdimy (2)1);
for n = l:npts,
vavg(n,:) = mean(y(pss(n,1l):pss(n,2),:),1);
end
yfit = interpl (pts, yavg, x,method) ;
if size(yfit, 1) ==1,
yfit = shiftdim(yfit,1); % make yfit a column if it 1is a row
vector
end
if confirm,
interactive = true;

figure (bffiqg)

plot(x,real(y(:,1)),'d',x,real (yfit(:,1)),'r',pts, real (yavg(:,1)),'ob")
set (bffig, 'Name', 'Baseline Fit - Verify baseline')

answer = input(' Do you want to redo fit and reselect baseline
points?[N] ','s'"');
if isempty(answer), answer = 'n'; end
if strcmpi (answer, 'v'),
ok = false;
else
ok = true;
end
else
ok = true;
end
end
if any(findobj ('Type', 'figure')==bffiqg),
close (bffiqg), % close figure if it exists
end
ycorr =y - yfit;
ycorr = reshape (ycorr,dimy);

yfit = reshape(yfit,dimy);
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APPENDIX D — Results of Repeatability Analysis
Repeatability Analysis Result for 84/16 (w:w) Heat Pellet:
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Figure 69. Repeatability of heat flow data for 84/16 heat pellet thermal
decomposition
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Repeatability Analysis Result for 86/14 (w:w) Heat Pellet:

1 T T T T T T T T
First Dataset (2 "C/min)
— — — Second Dataset (2 "C/min)
--------- Third Dataset {2 "Cimin}
0.8+ First Dataset (3 "C/min)
' — — —Second Dataset (3 "C/min)
"""""" Third Dataset {3 "C/min}
First Dataset (5 "C/min)
— — —Second Dataset (5 "C/min)
o6t e e Third Dataset (5 "Cimin)
o
=
E 0.4
[
=
5}
I
0.2
ol e T N NG A N T e
400 420 440 460 480 500 520 540 550

Temperature (°C)

Figure 70. Repeatability of heat flow data for 86/14 heat pellet thermal
decomposition
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Repeatability Analysis Result for 88/12 (w:w) Heat Pellet:

Heat Flow (\W/g)

ﬁ T T T T T T T T
First Dataset (2 "C/min)
— — —Second Dataset (2 "C/min)
--------- Third Dataset (2 "C/min)
ar , First Dataset (3 "Cimin) | |
— — —Second Dataset (3 "C/min)
q | Third Dataset (3 "C/min)
5': First Dataset (5 "Cimin)
4r — — —3Second Dataset (5 "Cimin) | |
----------- Third Dataset (5 "C/min}
3 - -
2t i
1t i
ot i
400 420 440 460 480 500 520 540 560

Temperature ("C)

Figure 71. Repeatability of heat flow data for 88/12 heat pellet thermal

decomposition
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APPENDIX E - Comparison of Model and Experimental
Conversion Curves
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Figure 72. Comparison between time (s) vs. conversion (a) model curve and
experimental data for 84/16 (w:w) heat pellet
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