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Abstract

Nanothermites are reactive materials composed of metal and metal oxide nanoparticles,
engineered to produce rapid exothermic reactions with high energy density. Aluminum and
copper oxide (Al/CuO) are widely used due to their strong reactivity and ability to achieve

efficient combustion, making them ideal for applications in energetic materials.

This thesis investigates the combustion of Al/CuO nanothermite pellets, with a partic-
ular focus on ablation—mass loss due to thermal degradation and chemical reactions. A
numerical model is developed to capture key combustion characteristics, including flame
speed, pressure distribution, and temperature response, while accounting for both thermal
and mechanical effects across varying packing densities. Leveraging the Porous-material
Analysis Toolbox based on OpenFOAM (PATO), this model simulates complex reactions,
heat flux, and ablation dynamics, thereby addressing existing gaps in understanding ab-
lation effects on nanothermite combustion and enhancing predictive capabilities for these

materials.

In its simulation methodology, this study adapts PATO to model multiphase reactive
materials, formulating governing equations for mass, momentum, and energy conserva-
tion. A two-dimensional axisymmetric model was selected to represent the cylindrical
pellet structure. Key parameters, including material porosity, permeability, specific heat,
and thermal conductivity, were tailored to the properties of nanothermite materials, while
distinct boundary conditions were applied to simulate ignition and ablation phases. Sim-
ulations were conducted across various packing densities, with some models incorporating
ablation-specific boundary conditions to capture changes in flame speed, peak pressure,

and pellet stability under different conditions.

Results indicate that ablation intensity significantly influences the combustion dynam-
ics, with higher intensities leading to reduced flame speeds and peak pressures. The study’s
findings highlight the potential for controlled nanothermite combustion by optimizing pel-
let packing density and ablation characteristics, offering applications in propulsion and

micro-energetics.
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Chapter 1

Introduction

1.1 Background

Combustion processes are fundamental to a wide range of industrial and technological
applications, forming the foundation of energy generation systems, propulsion technolo-
gies, and various manufacturing processes. Recent research has increasingly focused on
enhancing the e ciency and performance of these systems while reducing environmental
impact through zero-carbon cycles. Metal fuels have emerged as a promising alternative
energy carriers in this context, o ering high energy density and the ability to release en-
ergy through oxidation without producing carbon emissions. This oxidation often yields
solid metal oxides as by-products, which in certain cases can be collected and recycled via
electrolysis powered by renewable energy, enabling a sustainable, closed-loop energy cycle
[5, 19].

Aluminum is a prominent choice among metal fuels for energy release, delivering ap-
proximately 31 kJ/g when reacting with oxygen, and is further favored for its abundance
and cost-e ectiveness compared to alternatives such as boron, silicon, and magnesium [44].
Aluminum particles are extensively used in applications such as propellants, explosives,
igniters, and pyrotechnics [10, 43, 52]. A typical form of aluminum used as a fuel is in
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thermite reactions, where it reacts with metal oxides as the reducing agent to generate in-
tense heat. Common oxidizers paired with aluminum include cupric oxide (CuQ), bismuth
trioxide (Bi,03), ferric oxide (Fe&03), and molybdenum trioxide (MoGs) [16].

Nanothermites, a class of nanoenergetic materials (NEMs), are gaining signi cant at-
tention for their enhanced combustion properties due to the integration of metal fuels,
such as aluminum, with oxidizing agents at the nanoscale. The term "nanothermites' refers
to the nanoscale dimensions of the constituent particles and the resulting structural fea-
tures that in uence their reactivity. Speci cally, the metal fuel and oxidizer are often
synthesized or arranged with particle sizes in the range of 10{100 nanometers. The use of
such nanoscale components provides a larger surface area, enabling faster reaction rates
and overcoming the heat and mass transfer limitations typically observed in larger-scale
composites. This increased surface interaction allows for tailored combustion properties,
o ering both high energy density and rapid energy output. Moreover, self-assembly tech-
niques used in nanothermites improve the contact between the metal fuel and oxidizer,
enhancing overall reaction e ciency and stability. Despite their high reactivity, advance-
ments in material design have sought to reduce sensitivity to stimuli such as electrostatic
discharge and impact, ensuring safer handling and application [45].

Al/CuO nanothermites are particularly notable among Al-based nanothermites due to
their exceptional reactivity and energy output. Table 1.1 lists the thermophysical prop-
erties of conventional thermites, showing that Al/CuO thermite exhibits a higher energy
density on a volumetric basis [17]. The combustion of Al/CuO nanothermites is a self-
sustaining exothermic reaction once ignited, involving a complex series of physical and
chemical phenomena. Physically, the process includes the melting of aluminum, di usion
of reactants, and expansion of products. Chemically, it involves the reduction of CuO by
Al, leading to the formation of alumina (Al,O3) and copper (Cu), along with a substantial
release of heat. The interaction between these physical and chemical processes governs
combustion characteristics such as ame speed, temperature distribution, and the nature
of the residues [3].



Table 1.1: Thermophysical properties of various thermite reactions [17]

Adiabatic Reaction Temperature [K] | Heat of Reaction

Reactants | Density [g/cm®]

w/o phase changes| w/ phase changes| [kJ/g] | [kd/cm 3]
2Al+3CuO 5.109 5718 2843 4.076| 20.82
2Al+Fe,05 4.175 4382 3135 3.956| 16.51
2 Al +MoO ; 3.808 5574 3253 4,703 17.90
2Al+Bi ;03 7.188 3995 3253 2.118| 15.22

Interest in Al/CuO nanothermites extends beyond their high energy density; their
adaptability for speci c applications makes them particularly valuable. Adjustments in
composition, particle size, and morphology enable precise control over reaction rate, ig-
nition temperature, and energy release, facilitating material customization for various
uses. These applications range from micro-initiators and joining technigques in micro-
electromechanical systems (MEMS), to propellants and pyrotechnics in larger-scale systems
[2, 11, 21]. Furthermore, diverse structural con gurations, including core-shell, physically
mixed powders, bilayer nanolaminates, and nanowires, enable nanothermites to exhibit
distinct behaviors, broadening their range of applications [12, 33, 40, 58].

Despite their potential, the practical application of Al/CuO nanothermites is limited
by challenges in understanding and controlling their combustion behavior. The nanoscale
nature of the reactants introduces several complexities, including heightened sensitivity
to mechanical, thermal, or electrical stimuli, which may lead to accidental ignition from
minimal external disturbances. Additionally, the agglomeration of nanoparticles can re-
duce overall combustion e ciency, while the rapid and sometimes unpredictable behavior
of nanoscale reactions poses challenges for achieving controlled ignition and sustained com-
bustion [20, 33, 54].

Ablation in nanothermite combustion is a critical process characterized by the progres-
sive removal of material from the surface of the reacting system. This phenomenon occurs
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either due to intense heat and rapid chemical reactions induced by environmental factors,
such as a laser, or through the abrupt ejection of condensed-phase combustion residuals
driven by the high pressure gradient between the ame front and the surrounding envi-
ronment, as demonstrated in experimental studies showing signi cant surface mass loss.
This process plays a pivotal role in in uencing combustion e ciency, energy release, and
overall material performance [40]. Understanding the mechanisms underlying ablation pro-
vides a potential pathway for enhancing the performance and adaptability of nanothermite
formulations in applications such as propulsion systems and energetic devices.

Numerical modeling serves as a powerful tool in this context, providing insight into
the complex dynamics of nanothermite combustion, which are often challenging to capture
experimentally. Simulations allow researchers to investigate the e ects of various parame-
ters on the combustion process, predict performance characteristics, and identify optimal
conditions for di erent applications. This approach not only complements experimental
ndings but also provides a foundation for the design and development of safer and more
e ective nanothermite systems.

Ultimately, the combustion of Al/CuO nanothermite pellets presents a rich area of
study lled with opportunities and challenges. As this thesis progresses, substantial e ort
is dedicated to developing a numerical model aimed at predicting key characteristics of
nanothermite combustion, including reaction dynamics, thermal behavior, and gas ow
patterns, thereby providing a framework for anticipating performance and optimizing ma-
terial properties.

1.2 Motivation and Objectives

The combustion of nanothermite pellets involves complex interactions among heat gen-
eration, mechanical properties, and material behavior, all of which signi cantly in uence

their overall performance. The e ects of laser-induced ablation have been studied through
experimental [38, 40] and numerical approaches [37], o ering valuable insights into mate-
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rial removal mechanisms under intense energy input. However, residual ablation in nan-
othermites has not been examined as an independent phenomenon. This limitation arises
primarily because residual ablation is closely coupled with the combustion process, making
its experimental isolation highly challenging. Similarly, numerical models of ame prop-
agation in nanothermites have ignored the impact of mass loss due to residual ablation,
focusing instead on broader combustion dynamics [14]. Consequently, the speci c role of
residual ablation in in uencing energy release, ame structure, and combustion e ciency
remains poorly understood, highlighting the need for focused research in this domain.

This research aims to develop a comprehensive model for residual ablation in Al/CuO
nanothermite pellet combustion, incorporating both thermal and mechanical responses of
the material throughout the combustion process. The model is designed to predict tem-
perature distribution, heat ux, and material loss, accounting for the dynamic properties
of the nanothermite across di erent packing densities. By achieving this, the study seeks
to enhance understanding of Al/CuO nanothermite combustion dynamics and support the
development of more e cient and reliable energetic materials.

By addressing the current gap in understanding the ablation mechanisms in these ma-
terials, this research aims to improve predictive capabilities for their performance in real-
world applications. The outcomes of this study are expected to facilitate the optimization
of nanothermite formulations, enhance the safety and stability of devices utilizing these
materials, and support their implementation in future energy and propulsion systems.

1.3 Scope of the Thesis

The scope of the work encompasses the following key aspects:

" A comprehensive review of existing studies on nanothermites, focusing on Al/CuO-
based systems, is conducted to identify gaps in current understanding of combustion
mechanisms, ablation phenomena, and relevant modeling approaches.



The governing equations necessary to describe the physical and chemical processes
relevant to nanothermite combustion, such as mass conservation, energy conservation,
and reaction kinetics, are examined. This includes multi-phase and multi-species
formulations to accurately represent thermal and mass transport within the reactive
material.

An open-source library of OpenFOAM is explored to evaluate its suitability for im-
plementing the proposed model, ensuring compatibility with the complex physical
processes involved in nanothermite combustion.

The numerical model con gurations are implemented in the selected numerical tool,
with careful attention to the accurate representation of the governing equations and
boundary conditions.

The validity of the model is assessed by comparing it against ndings from earlier
studies, and various scenarios are simulated to investigate the e ects of ablation on
the combustion characteristics, including ame propagation speed and material loss.

The results are thoroughly discussed, highlighting the insights gained from the sim-
ulations, and the contributions of this study to the eld are examined in terms of
advancing the understanding of nanothermite combustion and ablation mechanisms.

1.4 Contributions

The novelty of this study lies in the application of an ablation model to nanothermite

combustion, providing a comprehensive investigation of ame propagation dynamics with

a focus on the role of ablation during the combustion stage. The study is the rst to

explicitly simulate the combined thermal and mechanical e ects of ablation on ame speed

and pressure evolution, addressing signi cant gaps in the understanding of these phenom-

ena. Utilizing a well-established open-source code designed for porous media, the simula-



tions were con gured to replicate the speci ¢ conditions of thermite combustion, including
temperature-dependent material properties, gas-phase reactions, and phase transitions.

This work advances prior research by integrating an innovative approach to model pellet
shrinkage and substantial mass loss during combustion, leveraging ablation models previ-
ously validated in aerospace and thermal protection contexts. Additionally, the systematic
exploration of di erent packing densities o ers valuable insights into optimizing nanoth-
ermite performance for various applications. Collectively, these contributions establish a
robust foundation for future experimental and numerical studies on nanothermite systems
and reactive materials.

1.5 Structure of the Thesis

The remainder of this thesis is structured as follows: Chapter 2 reviews the relevant litera-
ture on nanothermites, Al/CuO systems, experimental setups, and the numerical modeling
techniques employed in the eld. Chapter 3 outlines the methodology employed in this
research, describing the governing equations, and its applications. Chapter 4 provides a
detailed explanation of the proposed model and its implementation for the nanothermite
combustion case. Chapter 5 presents the results and analysis of the combustion behavior
of Al/CuO nanothermite pellets, focusing on various parameters and their impact on per-
formance. Chapter 6 provides a summary of the thesis, its contributions, and conclusions
drawn from the research. Through this study, we aim to advance our understanding of
Al/CuO nanothermites by employing numerical tools to model the complex dynamics of
combustion.



Chapter 2
Literature Review

Research on the eld of nanothermite combustion is rapidly evolving, situated at the inter-
section of materials science, chemistry, and physics. This literature delves into both exper-
imental and numerical studies to o er a comprehensive understanding of the combustion
mechanisms, reactivity, and performance characteristics of nanothermites, particularly fo-
cusing on Al/CuO thermites. The experimental section of this literature review highlights
advancements in observation techniques, the role of reactive sintering and laser ablation,
and the impact of structural parameters on combustion behavior. In contrast, the nu-
merical studies section explains the development of sophisticated models that predict the
dynamics of thermite reactions, emphasizing the in uence of particle size, stoichiometry,
and reaction kinetics. Additionally, it covers ablation models used in other applications,
as well as in nanothermites, to address gaps in the current research. Together, these stud-
ies provide a detailed insight into the multifaceted nature of nanothermite combustion,
bridging the gap between theoretical predictions and empirical ndings.



2.1 Experimental Studies

Experimental studies have been instrumental in uncovering the intricate behaviors of nan-
othermites during combustion and ablation. These investigations employ advanced tech-
niques to observe reaction dynamics at micro and nanoscales, o ering a detailed under-
standing of how structural parameters, ignition conditions, and heat transfer mechanisms
in uence performance. By analyzing factors such as ame propagation, reactive sintering,
ablation phenomena, and combustion front dynamics, experimental research sheds light
on the physical and chemical processes driving nanothermite reactions. This section high-
lights key experimental contributions, focusing on methodologies and ndings that have
advanced the understanding of Al/CuO nanothermites, enabling their optimization for
controlled energetic applications.

Direct observation of reaction propagation through the use of high-speed microscopy
and thermometry represents an advancement in understanding the combustion perfor-
mance of nanothermites. Wanget al. [50] introduce a high-resolution technique that
bridges the gap between real-time reaction monitoring and spatial resolution, enabling the
visualization of the microscale reaction dynamics of Al/CuO nanocomposite thermites.
The experiments reveal a reaction front thickness of approximately 3th and tempera-
tures exceeding 3008 (above the theoretical adiabatic ame temperature of 284K [17]),
highlighting a thermal gradient over 13 K=m. This study underscores the importance of
reactive sintering in the combustion process by rapidly melting and coalescing aggregated
metal nanopatrticles, thereby a ecting the initial size of reacting composite powders and,
ultimately, the burn times.

In a more recent study, Kimet al. [25] focus on the intricate burning structures and
propagation mechanisms of nanothermites, speci cally examining Al/CuO nanothermite
Ims. The research uncovers the micro to sub-millimeter scale dynamics of combustion,
identifying two distinct propagation modes of the combustion front: normal and tangential,
with speeds of the order of 1&m=s and 50 cm=s5 respectively. Active burning sites,
characterized by reactive sintering, and pre-ignition sites, where materials await su cient
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energy to ignite, play pivotal roles in the combustion process (Figure 2.1). This detailed
analysis highlights the complex interplay between reactive sintering and heat transfer in
determining the propagation behavior of nanothermites, o ering new insights into their
combustion mechanisms and potential for controlled energetic reactions.

Figure 2.1: Burning structures at the propagation front of a nanothermite Im loaded on
a microscope glass [25]

Research on nanolaminates, which are thermite Ims consisting of alternating thin
layers (ranging from tens to hundreds of nanometers in thickness) of metals and oxidizers,
is also of interest in the eld. Bahramiet al. [3] explore the synthesis and properties
of Al/CuO nanolaminates using DC reactive magnetron sputtering. These nanolaminates
are characterized by their tailored stoichiometry and bilayer thickness, allowing precise
control over their reactivity and thermal properties. The study reveals that the reactivity
and burning rate of these nanolaminates can be signi cantly in uenced by their structural
parameters, with thinner bilayers demonstrating faster reaction rates and higher energy
release, and a bilayer thickness of 15Gm is identi ed as the optimal con guration for
achieving the best performance.

10



In another study, Eganet al. [12] investigate the ignition behavior of Al/CuO reac-
tive nanolaminates using a temperature jump (T-Jump) technique, which rapidly heats
the materials to observe their reaction dynamics under conditions simulating real-world
applications. This research con rms the same e ect of thinner bilayers on reactivity by
reducing ignition temperatures. It also demonstrates that the reactive properties of the
nanolaminates can be simulated using a di usion-based model, suggesting that ignition
and reaction rates are heavily in uenced by the bilayer interface structure.

Zapataet al. [57] focus on the complex Al/CuO self-propagating reaction, characterized
by intricate multi-phase and multi-species dynamics, to explore the exceptionally high
ame temperatures that reach the vaporization point of alumina, even in a neutral setting.
Through experiments using optical spectroscopy and high-speed camera observations on
various sputter-deposited Al/CuO multilayers, evidence of AIO and Al in the gas phase
indicated that the oxidation-reduction reaction initiates within the bulk nanolaminate.
This reaction then quickly separates from the substrate and continues to burn in a mixed
phase of condensed and gas in the surrounding environment. The ndings showed that the
ame temperature is in uenced by the stoichiometry but remains una ected by the bilayer
thickness. Furthermore, the research underscored, for the rst time, the signi cant impact
of process-induced residual stress, which can cause the multilayer to disrupt prematurely,
well before the redox reaction concludes.

Kim and Deng [24] outline a novel framework for inferring chemical kinetics and ther-
modynamic properties from constant-volume combustion tests of energetic materials. This
framework addresses the limitations of traditional performance metrics (ignition delay time,
pressurization rate, and maximum pressure) by incorporating a kinetic modeling approach
that uses pressure pro les to estimate kinetic and thermodynamic properties. Through a
combination of physical and inverse modeling, enhanced by sensitivity analysis, the frame-
work accurately predicts system behaviors during combustion. This innovative approach
allows for a more comprehensive understanding of energetic materials' behaviors, o ering a
method to compare performances across di erent experimental conditions and laboratories.
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The investigations underscore laser ablation as a pivotal process signi cantly in uenc-
ing the ignition behavior of nanothermites. Puszynsket al. [38] examine the ignition
behavior of nanothermites, speci cally Al/FesO; mixtures, with a focus on factors a ect-
ing reaction kinetics and ignition delays. Through laser-pulse exposure experiments, the
study demonstrates how porosity, density, and thermal properties in uence ignition delay,
highlighting that increased porosity reduces delays by lowering thermal conductivity and
heat capacity. Additionally, the research evaluates electrostatic discharge (ESD) sensitiv-
ity, revealing that particle size, morphology, and the speci ¢ heat capacities of fuel and
oxidizer signi cantly impact ignition. These ndings emphasize the importance of process-
ing methods and material consolidation in optimizing nanothermites for applications such
as primers, electric matches, and low-energy ignition devices.

Similarly, Saceleanuet al. [40] explore the combustion and ablation characteristics of
physically mixed Al/CuO nanothermites under laser ignition. Using high-speed imaging,
the study observes that rapid laser heating causes substantial material ablation, facilitating
ignition at the pellet's edge, followed by sustained combustion. Their ndings indicate that
ablation and ame speed vary signi cantly with packing density: loosely packed powders
exhibit faster propagation driven by mass convection, while denser pellets rely on heat
conduction, resulting in slower ame speeds. The work concludes that both the mixture's
density and homogeneity are crucial for optimizing ablation and combustion performance,
especially as ablation e ects enhance surface temperature and promote ignition by reducing
heat losses near the ignition site.

Despite the substantial progress in experimental studies on nanothermites, investiga-
tions speci cally addressing ablation phenomena remain scarce, particularly in the context
of their practical applications. To bridge this gap, this section compiles a diverse array of
studies related to nanothermites, aiming to illuminate the breadth of research conducted in
the eld. By exploring key ndings on factors such as ame propagation, reactive sintering,
thermal properties, and laser ablation, this compilation provides insights into the critical
parameters that in uence nanothermite behavior and o ers guidance for future research
priorities in optimizing their performance for energetic applications.
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2.2 Numerical Studies

Numerical studies advance the understanding of nanothermite combustion and ablation by
modeling reaction kinetics, energy transport, ame propagation, and material decomposi-
tion across scales. From zero-dimensional to multi-dimensional simulations, these models
explore critical factors like particle size, stoichiometry, and phase transitions, with recent
e orts extending to ablation in nanothermites and aerospace applications. This review
highlights key contributions, focusing on combustion modeling, ame propagation, and
ablation analysis.

In the exploration of zero-dimensional models for nanothermite combustion, Baijet
al. [4] present a detailed multi-phase micro-kinetic model for simulating aluminum-based
thermite reactions, adopting a hierarchical multiscale approach to predict key combustion
parameters|temperature, pressure, and species generationjwhen Al and CuO nanopar-
ticles react. By integrating atomistic mechanisms such as di usion, phase transformation,
and gas-phase reactions, this model achieves high accuracy with minimal computational
cost. The study underscores how parameters like particle size, compaction density, alumina
shell thickness, and stoichiometry critically shape combustion dynamics, with experimental
results supporting its ndings.

Building on this approach, Tichtchenkoet al. [48] provide a theoretical perspective
on Al/CuO thermite combustion within a closed bomb setup, emphasizing the e ects of
particle size and stoichiometry (Figure 2.2). Using a zero-dimensional model that includes
both condensed and gas-phase reactions, they reveal that nanothermites burn approxi-
mately ten times faster than microthermites due to enhanced surface area e ects, which
accelerate oxygen uptake and condensed-phase reactions. Stoichiometry further in uences
pressure outcomes, as Al-lean mixtures produce higher nal pressures through residual
gaseous oxygen post-combustion.

Expanding on their earlier work, Tichtchenkoet al. [47] introduce an advanced tri-
phasic combustion model for AlI/CuO thermites, incorporating explicit kinetics across con-
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Figure 2.2: Schematic of the zero-dimensional thermite model: (a) initial system, (b)
system during combustion [48]

densed and gas phases. This model, characterized by nine gaseous and four condensed
species along with 12 heterogeneous reactions and two phase transitions, applies di u-
sional kinetics and chemical equilibrium to gas-phase reactions. Closed-bomb simulations
using this model reveal the pivotal role of Al particle size in pressure dynamics, with
smaller particles fostering faster reactions and greater pressure peaks. Together, these
studies provide a comprehensive framework for understanding the intricacies of nanoth-
ermite combustion, particularly the interplay of particle size, stoichiometry, and reaction
kinetics across di erent combustion phases.

The initial e orts to model ame propagation in nanothermites provide critical insights
into their combustion dynamics. Tichtchenkoet al. [46] developed a two-dimensional, non-
stationary model to simulate the combustion of Al/CuO thermite systems, with a focus
on n-Al/CuO bilayer thin Ims. This model incorporates oxygen and aluminum di usion,
enabling detailed analysis of reaction fronts and the e ects of bilayer structure, substrate
thermal conductivity, and metallic impurities on ame propagation. The study identi-
es conduction and di usion as the primary energy transport mechanisms, constrained by
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a maximum temperature determined by the copper vaporization point. This limitation
re ects the material disintegration caused by pressure and phase changes at elevated tem-
peratures, excluding energy transport from disintegrated particles to the intact thermite.

Similarly, Epps et al. [14] proposed a continuum-scale model to investigate ame propa-
gation in laser-ignited porous Al/CuO nanothermite pellets. Their model combines porous
media transport with simpli ed chemical kinetics to simulate combustion dynamics, high-
lighting the roles of conduction and advection in controlling burn rates. Validated against
experimental data, the model provides a detailed sensitivity analysis to identify key pa-
rameters in uencing combustion regimes.

In the eld of heat and mass transfer ablation modeling, Ewinget al. [15] present a
novel numerical approach to simulating one-dimensional ablation phenomena, with a fo-
cus on heat transfer, material decomposition, pyrolysis gas transport, and surface erosion.
Their model employs a control-volume-based method with a variable grid, accommodating
complex processes such as material swelling and mechanical erosion. The study enables
transient thermal analysis of pyrolysis and thermochemical erosion in planar, cylindrical, or
spherical geometries, with its accuracy veri ed through analytical solutions and code com-
parisons. By integrating features like surface recession and spallation, this work advances
ablation modeling, making it applicable to aerospace and thermal protection systems.

Complementing previous work, Mansouet al. [31] provide a detailed review of the uid
and thermal dynamics in ablative heat shields, commonly used in aerospace applications.
It examines the role of ablation in thermal protection, focusing on how heat ux, material
decomposition, and gas ow interact to remove material and dissipate energy. The study
emphasizes modeling approaches for predicting ablation under various conditions, provid-
ing insights essential for designing e cient thermal protection systems in high-temperature,
high-stress environments.

Extending the study of ablation to nanothermites, Penget al. [37] develop a hot-spot
model to examine the ablation dynamics of Al/nitrocellulose (NC) nanothermites excited
by laser pulses. The model simulates heat di usion and exothermic chemical reactions,
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nding that nanosecond laser pulses drive thermal decomposition, while shorter pulses (e.g.,
100 ps) likely induce shock pressure, leading to ablation. The study con rms an ablation
criterion where the reacted area expands until it reaches the average interparticle spacing,
with the threshold for ablation in uenced by factors like pulse duration and nanoparticle
size.

In summary, the literature on nanothermite combustion has advanced through exper-
imental and numerical studies, o ering detailed insights into reaction dynamics, ame
propagation, and material behavior under varying conditions. However, a critical gap re-
mains in the application of ablation models to nanothermite combustion, particularly in
examining how residual ablation in uence ame propagation speed and combustion char-
acteristics. While existing studies provide robust frameworks for modeling ablation in
laser induction and thermal protection contexts, their adaptation to the unique energetic
and reactive properties of nanothermites has yet to be fully realized. This study aims to
improve an existing ame propagation model by tailoring the ablation model developed
in thermal protection contexts to account for residual ablation in nanothermites, thereby
capturing their unique energetic and reactive properties more accurately. Addressing this
gap could o er a more comprehensive understanding of the interplay between ablation,
heat transfer, and reaction mechanisms in nanothermites, paving the way for enhanced
control and optimization of their energetic performance.
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Chapter 3
Simulation Methodology

In this chapter, the methodology used for conducting the simulations in this study is
provided. The Porous-material Analysis Toolbox based on OpenFOAM (PATO) [28], dis-
tributed open-sourcé by the National Aeronautics and Space Administration (NASA), was
employed to develop and execute the simulations. PATO is an advanced computational
tool designed to analyze and simulate the behavior of reactive porous materials. It can be
applied to basic heat transfer problems or extended to incorporate advanced functionali-
ties such as internal decomposition (pyrolysis, vaporization), chemical interactions among
gases and solids (combustion, cracking, coking), gas species transport (convection, di u-
sion), and changes in solid morphology (internal density variations, surface ablation) [26].
PATO is implemented as a top-level C++ module within the open-source computational
uid dynamics (CFD) software OpenFOAM?, integrated with an open-source thermody-
namics, transport, and chemistry library Mutation** [41] developed by the von Karman
Institute for Fluid Dynamics.

Lhttps://software.nasa.gov/software/ARC-16680-1A
2https://openfoam.org/
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3.1 Overview of PATO

PATO integrates multiple components to handle intricate physical phenomena, speci cally
tailored to address the complexities associated with porous materials. These materials
have unique properties and behaviors that can signi cantly a ect uid ow, heat transfer,
and chemical reactions. PATO extends the functionality of OpenFOAM to model these
phenomena more e ciently, providing a powerful toolkit for:

" Multiphase ow simulations
Heat transfer analysis

" Chemical reaction modeling
"~ Structural analysis

" Optimization of porous structures

PATO consists of two primary types of modules: global analysis modules and ele-
mentary analysis modules. The global analysis modules are used to run comprehensive
simulations of reactive porous material responses at a macroscopic scale. The elementary
analysis modules focus on detailed microscopic scale phenomena, such as the oxidation of
carbon bers, and are crucial for validating volume-averaged models used in the global
analysis modules.

One of the main advantages of PATO is its exibility and extensibility. It allows re-
searchers to easily implement and test new models, compare di erent mathematical frame-
works, and analyze speci ¢ con gurations and conditions that may not be readily available
in production codes. This makes PATO an excellent platform for both academic research
and practical applications.

Its architecture allows for comprehensive input management, including model selection,
boundary conditions, material properties, and initial data elds, facilitated by tools like

18



Figure 3.1: Architecture and work ow of PATO [26]

Pointwise for complex mesh generation and Mutatiori for thermodynamic and transport
properties. The core functionalities of PATO enable simulations ranging from basic Fourier
heat transfer to intricate processes such as internal decomposition, gas-solid chemical re-
actions, gas species transport, and changes in solid morphology. Outputs from PATO,
including updated data elds and geometry, are visualized using GnuPlot for 1D plots and
Paraview for 2D/3D contours. This integration of advanced modules and visualization
tools within PATO's architecture ensures robust and detailed analysis of high-temperature
reactive porous materials (Figure 3.1).

3.2 Generic Model

The generic model of PATO is based on several key assumptions regarding the behav-
ior and interactions of multi-phase reactive materials and multi-species reactive gas mix-
tures. Firstly, it assumes the presence of multiple solid phaseN ) and various gaseous
species/elementsNy) in one phase, which together form the multi-phase reactive material
(Figure 3.2). The core of PATO lies in its ability to handle complex, multi-scale phenom-
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ena by using volume-averaged forms of conservation equations for gas mass, gas species,
solid mass, gas momentum, and energy in porous media. A fundamental assumption of
the model is local thermal equilibrium, implying that all phases are at the same tempera-
ture locally. Each solid phase within the material has the potential to undergo pyrolysis,
vaporization, or sublimation, thereby releasing species into the gas phase. Furthermore,
these solid phases can react with the gas phase, such as through the oxidation of a carbon
phase. The gas phase chemistry is modeled to accommodate di erent scenarios: it can
be in chemical equilibrium, follow a nite-rate mechanism, or be frozen, depending on the
speci ¢ conditions and reactions being considered. These hypotheses provide a compre-
hensive framework for simulating and analyzing the complex behaviors and interactions
within reactive porous materials [27, 28, 29, 30].

Figure 3.2: Schematic of representative element volume in reactive porous material

Given the solid-gas structure of the model, averaged e ective properties are employed
for each computational cell to accurately represent the local thermophysical behavior. For
instance, density () can be calculated using the following equation:

i (3.1)

where 4 and ; represent the intrinsic densities of gas phase ant! solid phase, respec-
tively, and denotes the volume fractions of each phase. This rule also applies to porosity,
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heat capacity, and enthalpy. However, it does not extend to permeability and conductivity,
for which we employ linear interpolation between measured values. Notably, the volume
fraction of gas phase satis es the following condition:

Xp
g=1 [ (3.2)

3.2.1 Governing Equations

The fundamental conservation equations employed in PATO are outlined below. This
foundation o ers a versatile framework that can be adapted, simpli ed, or extended to
meet the speci ¢ demands of diverse applications.

The generic model resolves transport equations in porous media to simulate the ow
of heat, mass, and momentum through interconnected voids. The interaction between
the solid and gas phases is governed by mass and energy transfer processes occurring
between these phases, primarily through pyrolysis, which is the thermal decomposition
of materials in the absence of oxygen. This process is complemented by heterogeneous
reactions taking place at the gas-solid interface, as well as by phase changes that further
in uence the system dynamics [29]. For each solid phase, the mass evolution is obtained
by the following equation:

@(i )= ioioFi@ i+! |h (3.3)

whereF; is the fraction of solid mass lost through pyrolysis reaction,; is the advancement
of pyrolysis reaction varying between 0 and 1, antl! is the heterogeneous mass reaction
rate of phasei. The variables with zero subscripts are about the initial values at = 0.

The decomposition of solid phases through pyrolysis is governed by the general form of
the Arrhenius law [39],

(1@—:)m = TYA; exp RE—T (3.4)
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whereE, Aj, m;, and n; are Arrhenius parameters that de ne the kinetics of the reaction
process,R is perfect gas constant, andl' is temperature. There is also the option to
include multiple sub-phases with di erent reaction kinetics for the decomposition of each
solid phase. Details on the calculation of heterogeneous mass reaction rates, which are not
the focus of this study, are provided in the referenced paper [29].

The conservation of mass for gas phase includes two source terms and that
represent overall pyrolysis gas production rate and heterogeneous mass reaction rate, re-
spectively,

@(gqg)t @ (ggvg)= + h (3.5)

wherex andvg are coordinate vectorX; y; z) and convection gas velocity vectoryg; vg; Wg),
respectively. The source terms are obtained as the summation of mass decline in solid
phases:

Ko
= i0 ;oFi@ i (3.6)

h = I h (3.7)

There are three options for the gas-phase chemistry model in PATO: constant ele-
mental composition of pyrolysis gases, detailed equilibrium chemistry, or nite-rate chem-
istry. In the constant elemental composition model, gas thermodynamic properties can
either be tabulated over various ranges of pressure and temperature or computed using the
Mutation ™ library. For equilibrium chemistry assumption, the conservation of element
mass fractions g;) should be applied:

@( g gZi)+ @ (g gZng)+ @ Fi= | (3.8)

The gas species composition is directly calculated based on the local elemental composi-
tion, temperature, and pressure using Gibbs minimization technique [42]. For nite-rate
chemistry assumption, the conservation of species mass fractiogs) Ehould be applied:

@(g gYi)+ @ (g gYng)+@ Fi= i+ g!iMi (3.9)
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In both equations, F; and ; are diusion ux and pyrolysis production rate of i"" el-
ement/species, respectively.! ; is reaction production rate ofi™" species andV ; is its
molecular weight. Details on equilibrium and nite-rate chemistry models are beyond the
scope of this study and are provided in the referenced paper [29].

The conservation of momentum in porous media is governed by Darcy's law with

Klinkenberg correction [55],
1+ =p

Vg = K @p (3.10)

g
where K is second order tensor of permeability for anisotropic solids, is Klinkenberg

factor, is gas viscosity, and is pressure. The pressure gradient drives the produced gas
through the pores at a Darcian ow velocity. The Klinkenberg correction term (1 +=p)
accounts for slip e ects at the pore scale when the Knudsen number (the ratio of the
mean free path to the mean pore diameter) is not signi cantly less than 1. Additional
corrections, such as Forchheimer's correction [28], can also be applied or substituted into
the momentum equation, depending on the speci ¢ application of PATO.

Applying Darcian ow velocity into equation 3.5 with ideal gas assumption for gas
phase will result in:

QM @ pM 1+ :pK

@ RTP RT =

@p =+ (3.11)

where M is mean molecular weight of gas phase. Directly solving this equation in terms
of pressure, a commonly available boundary condition, o ers several advantages over ad-
dressing Equations 3.5 and 3.10 separately along with the ideal gas law. However, the
non-linear nature of Equation 3.11 with respect to pressure requires careful consideration
during discretization. In this approach, the pressure is solved iteratively at each time step,
with the factor accompanying the pressure gradient in the non-linear term being updated
based on the pressure from the preceding iteration, until convergence is achieved.

Assuming local thermal equilibrium, the energy conservation equation can be expressed
as follows, accounting for temporal energy evolution, convection, di usion, conduction,

23



viscous dissipation, and source terms:

X
@( tet)"' @ (g gthg)"' @ (hil:i)= @ E @T + S

i=1

1

1=

Vg Vg+ S (3.12)

where h is enthalpy, k is thermal conductivity tensor, and S represents energy produc-
tion/consumption per unit volume due to pyrolysis or heterogeneous reaction. Total energy
density of porous medium &) is calculated by the summation of the energy of its phases:

Xip

&= g glhy P=g)+ i ihi (3.13)

i=1
The energy conservation equation can be rearranged to isolate energy storage in solid
phases and e ective heat conduction on one side, while implicitly solving for temperature
by treating the remaining terms as explicit source terms. PATO also provides the capability
to model scenarios where the solid and gas phases have distinct temperatures, allowing for
the de nition of a heat transfer coe cient to address energy transfer between them.

In summary, the governing equations presented provide a comprehensive framework
for modeling the physical and chemical processes occurring within the system. These
equations account for mass, momentum, and energy conservation, as well as the necessary
assumptions to capture the complexity of the interactions between di erent phases. In
section 4.2, the application of these equations to nanothermite combustion modeling will
be discussed in detail.

3.2.2 Bprime Boundary Condition

In ablative applications of PATO, the surface mass and energy balances are used as bound-
ary conditions, as both the wall temperature and surface recession are unknown. Figure
3.3 presents a schematic representation of the mass uxes entering and exiting the bound-
ary control volume. Integrating the pyrolysis, transport, and mass equations within the
material response framework provides the pyrolysis gas ow rate. However, char ablation
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rate depends on pyrolysis gas blowing rate and composition, temperature, pressure, and
boundary layer gas composition.

Figure 3.3: Schematic of conservation of element mass fraction at the boundary

Applying element conservation to a steady-state control volume near the boundary, and
assuming quasi-steady chemical equilibrium within the control volume, allows for solving
the problem [9]. The mass fraction conservation for elemen{z) within the control volume
can be expressed as:

Jiw +( Mpg + Mca) Ziw = MpgZipg ¥ McaZica (3.14)

wherem is mass ux and the indices 'pg’, ca', 'w', and ‘e’ denote values corresponding
to pyrolysis gas, char ablation, the wall, and the environment, respectively. Assuming the
Prandtl and Lewis numbers are equal to one and that di usion coe cients are the same
for all elements, the equationji,, = eUCh (Ziw  Zie) provides the mass transfer ux,
where Cy is the Stanton number. The only unknowns in Equation 3.14 arg., and mg,,
which can be determined using chemical equilibrium formulations in Mutatiori library
within the control volume, given the conditions ofp, and T, [28]. The quasi-steady
assumption implies that variations inpy, Ty, My, and mg, over time are neglected in
order to decouple the material response and the boundary layer. The details of chemical
equilibrium formulations are discussed in Appendix A.
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The material mass loss rate due to char ablation results in a surface ablation velocity

given by

Meca
Vea =

(3.15)

ca
and is applied as a mesh motion in PATO.

The boundary temperature {T,,) can be obtained by applying energy balance on the
control volume as depicted in Figure 3.4. The following equation summarizes the conser-

Figure 3.4: Schematic of energy balance at the boundary

vation of energy at the boundary:

K 2L 0= w2 b+ mup(ipg M)+ Mealhea D) 16
rd e TEOT
where" and are surface emissivity and Stefan-Boltzmann constant, respectivel’ is
corrected version of Stanton number to account for the blockage induced by the pyroly-
sis/ablation gas ux. The correction form used in PATO with scaling factor () equal to
0.5 [7] is provided:

Cl=Cqyin1+2B 9=In2B 9 (3.17)
B%=(Mpg + Mca) =( eUeCh) (3.18)

whereB® Cy, Cy denote dimensionless mass ow rate, Stanton number for heat transfer,
and Stanton number for mass transfer, respectively.
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The \Bprime" boundary condition involves de ning the variables cueCy, he, gy,
and the heat convection coe cient at the boundary, and solving for the wall temperature
and recession rate based on the properties of the environment and the ablative material.
Utilizing this boundary condition for the study is discussed in Section 4.2.2.

3.3 Applications

PATO has been employed in various applications, including biomass pyrolysis [29], ablative
materials [29, 30], carbon ber oxidation [27], and thermal response in high-speed environ-
ments [32]. Among these, biomass pyrolysis and ablative materials o er valuable insights
for modeling nanothermite combustion, which will be examined in the following sections.

3.3.1 Biomass Pyrolysis

Biomass pyrolysis is a thermochemical process that involves the decomposition of organic
materials at elevated temperatures in an oxygen-deprived environment, resulting in the
production of biochar, bio-oil, and syngas. This process plays a pivotal role in the conver-
sion of biomass into valuable products and renewable energy sources [36].

Although biomass pyrolysis and nanothermite combustion involve di erent materials
and produce distinct outputs, both processes are governed by fundamental principles of
heat and mass transfer, along with complex chemical reactions. Both cases deal with
porous structures and gas production resulting from the decomposition of solid materials
during the reaction. Precise temperature regulation and detailed reaction modeling are
essential in each instance to optimize outcomes. For nanothermite combustion, several
features of PATO in modeling biomass pyrolysis can be e ectively applied to enhance
process understanding and optimization [29]:

N

Heat Transfer Simulation : Nanothermite reactions, characterized by rapid tem-
perature escalation and substantial energy release, bene t from PATO's advanced
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heat transfer modeling capabilities. These simulations provide precise predictions
of temperature pro les and thermal e ects, including conduction, convection, and
radiation, which are essential for the design of controlled combustion systems.

Chemical Reaction Modeling : Although the chemical species involved di er,
PATO's comprehensive kinetic models for biomass pyrolysis can be adapted to simu-
late the reaction mechanisms in nanothermite materials and the resulting formation
of multiphase products. This adaptation aids in optimizing energy release and en-
hancing control over reaction rates.

Mass Transfer Analysis : Similar to biomass pyrolysis, nanothermite combustion
involves gas evolution, particularly during oxidation or reduction reactions. PATO's
mass transfer modeling capabilities can predict the di usion and movement of gases
through the porous material matrix, thereby ensuring e cient propagation of the
reaction.

3.3.2 Ablative Materials

Ablative materials are designed to protect structures from extremely high temperatures
by undergoing controlled degradation, where the material surface erodes and absorbs heat,
forming a protective char layer. These materials are essential in aerospace applications,
such as thermal protection systems for re-entry vehicles [34].

The simulation of ablative materials shares a common focus with the combustion of
nanothermite pellets, as both involve surface mass degradation occurring under extreme
conditions. Figure 3.5 illustrates a range of phenomena in ablative materials that PATO
is capable of capturing at various levels of detail. The erosion and thermal response of
ablative materials under extreme heat uxes re ect the challenges associated with control-
ling temperature during the ignition and sustained combustion of the pellet. In the case
of nanothermite combustion, PATO's capabilities are particularly relevant for [29, 30]:
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Figure 3.5: Modeling levels of di erent phenomena in porous carbon/phenolic ablative
materials [30]
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" Ablation and Material Degradation . The surface recession rate and mass degra-
dation in nanothermite combustion can be e ectively modeled using the \Bprime"
boundary condition, which is employed in the simulation of ablative materials. This
allows for accurate predictions of material behavior under high-temperature condi-
tions, aiding in the optimization of nanothermite performance.

Thermal Response Modeling : A thermal model for the surface would capture the
energy loss due to ablated condensed phase, in addition to addressing heat transfer
mechanisms like conduction, convection, and radiation. This ensures a comprehen-
sive simulation of the thermal behavior during nanothermite combustion, improving
predictions of burn rate and energy e ciency.

Although these applications may appear unrelated at rst, they share fundamental
physical and chemical phenomena similar to those observed in nanothermite combustion.
PATO's versatile modeling framework can be e ectively utilized to analyze and enhance the
combustion characteristics of nanothermites, ultimately contributing to improved control
and e ciency in their application. The next chapter provides a detailed explanation of
the proposed model and outlines the application of PATO for simulating nanothermite
combustion.
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Chapter 4
Proposed Model

This chapter introduces the conceptual framework and mathematical formulations devel-
oped to accurately capture the key physical and chemical processes involved in nanoth-
ermite pellet combustion. Building upon the governing equations discussed earlier, this
model extends PATO presented in Chapter 3, incorporating additional assumptions, pa-
rameters, and boundary conditions to address the speci c challenges of this work. The
following sections will provide a detailed explanation of the model's components and the
rationale behind their selection, highlighting how PATO has been adapted to suit the
unique characteristics of nanothermite combustion.

4.1 Conceptual Framework

As discussed in Section 1.1, nanothermite can be structured in various forms. For exam-
ple, it may consist of physically mixed nanoscale metal fuel and oxidizer powders uniformly
distributed through di erent mixing techniques or as core-shell structures, where a metal

fuel core is encased by an oxidizer shell, with each con guration yielding unique combus-
tion characteristics [56]. In the case of physically mixed nanothermites, the powders may
agglomerate into micron-scale structures during the mixing process [33], and the resulting
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mixture is then pressed into dense, solid pellets. The termmeoretical maximum density
(TMD) is the highest possible density that a material can achieve when all pores within the
structure are eliminated, meaning the material is in its most compact and e cient form.

It depends on the intrinsic densities of the metal fuel and oxidizer and their proportions in
the mixture. TMD serves as a benchmark in the design and production of nanothermite
pellets, with Table 1.1 providing the values for some thermites. The other terrporosity

( ) is commonly used in porous media studies to refer to the volume fraction of pores
within a material relative to its total volume:

— Vpores (4. 1)

The products of most thermite reactions exist in both gaseous and condensed phases
(either liquid or solid), thereby presenting a multiphase problem. To simplify the analysis,
following the approach proposed by Eppet al. [14], we assume a solid/gas system in
which all condensed phase products are treated as a porous-structured solid material and
gas products Il the pores.

Figure 4.1: Solid/gas framework of thermite combustion model

The thermite combustion process can then be summarized by the following chemical

reaction:
Ag! By tCy (4.2)
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where A and B represent pre- and post-combustion condensed phases, respectively, and C
represents gaseous phase. The indices 's', 'I', and "g' denote solid, liquid, and gas states of
matter, respectively. Figure 4.1 illustrates the schematic of the discussed model framework.
Material modeling in PATO addresses the properties of condensed phases before and after
combustion, with solid properties during the reaction calculated based on these two states.
In order to avoid lengthy descriptions, we refer to A awirgin and B asresidue in this
study to align with PATO's framework.

4.2 Simulation Details

As discussed in Chapter 3, PATO was employed to conduct the simulations in this study.
The PATO model's exibility allowed for its adaptation to incorporate the proposed ther-
mite combustion model framework. The conservation of mass, momentum, and energy, as
outlined in Section 3.2, served as the governing equations for the model. The speci cs of
model implementation are elaborated upon in the following subsections.

4.2.1 Model Parameters

The combustion of AI/CuO nanothermite is a highly exothermic reaction characterized by
the following chemical equation:

2Al+3CuO'! Al,03 +3Cu (4.3)

By using the standard enthalpies of formation for copper oxide (-156.06 kJ/mol) and
alumina (-1675.69 kJ/mol), the theoretical enthalpy of combustion for the Al/CuO thermite
reaction is calculated to be 4.127 kJ/g. Considering the adiabatic ame temperature of
2843 K [17], along with the approximate melting and vaporization points of alumina (2327
K, 3250 K, respectively) and copper (1358 K, 2835 K, respectively), it can be reasonably
inferred that alumina will not reach its boiling point under these conditions. Furthermore,
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the analysis focuses on macro-scale ame propagation, which is primarily governed by
heat transfer mechanisms such as conduction and convection. The combustion reaction
time scale is signi cantly shorter than that of ame propagation. As a result, this study
does not investigate the transient formation of intermediate gas-phase species prior to the
completion of the reaction. Consequently, assuming complete combustion of the reactants,
it is reasonable to conclude that the gas phase will predominantly consist of metallic copper
vapor.

The reaction advancement () is assumed to follow the Arrhenius form, as presented in
Equation 3.4, with a single phase decomposition similar to the approach used by Kim [23].
The parametersA, E, m, and n are set to 489 10 © 1/s, 48 kJ/mol, 1, 0, respectively.
Consequently, the evolution of solid phase in Equation 3.3 and the source term in Equation
3.5 can be determined solely by the pyrolysis term,o s,oF @ . Due to the high energy
release and the temperature exceeding copper's boiling point, all the copper product will
evaporate upon reaction completion at the ame front. Consequently, the solid phase will
lose its corresponding mass fraction, resulting iR being 0.6515 (product mass fraction:
34.85% A}O3, 65.15% Cu). It is noteworthy that the convected gas into the unburnt
section of the pellet may condense back into the liquid phase. However, the current model
treats this material as a gas, incorporating its correct speci ¢ heat and accounting for the
latent heat of phase change in the calculations.

In the analysis, it is assumed that the virgin consists of a stoichiometric mixture of
aluminum and copper oxide (reactant mass fraction: 18.44% Al, 81.56% CuQ), with a
TMD of 5109 kg/m3. The residue is identi ed as alumina, while the gas phase is copper.
The speci ¢ heat capacities §,, ¢,) and enthalpies ) for the virgin, residue, and gas phase
over the simulated temperature range (300 3000 K) have been obtained from National
Institute of Standards and Technology (NIST) Chemistry WebBook [6]. Enthalpies of
fusion and vaporization are included in the property tables to prevent overestimating ame
temperature. Material phase changes are incorporated into the thermodynamic properties,

Ihttps://webbook.nist.gov/chemistry
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without altering the solid/gas model structure.

The porosities () of the virgin and residue depend on the packing density of the
pellet. For virgin, porosity is equivalent to the initial volume fraction of the gas phase. For
residue, due to the di ering densities of copper and alumina and subsequent calculations,
it is assumed that approximately 47% of the virgin solid volume will be added to the pore
volume in residue. For instance, in a case with packing density of 30% TMD, the porosities
of the virgin and residue would be 0.7 and 0.841, respectively.

In this study, the pellet is treated as an isotropic solid. Consequently, the parameters
K andk are represented as isotropic tensors, with identical values kf and k in all diag-
onal components. The permeability ) is typically determined experimentally for porous
media. However, due to the scarcity of experimental permeability data for nanothermite
pellets, the Kozeny-Carmen equation provides a way to relate the porosity of a packed bed
of uniform spheres to the permeability of porous structures [22, 35]:
3d2
¢
ke(L )2
wherek, and d. are Kozeny constant and characteristic pore size, respectively. The Kozeny

K = (4.4)

constant is meant to capture details about the ow path, particle shape, and connection.
While it is recognized that the formula was not speci cally developed for this case, it will
still provide a rough order of magnitude estimation for permeability due to the lack of
validated data. In this analysis, values of Jum and 72 are used as the characteristic pore
size and Kozeny constant, respectively, with the Klinkenberg correction being neglected
( =0). Subsequently, the permeabilities of virgin and residue can be calculated based on
their respective porosities.

Due to the lack of precise data for the viscosity of copper in the gaseous phase, a value
of 10 ® Pa.s is assumed, corresponding to the typical order of magnitude for gases such
as oxygen and nitrogen at approximately 3000 K. Simulations indicate that uncertainty in
the ratio of permeability to viscosity (K= ), used to calculate Darcian ow velocity, has
minimal impact on ame propagation speed, provided that values are within the correct
order of magnitude.
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Modeling thermal conductivity (k) in thermite pellets presents signi cant challenges
due to the intricate interplay of reactive materials and their microstructure. Nonetheless,
precise characterization of thermal conductivity is essential for accurately predicting ame
speed and the dynamics of the combustion. In real scenarios, the liquid portion of the
condensed phase typically has a lower thermal conductivity compared to the solid portion;
however, it contributes to heat transfer to adjacent cells through liquid convection [13],
a factor not considered in this study. Therefore, a reasonable approach would be to use
an average e ective value of conductivity that compensates for the limitations of solid/gas
framework in the model. In the baseline case, the value of 65 W/m.K is selected for thermal
conductivity as used by Eppset al. [14].

In the conservation of energy Equation 3.12, the di usion term is neglected, and heat
production from the reaction 4.3 is included as a source tern$). For each computational
cell, the reaction advancement () is the key parameter used to calculate the heat pro-
duction source term and solid phase properties. Two sample formulas for deriving solid
phase properties from virgin and residue phases are provided, with the full set available in
PATO's user guide under the material properties model for porous type.

Cos = Cowt  (Cor  Cow) W\/s;r) (4.5)

Ks= Ky+ (K, K,) (4.6)
where the indices 's', 'V', and 'r' represent the corresponding variables for solid, virgin, and

residue, respectively.

In this study, the properties specic to an Al/CuO nanothermite pellet are utilized,
although the model can be generalized to apply to any gas generating thermite. The
simulated scenarios include nanothermites with packing densities ranging from 10% to
80% TMD, covering the range that is typically experimentally achievable and of interest

[1, 53].
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4.2.2 Geometry, Boundary, and Initial Conditions

Since the pellets used in the experimental studies about thermite combustion are mostly
cylindrical [40], a two-dimensional axisymmetric approach was chosen for the model. The
simulation domain has a radius of 1 mm and a height of 3 mm (Figure 4.2.a). This con-
guration ensures a stable reaction propagation velocity within the pellet in all simulated
scenarios while maintaining a manageable computational load. OpenFOAM recommends
using a 5-degree wedge to simulate a cylindrical domain with no variation in the angular
direction (Figure 4.2.b), signi cantly reducing computational cost compared to modeling
the full 3D cylinder [18]. Due to symmetry, the results from the wedge domain can be
extended to the full cylinder, with the two wedge boundaries serving as symmetry planes
(adiabatic and impermeable).

Figure 4.2: Schematic of 2D axisymmetric pellet geometry: a) front view, b) top view

In this study, the term ame refers to the propagation of the reaction front during
combustion. To determine the average ame speed, two computational probes are posi-
tioned 0.5 mm from the top and bottom boundaries in order to minimize the in uence of
boundary conditions. Additionally, a probe is placed at the center of the pellet to measure
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and compare the maximum ame front pressure across all scenarios.

Initially, the pellet is at a temperature of 300 K, and the internal pressure is at atmo-
spheric level. The top, side, and bottom boundaries are exposed to atmospheric pressure,
natural convective heat transfer with a coe cient of 5 W/m2K, and radiation to an envi-
ronment at 300 K. The top boundary follows a two-stage boundary condition: A constant
heat ux of 400 MW/m 2 [40] is applied to simulate laser ignition of the pellet, which is
discontinued upon the onset of ame propagation. The turn-o point for the laser, repre-
senting the ignition delay, is determined through a trial-and-error method with a precision
of 1 us, ensuring su cient time for the ame to become self-sustaining (Table 4.1). The
following energy equation is applied to the boundaries:

« @F
- @

where g, has a non-zero value for the top boundary before the laser turn-o point. To

N=hew(Te Tw)+dhy "w To T{ (4.7)

prevent computational complications due to a sudden change in the boundary condition,
the value is gradually reduced to zero using a linear ramp overps.

To account for residue ablation as an alternative scenario, the Bprime boundary condi-
tion, as described in Section 3.2.2, is applied to the top boundary after the laser is turned
0. Since the boundary recession, as formulated by Equation 3.15, is de ned in a single
direction and mesh movement and resizing within the domain depend on these boundary
changes, the simulation achieves convergence within a 1D axial framework, which e ec-
tively captures ame propagation across the domain. Both 2D axisymmetric and planar
simulations, incorporating residue ablation based on this model, were also tested. However,
due to the curved shape of the ame front near the side boundaries, a di erent recession
rate must be applied to the top boundary cells, which disrupts the integrity of the com-
putational grid and leads to rapid divergence once ame propagation begins. In addition
to these scenarios, a 1D simulation without residue ablation is performed to compare and
evaluate the e ects of ablation on ame propagation.

Experimental tests indicate that, after complete pellet combustion in an open tube,
only a negligible amount of matter remains at the reaction site [40]. This is attributed
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to the dispersal of combustion gases, driven by a high-pressure gradient that carries away
residues from the weakened pellet structure. In the modeled scenario with ablation, hot
combustion residues exit the computational domain through the top boundary, causing the
pellet to shrink as the ame propagates through the domain. Consequently, the exit mass
ux variable ( <U.Cy) must be adjusted to ensure that the ame propagation speed aligns
with the recession rate of the top boundary. As ablation intensity increases from zero, the
recession rate rises while the ame propagation speed decreases, reaching a point where
the movement of the top boundary matches the ame front. Table 4.1 presents the exit
mass ux values, determined through trial and error with an accuracy of 200 kg/fs, that
achieves this alignment. This level of accuracy represents the threshold at which changes
in the movements of the top boundary and ame front become visually observable.

Table 4.1: Imposed values of ignition delay and exit mass ux for top boundary conditions

% TMD 10 | 20 | 30 | 40 | 50 | 60 | 70 | 80
tign 10 4 [s] 0.60| 0.92| 1.16| 1.38| 1.59| 1.77| 1.96| 2.12
UeCh  10° [kg/m2s] | 1.02| 1.34| 1.60| 1.84| 2.06| 2.26| 2.44| 2.60

Di erent types of nanothermites may experience varying intensities of ablation during
combustion. To examine the e ect of ablation intensity on ame propagation speed and
peak pressure, additional scenarios with 75%, 50%, and 25% of the exit mass ux values
listed in Table 4.1 were also analyzed.

4.2.3 Grid, Solvers, and Discretization Schemes

The computational grid for each scenario is speci cally adjusted to optimize computational
load and ensure data convergence. Near the ame, the grid size must be re ned to capture
the highest gradients in the domain. For 2D and 1D scenarios without ablation, a uniform
axial discretization is used due to the static mesh and the ame traveling across the entire
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domain. In contrast, for the 1D scenario with ablation, the domain shrinks as the ame
propagates and the boundary moves with the ame, allowing a ner grid near the top
boundary where both ablation and ame are present. Additionally, the radial discretization

of the 2D domain is ner near the side boundary, as it encounters higher gradients than
the centerline. Figure 4.3 presents coarse examples of the mesh structure for each scenario,
illustrating the meshing approach used.

Figure 4.3: Coarse examples of computational grid for each scenario

Cases with varying packing densities experience di erent pressure gradients and gas con-
vection velocities within the pores. Therefore, using a ner mesh for cases with higher pack-
ing densities is preferable to applying a uniform mesh across all cases. In 2D-axisymmetric
scenario, the grid is adjusted from 85300 for the 10% TMD case to 200700 for the 80%
TMD case in the radial and axial directions, respectively, with smaller cells concentrated
near the side boundary. In 1D scenarios, the number of cells increases from 1000 for the
10% TMD case to 4000 for the 80% TMD case. This setup balances computational e -
ciency with the necessary resolution. A mesh sensitivity study, discussed in Section 4.3, is
conducted to con rm that the results are independent of the mesh size beyond a certain
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threshold.

The time step ( t) is updated in each iteration based on the Courant numberQo),
de ned as follows:

_ jvgj t

Co (4.8)

The use of a variable time step eliminates the need for small time steps before ame prop-
agation begins. Given the variation in computational cell size and gas convection velocity

across the domain, the time step is adjusted to maintain a Courant number below the max-

imum threshold of 0.1 in all cells. This criterion ensures convergence across all simulation
cases, with time steps ranging from 10 to 10 ! seconds during ame propagation.

Following similar published cases involving ablative materials, the pressure and tem-
perature solvers employed in the simulations are the stabilized preconditioned bi-conjugate
gradient (PBiCGStab) method [49] with a simpli ed diagonal-based incomplete LU (DILU)
preconditioner, well-suited for handling asymmetric matrices. The time derivative dis-
cretization uses an Eulerian approach, while gradient, divergence, and Laplacian terms are
discretized using linear Gaussian methods.

4.3 Validation

Standardized benchmark cases in the open literature for validating heat and mass transport
with chemical reactions in porous media are highly limited. In the eld of consolidated
nanothermite combustion, benchmarking is unavailable, and few numerical models have
been developed to simulate speci ¢ cases, primarily focusing on combustion e ects on the
environment and thrust generation. The numerical solvers of PATO have been tested in
various applications, including biomass pyrolysis, ablative materials, carbon ber oxida-
tion, and simple heat and mass transport phenomena. However, the application of PATO
to solid fuel combustion is novel in this study.

A basic numerical model with a fundamental structure similar to the thermite com-
bustion model used in this study was simulated by Eppst al. [14] using in-house code.
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Figure 4.4 presents the reproduced result of the baseline case with a characteristic pore
size of 1um from their study, using PATO solvers. The average ame speeds from PATO
results at di erent packing densities are in good agreement with those from the mentioned

study.

Figure 4.4: Reproduction of Eppst al. [14] results of average ame speed in PATO

The current model in this study includes several more complex improvements, some of
which are listed as follows:

" Residue removal from the domain via ablation

" Di erent structures for pre- and post-combustion condensed phases

" Spatially varying properties of condensed phases, such as porosity, permeability, etc.

" Adjustment of gas production rate with precise tabular properties

" Consideration of phase change enthalpies in both condensed and gaseous phase prop-

erty tables
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" Inclusion of radiation heat transfer in boundary conditions

" Well-established numerical solvers tailored for porous media applications.

These improvements enhance the accuracy and realism of the model, allowing for a more
comprehensive simulation of combustion dynamics in porous media. By incorporating
these factors, the model can better represent complex physical phenomena such as ablation,
phase changes, and heat transfer, leading to more reliable predictions of ame behavior
and pressure pro les under various conditions.

In numerical modeling, obtaining accurate and reliable results often depends on the
resolution of the computational grid. To evaluate the impact of cell count on key output
parameters, a mesh sensitivity study, shown in Figure 4.5, is conducted on a 10% TMD
pellet. Given the non-linear nature of Equation 3.5 with respect to the pressure and the
presence of substantial pressure gradients within the domain, the ame peak pressure at
the pellet center is selected as the output parameter to assess mesh independence.

Figure 4.5: Mesh sensitivity study on ame peak pressure for 10% TMD pellet

The gure presents two scenarios: a 1D model with ablation and a 2D-axisymmetric
model without ablation. In the 1D scenario, ame peak pressure stabilizes at approxi-
mately 1000 cells, indicating that further re nement has minimal in uence on pressure
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values. In the 2D scenario, the ame peak pressure initially decreases with increasing cell
numbers but reaches stability around 25,500 cells. This analysis suggests that, beyond a
certain mesh resolution, further re nement does not signi cantly alter results, underscor-
ing the importance of an appropriate mesh density to ensure accuracy while minimizing
computational load.

For cases with higher packing densities, determining the appropriate mesh size becomes
more straightforward. A set of grids with 1000, 1500, 2000, 3000, and 4000 cells for the
1D scenario, and grids with 85300, 100 400, 140 500, 170 600 and 200 700 cells for
the 2D scenario, are used in the simulations. For each packing density case from 20% to
80% TMD, simulations are conducted with two mesh con gurations: the grid used in the
previous case and a ner option from the set. Based on the results, the optimal mesh size
is selected for each speci ¢ packing density, with criteria including simulation convergence,
smooth ame propagation, and stable ame peak pressure.
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Chapter 5
Results and Discussion

This chapter presents and analyzes the results of numerical modeling of Al/CuO nanoth-
ermite pellet combustion using PATO. The study examines key parameters in uencing
ame propagation speed, pressure dynamics, and thermal pro les within the pellet, with
a focus on understanding the e ects of pellet packing density and residue ablation. The
results provide insights into optimizing computational setups for nanothermite combustion
simulations and contribute to the development of more precise predictive models for solid
fuels with high energy density. Additionally, the sensitivity of key parameters, such as
Stanton number, thermal conductivity, and permeability/viscosity ratio, on the simula-
tion outcomes is explored, shedding light on their role in governing ame behavior and
combustion e ciency.

5.1 Baseline Simulation Scenarios

The simulations begin with ambient temperature and pressure conditions throughout the
domain, with a laser energy ux applied to the top boundary. As the chemical reaction
follows the Arrhenius law, a time delay is required before the temperature in the top layer
of the nanothermite pellet rises su ciently to initiate substantial gas production and heat
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release. This reaction enables adjacent cells to reach similar conditions without further
laser induction and a self-sustained combustion takes place.

Figure 5.1 illustrates an approximately linear relationship between packing density and
ignition delay. Although the solid mass in the pellet increases linearly with packing density,
the ignition delay does not follow an exact linear trend. This slight deviation arises because,
at higher packing densities, the increased gas production and reduced void space limit the
accumulation of produced gases prior to ignition. As a result, a greater pressure gradient
forms within the gas phase, causing a portion of the gas to exit the top layer before it
reaches full heating. This process allows the laser to elevate the temperature of the top
layer more rapidly, as some mass is lost, resulting in a slightly lower ignition delay than
expected from a purely linear trend. Consequently, the slope between data points in Figure
5.1 decreases slightly from 10% to 80% TMD.

Figure 5.1: E ect of pellet packing density on ignition delay

The ignition delays presented in this model are in complete agreement with the numer-
ical study conducted by Eppset al. [14]. Although the results follow the same semi-linear
trend of ignition delay versus packing density as observed in experimental studies [40],
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they deviate quantitatively by approximately an order of magnitude, possibly due to the
omission of laser ablation e ects in this model. Laser ablation likely removes surface mass
before it can e ectively conduct heat into the inner layers of the pellet, thereby delaying
the ignition of sustained combustion.

After ignition occurs and the laser heating ux ceases, the reaction front progresses
toward the bottom of the pellet, driven by energy transport through conduction and gas
convection within the pores. Numerical probes are used to capture the temperature and
pressure evolution at specic points within the domain. As illustrated in Figure 4.2.a,
probes 1 and 3 are positioned 0.5am from the top and bottom boundaries, respectively,
with probe 2 placed at the center of the pellet. Figure 5.2 presents example output data
from probes 1 and 3 in the 2D scenario without ablation for a pellet with 10% TMD.

Figure 5.2: Temperature and pressure evolution at probes 1 and 3 for 10% TMD pellet
(2D scenario without ablation)

The average ame propagation speed within the pellet can be calculated based on the
time di erence between the peak pressures or temperatures recorded by the two probes
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positioned 2 mm apart. Figure 5.2 shows that the probes detect the onset of pressure rise
well before the reaction peak, indicated by a steep temperature increase resulting from
substantial heat release. This suggests that hot gases generated at the upstream ame
front convect through the porous medium, preheating the unburned region and thereby
promoting combustion. Additionally, simulations reveal that pressure peaks occur a few
time steps before the maximum temperature is reached, marking the conclusion of reaction.
The gases generated during combustion increase pressure within the pores ahead of the
ame front, driving Darcian ow through the pores even before the reaction is complete.

The ame peak temperature across all cases is slightly higher than the reported adia-
batic ame temperature of Al/CuO nanothermite (2843 K [17]), but consistent with the
ndings of Wang et al. [50] in their experimental study. This supports the assumption of
a gaseous copper phase in the model, with a vaporization point of 2835 K. The increase
in ame peak pressure along the pellet axis, due to the accumulation of convected gases
from the burned region, justi es the positioning of probe 2 at the center of the pellet.
This placement enables consistent comparison of ame peak pressure across all cases and
scenarios while minimizing boundary e ects.

Another important observation is the time scale of thermite reaction in comparison to
ame propagation. As shown in Figure 5.2, the reaction progression occurs as a sharp
temperature increase, with the majority of the reaction, excluding the initial 10%, taking
place on the microsecond time scale. However, the time scale of ame propagation, driven
by conduction and gas convection, is around 0.1 milliseconds. This observation supports
the assumption of neglecting the intermediate gas species of combustion and focusing on
the products of the completed reaction.

To examine the smooth propagation of the ame within the domain, the local ame
speed is calculated for various cases. Figure 5.3 illustrates the local ame speed at intervals
of 0.1 mm along the pellet length for 10%, 30%, 50%, and 70% TMD cases in both the 1D
scenario with ablation and the 2D scenario without ablation. By selecting an appropriate
mesh size for each case, the model successfully achieves stable ame propagation with
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