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ABSTRACT

Energetic materials are used for a variety of applications, including airbag deployment
and solid rocket fuels, that require high energy density and various energy release rates.
The energy release rate, determined by how fast the material burns, is often thought to be
proportional to the bulk thermal diffusivity of the material. However, the inclusion of insu-
lating inert particles in energetic materials has shown burning rate enhancement in certain
cases. Flame front corrugation that increases the reaction front area observed at micron to
sub-millimeter scales was proposed previously to explain the phenomenon. However, a recent
simulation study observed a significant temperature gradient within the inert particle, im-
plying that the residence time of the inert particle in the flame front could play a role in the
thermal interaction between additives and surrounding energetic materials. In this work, we
tested these hypotheses by employing a high-speed microscopic imaging system to quantify
the burning rate and flame morphology of Al/CuO nanothermites with various SiO2 particle
sizes and mass loading. Additionally, we performed flame propagation simulations to quan-
tify the thermal interactions between the energetic materials and the embedded single inert
particle. The experimental results show that the burning rate depends on the particle size
as well as mass loading. Specifically, as the SiO2 particle size increases from 100 nm to 100
µm, the burning rate is enhanced by 26% at a mass loading of 7.5%. Further computational
studies reveal that flame corrugation may not be the sole factor to alter the burning rate.
Non-dimensional analyses show that energy absorption and temperature non-uniformity in
inert particles have strong correlations with particle diameter. When the characteristic time
of heating the inert particle is shorter than the flame residence time, the inert particle acts
as a heat sink, leading to a negative impact on burning rates due to the heat removal from
the surrounding energetic materials. Experimental studies reveal that additive particle size
has an impact on the nanothermite burn rate. Insight into why this may occur is provided
by computational studies of a single particle inclusion, as well as images captured of the
burn rate experiments, showing the flame front morphology and particle size effects on heat
transfer may play a key role in burn rate alteration by inert additives.

Thesis supervisor: Sili Deng
Title: Assistant Professor of Mechanical Engineering
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Chapter 1

Introduction

1.1 General Approaches to Burn Rate Tunability

Nanothermites are composed of nano-sized metal/metal oxide composites that can undergo

redox reactions. They are studied as systems of interest due to their high energy density and

reactivity for energetic applications [1]. They also represent a relatively simple chemistry

model system for fundamental studies of solid combustion of energetic materials. Novel ap-

plications of nanoenergetics have demonstrated the capability for rapid circuitry actuation,

soft robotics, and biomedical microfluidics, making remote operation of medical devices pos-

sible [2–4]. However, the most common use cases for nanothermites and other nanoenergetic

materials are satellite and rocket propellants.

Some of the advantages of solid rockets include their simplicity (lack of moving parts),

storage stability, rapid deployment capability, and high volumetric impulse when compared

to liquid and hybrid rocket engines. This makes them attractive for defense and volume-

limited applications. The main limitation of solid rockets is that they are not throttleable,

once a fuel grain is cast the trust profile is set. Additionally, casting can only create a

limited number of geometries due to practical manufacturing constraints. The thrust profile

is determined by fuel grain shape and composition. The composition of the fuel determines

the regression or burning rate. This is often modeled empirically by St. Robert’s law (Eq.

1.1) which relates burning rate (rb) to combustion chamber pressure (pc) using a burning

rate coefficient (a) and a burning rate exponent (n) to fit experimental data [5].

13



rb = apnc (1.1)

One prominent effort to overcome these limitations is the development of "smart energet-

ics" or materials whose burning rate can be modulated using external stimuli. One approach

to developing active control methods exploits the piezoelectric effect observed in some poly-

mers and high-explosive crystals. The work of Janesheski et al. has demonstrated that the

application of a direct current voltage on nano aluminum/ piezoelectric polymer composites

changes the sensitivity of the composite, allowing for lower impact energy ignition in drop

tests [6]. Possible mechanisms that have been proposed for this observed change in ignition

properties are induced mechanical deformation and dielectric breakdown, both as potential

causes of hotspot formation [7]. A similar phenomenon has also been observed in other

Hydroxyl ammonium nitrate-based solid propellants as their ignition delay time and burn

rate can both be modulated through the application of an electric field [8]. This is just one

method, others include the application of microwaves [9] and lasers [10]. Outside of their

low technology readiness level, there are other significant technical challenges associated with

this technology, most prominently the addition of high-energy complex systems for burn rate

modulation.

An alternate approach to achieving a desired thrust profile is through varying both fuel

geometry and composition. This has been previously implemented with cast fuel grain

shapes such as the "wagon wheel". Casting, the legacy method of manufacturing solid fuel

grains, can only achieve relatively simple geometries. However, additive manufacturing is a

promising candidate for fuel grain construction. Recent work has demonstrated the ability

to manufacture propellants with complex geometries [11] and high solids loading [12, 13],

achieving comparable performance to cast grains and the ability to modulate burn rate

through control of printing infill density. Additive manufacturing also provides the option

to use multiple fuels and oxidizers in a single grain, allowing additional degrees of freedom

during the development of the motor’s thrust profile by modulating the propellant burn rate

in different locations in the fuel grain.
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1.2 Fuel Additives

Additives are a common way to improve performance and alter the burning rate of solid

fuels and energetic materials. Developed high-performance novel energetics have largely not

been put into use due to high cost and thermal instability issues, leaving the use of additives

as the most efficient way to improve the performance of energetic compounds [14]. Additive

approaches include the utilization of catalysts, embedded reactive wires, and the use of an

energetic binder [15]. These are guided by the physical intuition that increasing the energy

density or the speed of reaction chemistry will result in a faster burning rate and therefore

higher performance.

For the same reason, inert additives seem to be a logical candidate for reducing the

burning rate. According to the classical combustion theory on laminar flame speed, the

flame speed rb is proportional to both the thermal diffusivity α and the chemical reaction

rate ω̇, such that rb ∝
√
αω̇. Therefore, insulating inert additives that result in a lower

overall reactivity and have low thermal transport properties are expected to result in a

reduced burning rate. However, some experimental work has found the opposite.

Wang et al. studied the burning rate behaviors of Al/polyvinylidene fluoride (PVDF)

films created by electrospray deposition, a somewhat novel manufacturing method used to

achieve high mass loading of aluminum in mechanically flexible films [16]. Mesoporous SiO2

with a diameter of 0.2–4 µm was used as an additive. The addition of 5 weight percent SiO2

resulted in a burning rate three times faster than the baseline [17]. Kline et al. found that

the addition of insulating 1–5 µm SiO2 particles to Al and PVDF 3D printed films resulted

in an increase in the burning rate from ∼15 cm/s to ∼23 cm/s. Furthermore, the addition

of conductive graphite flakes decreased the burning rate to ∼6 cm/s [18]. Julien et al. also

observed a similar result contradictory to laminar flame theory when adding insulating inert

particles to alternating Al (75 nm thick) and CuO (150 nm thick) nanolaminates. The

addition of thermally insulating SiO2 with a particle size of 150 nm increased the burning

rate by 30%. However, the addition of thermally conductive gold with a particle size of 5-30

nm also resulted in an increase in the burning rate of 117% [19].

This presents an interesting problem, as the addition of inert insulating SiO2 has increased
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the burning rate across multiple film compositions and synthesis methods, contrary to what

laminar flame theory would suggest. The addition of thermally conducting particles has also

had conflicting observations, as a result, no consensus has been reached on these burning rate

alterations with inert particles. To understand the physical mechanisms of how thermally

insulating and conductive particle inclusion can alter the burning rates, Kline et al. measured

the flame morphology at a resolution of ∼1 µm/pixel. They found that thermally insulating

particles plausibly led to the flame front corrugation on a 100 µm scale, increasing the surface

area of the flame front and potentially providing an explanation for the increased burning rate

[18]. Julien et al. also further analyzed the burning morphology of an Al/CuO nanolaminate

system with both experimental and simulation studies [19]. The analysis showed that larger

thermal gradients around and in an inert particle could potentially contribute to the increased

burning rate.

The previous efforts to elucidate the burning rate alteration mechanisms have consistently

argued that flame front corrugation can dominantly determine the burning rate. However,

since a significant temperature gradient in the inert particle was observed in the work of

Julien et al. [19], we further hypothesize that thermal interaction between an inert particle

and surrounding energetic materials could additionally change the reaction rates near the

inert particles. However, these heat transfer effects by inert particles highly depend on the

particle size and the flame residence time passing through the inert particles, which can

result in inconsistent burning rate alteration with conductive and insulating inert particles.

1.3 Scaling Effects

Interest in nanoenergetic materials has stemmed from the favorable properties of nanoparti-

cles including smaller diffusion length scales and heat capacity, in addition to higher surface

area to volume ratios, which are favorable for rapid heat transfer into the particle [1]. This

interest was bolstered by the experimental observations of significantly higher burning rates

when aluminum nanoparticles were added into propellant mixtures compared to micron-sized

particles [20, 21]. The dependence of particle burning time (tb) on diameter is often described

by a dn law. The expected value for n in the dn law comes from an analytical solution for
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particle combustion. This solution is developed for two cases: diffusion-limited reactions,

modeled similarly to droplet combustion, and kinetics-limited reactions, approximated as a

metal burning in a pure oxygen environment with surface reactions. The traditional "shrink-

ing particle" theory expects that Micron-sized particles exhibit diffusion-controlled combus-

tion (Eq. 1.2), while nano-sized particles are expected to be kinetically limited (Eq. 1.3).

[1, 22].

tb,diff ∼ d20 (1.2)

tb,kin ∼ d0 (1.3)

For micron-sized and larger particles, experimental values for n are most often between

1.5 and 2 [23]. This provides a reasonable level of agreement with the theory. This trend

however does not hold at a nanometer scale, where n has been observed to be around

0.3. Traditional kinetically limited combustion theory predicts a n value of 1, suggesting

that complex factors such as particle agglomeration and condensed phase reactions become

important in the burning behavior of nano-sized particles [23]. This is also consistent with

experimental observations completed in heterogeneous shock tubes that show there are higher

concentrations of Al vapor present in reactions with micron-aluminum than reactions with

nano-aluminum [24].

In the condensed phase, nanoparticle sintering (also referred to as aggregation) has been

observed. This occurs when particles are rapidly heated and can counter-diffuse and react

without entering the vapor phase. This often occurs early in the reaction, changing the

starting length scale (d0) of the particle [25]. More complex models have also suggested that

at the nanometer scale induced electric fields and mechanical stress on the oxide shell can

also contribute to the reaction mechanisms [26].

It is clear that for reacting particles scaling effects play an important role in determining

the microscopically observed burning rate and the mechanisms of how the reaction pro-

gresses. Scaling effects in additives, however, are not as well documented or understood.

As previously discussed, flame speed is thought to increase with the addition SiO2 due to
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the formation of hot spots and the induction of flame front corrugation. It has also been

suggested through DSC analysis that catalytic interactions between SiO2 and Al/PVDF may

play a role in the burn rate acceleration [17]. By investigating scaling effects in additives we

hope to better understand the mechanisms for flame front alteration and the importance of

the additive size in its interaction with the fuel, oxidizer, and binder.

1.4 Experimental Approaches for Understanding Nan-

othermite Combustion

One of the most common metrics used to quantify the performance of an energetic material is

the linear burn rate. Measurement of the linear burn rate is completed by using high-speed

photography to track the movement of the flame front over time. More advanced setups

utilize microscopic imaging and color camera pyrometry to assess flame front morphology

and temperature distribution with micron-scale resolution With these added features, ex-

periments are capable of measuring linear burn rate, in addition to observing microscopic

behavior that can be used to comment on physical mechanisms determining the burning

rate. For example, the formation of hot and cold spots that are about the size of micron

fuel additives has been observed in experiments with high-resolution pyrometry [18, 19].

Additionally, microscopic imaging of local flame front propagation has been used alongside

pyrometry to evaluate the particle sintering time scale. This time scale was determined to be

significantly faster than the time scale for heat transfer between the reacted particles and the

fuel/environment, making this cooling time scale the rate-limiting step for the reaction [27].

From these observations, it is clear that microscopic high-speed imaging provides significant

advantages for the observation of reaction mechanisms compared to macroscopic imaging of

the burning rate.

Beyond mechanical mechanisms determining reaction speed, there is also an interest in

measuring the kinetics of any given fuel, oxidizer, and binder mixture. The most conventional

methods for measuring condensed-phase reaction kinetics are differential scanning calorime-

try (DSC) and thermogravimetric analysis (TGA). DSC and TGA measure heat release and
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mass change of a sample respectively as it is heated slowly, generally on the order of 10°C per

minute. Data from DSC and TGA can be used for determining phase change temperatures,

reaction enthalpies, and catalytic effects [17] [28]. The main limitation of TGA and DSC

is the low heating rates. The mechanisms observed at these heating rates may differ from

those that are relevant during the high heating rates in combustion. However, there have

been efforts to overcome this limitation. A method utilizing mass spectrometry has achieved

time-resolved characterization of decomposition at heating rates as high as 105 °C per second

[29].

Finally, these observations are often supplemented with analysis of product and reactant

morphology using high-resolution tools capable of viewing a single nanoparticle. To achieve

imaging at a resolution this high, a scanning electron microscope (SEM) or transmission

electron microscope (TEM) is often used. Visual analysis of combustion products has aided

in understanding the role of sintering in nanomaterial combustion. Nanometer-resolution

imaging is useful for this application because sintering results in the formation of aggregates

of nanoparticles, dramatically changing the product morphology [25].

1.5 Research Objectives

The goal of the study is to understand the heat transfer mechanisms between active energetic

materials and inert particles. It is clear that the addition of insulating SiO2 results in an

increase in burning rate across multiple types of energetic systems, including nanolaminates

and nanothermite films. This increase in the burning rate is contradictory to laminar flame

theory and can not be explained by the bulk properties of the film. Additionally, energetic

particle size effects have a well-documented influence on the burning rate. Considering both

of these factors, we have developed a hypothesis that particle size effects may play a role

in this unexplained increase in burn rate through thermal interaction between the particle

and the flame. The extent of the interaction between the particles is determined by the

residence time of the flame, which is determined by both particle diameter and flame front

distortion/corrugation. To test our hypotheses regarding the influences of particle size and

flame residence time, we investigated the burning rate alteration by varying the size of SiO2
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inert particles to modulate the residence time and flame morphology, and the mass loading

to understand the coupling of heat transfer and flame corrugation in Al/CuO nanothermite

films. We first quantified the influence of inert particle diameter and mass loading on the

burning rate via high-speed microscopic imaging of the reaction front. Then, computational

studies examined thermal interactions at the particle scale, simulating a single inert particle

embedded in energetic composites. Finally, we discussed the non-dimensional analysis to

elucidate the roles of heat transfer interaction between energetic composites and inert par-

ticles on the burning rates with three metrics, including flame front corrugation, heat loss

in energetic materials, and temperature non-uniformity in an inert particle. By developing

a systematic understanding of the impact of inert additives on energetic performance, the

design of energetic materials will be more accessible for tunable performances.

20



Chapter 2

Experimental Methods

2.1 Precursor Solution Preparation

Nanothermite powder and precursor solution with inert additives were prepared by a physical

mixing process, as described in [27, 30]. First, a binder solution was prepared by mixing

62.5 mg of polyvinylidene fluoride (PVDF) and hydroxypropyl methylcellulose (HPMC) in 4

ml of dimethylformamide (DMF) using a magnetic stirrer for 4 hours, until the solution was

homogeneous and transparent. Then, a total amount of 1125 mg of aluminum (Al, 100 nm

in diameter, US Research Nanomaterials, Inc.), copper oxide (CuO, <50 nm in diameter,

Sigma-Aldrich), and silicon dioxide (SiO2, see below for the details) particles were added to

the binder solution. Therefore, the total particle loading was set to be 90%, and masses for

Al, CuO, and SiO2 were calculated based on the loading of SiO2. The binder solution was

mixed with powders in a high-speed mixer at 800 rpm for 10 minutes. Finally, the precursor

solution was transferred to the syringe for film fabrication.

In all cases, the equivalence ratio was fixed at three, based on the active content of Al.

For example, 454.5 mg of Al and 670.4 mg of CuO were included in a baseline solution

without SiO2. The diameters of the SiO2 were varied from 10 nm (smaller than the size

of Al and CuO) to 25 µm (larger than the size of Al and CuO). We purchased SiO2 from

Sigma-Aldrich (10-20 nm, 0.5-10 µm), and from US Research Nanomaterials, Inc. (60-70

nm, 200 nm, and 25 µm).
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Figure 2.1: Scanning electron microscopy images of the Al/CuO nanothermite film cross-section (a) under
500× magnification and (b) 10k× magnification.

2.2 Film Fabrication

Nanothermite films were created using a coating applicator with a 400 µm standoff height

on glass microscope slides [30]. First, a microscope glass was masked using a polyester tape,

providing a uniform width of 3 mm. Then, the glass slide was placed on a hot plate heated to

85◦C, where it remained for the entirety of the fabrication process. After a drop of precursor

solution was loaded on one end of the glass, a coating applicator was slid over the glass to

form a thin liquid film to be dried. This coating process was repeated until the film thickness

reached ∼350 µm (Fig. 2.1). The nanothermite film was peeled off from the glass substrate

and transferred to the imaging setup.

2.3 High-Speed Microscopic Imaging

To characterize flame morphologies and quantify burning rates at sub-millimeter scales,

a high-speed microscopic imaging system was used, shown in Fig. 2.2 [30]. One end of

the prepared nanothermite film was fixed as a cantilever structure above a 5× microscope
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Figure 2.2: High-speed imaging system used to measure burn rate of nanothermite films, developed in
Kim et al. [30]

objective in the test section. Then, the other end was ignited by a hot wire. The images

were captured by a high-speed video camera (Photron AX200) at 20,000 fps with an exposure

time of 1/25,000 seconds. The imaging quality was 640 x 480 pixels and captured a window

that was approximately 2.2 mm x 1.7 mm, resulting in a resolution of 3.58 µm/pixel.

2.4 Collection of Combustion Products

To understand the role additives may have in altering reaction mechanisms, such as particle

sintering, combustion products were collected and analyzed. During burn rate tests, a glass

microscope cover slip was placed over the front lens of the microscope objective. This

protected the objective from damage, as hot products would often be ejected from the film

in all directions, including toward the objective. These glass coverslips were collected for a

baseline case, 2.5 wt% 10-20 nm SiO2 and 0.5-10 µ SiO2. Products on the glass coverslips

were then brought to the SEM for observation of product size and morphology.
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2.5 Flame Speed Calculation

To quantify the burning rates, high-speed images were captured and processed to find the

flame front location over time using binarization edge detection. This process is depicted in

Fig. 2.3 and can be described in four steps.

a. High-speed images of the flame are captured using the experimental setup described

above.

b. Images are converted into black and white.

c. Images are binarized using cv2, a python module for image processing. The threshold

value is set to 64 (out of 255)

d. The leftmost pixel above the binarization threshold is determined to be the location

of the flame front in every row. This is based on a flame propagation direction from

right to left.

e. Pixel size calibration and frame rate are used to calculate the flame speed (not shown).

At times, this method can be prone to noise. Two common sources of noise were sparks

coming off the flame front, and dark spots along the flame front that appeared as gaps. Both

of these issues are depicted in Fig. 2.4.

A moving average filter was used to filter out noise in the flame front prediction data

caused by these issues. To implement this filter, a forward and backward exponentially

weighted mean was calculated around a point with a span of 125. The average value of

the forward and backward mean was then taken. If measured values had a deviation of

greater than 50 pixels from that average it was removed from the data set. In some cases,

the combustion products fell on the microscope objective, or there was additional noise

associated with the beginning and end of a data collection round, so the data was also

trimmed to ensure only regions of even burning were used in the calculation. The results

of filtering and trimming the raw predictions of flame front location for the sample show in

Fig. 2.4 are shown in Fig. 2.5.
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Figure 2.3: Binrization method of flame front detection shown on 2.5 wt% 10-20 nm SiO sample. (a)
capture image is converted to (b) black and white and then (c) binarized, where the (d) left most location
of light is determined to be the location flame front, displayed in red.

Figure 2.4: Issues in binarization flame front detection arising from dark spots and sparks. Shown on a
control sample.
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Figure 2.5: Flame front location at ten locations over time. Raw data, filtered data, and filtered/ trimmed
data are shown.
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Chapter 3

Simulation Methods

3.1 Overview

To understand the heat transfer mechanisms with inert particle additives, we developed

a computational model that accounts for thermal structures in and surrounding an inert

particle. A transient heat equation was adopted to simulate the flame propagation, given

state variables of temperature T (x, y, t) and progress variable ω (x, y, t), where x and y are

the spatial coordinates and t is the time. The Arrhenius rate equation and a one-step global

reaction were implemented, as in [31], with an assumption of a complete reaction.

ρCp
∂T

∂t
= ∇ · (k∇T ) +Hr

∂ω

∂t
, (3.1)

∂ω

∂t
= A(1− ω) exp(− Ea

RT
), (3.2)

where ρ is the density, Cp is the heat capacity, k is the thermal conductivity, Hr = Cp (Tf − T0)

is the heat of reaction, A is the pre-exponential factor, Ea is the activation energy, and R is

the universal gas constant.

To account for the different particle sizes and to apply the consistent mesh density to all

simulation cases, Eqs. (3.1-3.2) were non-dimensionalized such that
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NΔx*=1

Boundary Conditions:

Δx*

Δy*

NΔy*

=1

Particle InclusionActive Materials

Figure 3.1: Non-dimensionalized simulation domain and boundary conditions. Grey and orange shaded
areas indicate the active materials and the inert particle, respectively. Neumann boundary conditions were
adopted at x∗=0 and L∗

x. Periodic boundary conditions were adopted at y∗=0 and L∗
y.

Table 3.1: Material properties and kinetic parameters used in the simulation. Active mate-
rials are the composite of Al/CuO/PVDF/HPMC, and the inert particle is SiO2.

Description Value Unit Reference
ρCp 3.52 MJ/m3-K [32]
kactive 3.5 W/m-K [31]
kSiO2 1.1 W/m-K [32]
Tf 2844 K [31, 33]
A 1.41×105 s−1 [34]
Ea 80 kJ/mol [34]
R 8.314 J/mol-K [32]

T ∗ =
T − T0

Tf − T0

, ω∗ = ω, (3.3)

x∗ =
x

D
, , y∗ =

y

D
, t∗ =

rb
D
t, (3.4)

where the superscript ∗ refers to the non-dimensional parameters, T0 is the ambient temper-

ature, D is the inert particle diameter, and rb is the burning rate. The value used for the

burning rate is obtained from the baseline with no additives in experiments.

The simulation domain is illustrated in Fig. 3.1. The mask is placed at the center of

28



the domain, representing a single inert particle embedded in active materials. Since the

thermal conductivity varies in space, a subgrid was implemented to compute the thermal

conductivity at the interface of an inert particle and its surrounding [35] such that

ki+ 1
2
,j =

2ki,jki+1,j

ki,j + ki+1,j

. (3.5)

Furthermore, in an inert particle, the reaction rate was forced to zero. The mesh was

created to section an inert particle by N > 40. Therefore, the mesh size was given by

∆x∗ = ∆y∗ = 1/N . The Neumann boundary conditions were adopted at x∗ = 0 and L∗
x,

and the periodic boundary conditions were adopted at y∗ = 0 and L∗
y. Due to the periodic

boundary condition, the domain size along the y direction reflects the distance between two

inert particles. The discretized state variables of T (x, y, t) and ω (x, y, t) were vectorized, and

solved using an ordinary differential equation solver of an explicit Tsitouras 5/4 Runge-Kutta

method.

This simplified model was intended to comprehend thermal interaction between flame

fronts and an inert particle, similarly in [35]. Therefore, it does not consider more complex

phenomena such as flame heterogeneity by reactive sintering and porous structures and

multi-step chemical reactions. Due to these limitations, the computational works completed

focus on micron-sized particles, with particle diameters ranging from 10 to 1,000 µm.

The material properties and the kinetic parameters used in this paper can be found

in Table 3.1. Density was calculated by taking reference values for aluminum and copper

oxide [32] and using a weighted average based on mass percentage at an equivalence ratio of

ϕ = 3.0 . Adiabatic flame temperature was calculated using thermal properties of aluminum,

aluminum oxide, and copper (See Section 3.2). Due to the lack of available kinetic data,

A and Ea were tuned iteratively to achieve the experimentally observed burning rate and a

flame thickness, within the bounds of the values given by differential scanning calorimetry

(DSC) in Umbrajkar et al. [34]. In addition, the thermal conductivity of active materials

(Al/CuO/PVDF/HPMC) was also calibrated in the same regard, within the bounds of the

values in Epps et al. [31].

29



3.2 Calculation of Adiabatic Flame Temperature

Adiabatic flame temperature of the Al/ CuO nanothermite was calculated using Eq. 3.6

where Hrxn is the enthalpy of the reaction, Cp is heat capacity, T is temperature, and

∆Hphase change is the enthalpy associated with any relevant phase transitions occurring in

the temperature interval evaluated.

∆Hrxn =

∫ Tf

T0

Cp(T ) dT +∆Hphase change (3.6)

Heat capacity was modeled using the Shomate Equation (Eq. 3.8). The Shomate con-

stants (A − E) and the melting/ boiling temperatures, were from the NIST Chemistry

WebBook [32].

Cp = A+Bt+ Ct2 +Dt3 + E/t2 (3.7)

Figure 3.2: Calculated heating energy associated with product temperature for equivalence
ratios of one and three
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The latent heat of melting and vaporization were calculated using the enthalpies of for-

mation for solid, liquid, and gaseous Al2O3, Cu, and Al when relevant. The composition of

reactants and products was determined using the sociometric equation shown below where

ϕ is the equivalence ratio.

3CuO + 2ϕAl −→ 3Cu+ Al2O3 + (2ϕ− 2)Al (3.8)

To ensure the accuracy of this calculation, the adiabatic flame temperature was first com-

puted for an equivalence ratio of one. This result was consistent with the value in literature,

2843 K (the vaporization temperature of Cu) [33]. The adiabatic flame temperature used in

simulation works was 2789 K, the result for an equivalence ratio of three.

The adiabatic flame temperature for an equivalence ratio of three occurs at the vapor-

ization temperature (boiling point) of aluminum. At an equivalence ratio of one, there is no

aluminum present in the combustion products, so the adiabatic flame temperature occurs

at the vaporization temperature of copper. With the addition of SiO2, as completed exper-

imentally, the adiabatic flame temperature would be further reduced below both of these

vaporization temperatures, resulting in additional non-gaseous products.

3.3 Mesh Convergence

A mesh convergence test was completed by simulating the flame propagation over a single

particle with a diameter of 100 µm and a domain height of 1,000 µm. Based on the result

presented in Figures 3.3 and 3.4 a value of 50 was selected for N, meaning the mesh size on

Table 3.2: Corresponding N value (used for nondimensionalization) and element side length
for each number of elements tested in the mesh convergence case of a particle diameter of
100 µm and a domain height of 1,000 µm

Number of Elements (E) N Element Side Length (µm)
1.4x104 6 16.7
4x104 10 10
3.6x105 30 3.3
6.4x105 40 2.5
1x106 50 2
9x106 150 0.7

31



Figure 3.3: Center-line temperature profile at y∗ = L∗
y/2 with varying mesh sizes. Corre-

sponding element size and N value is presented in Table 3.2.

Figure 3.4: Calculated non-dimensional parameters with varying numbers of elements.
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all simulations is equivalent to the diameter of the simulated particle divided by 50.

3.4 Determination of Domain Length

The application of the Neumann boundary at x∗=0 and L∗
x is synonymous with an insulating

edge on the left and right ends of the simulation domain. The lack of conduction out of the

domain in the direction of flame propagation can lead to an accumulation of heat at the edge

of the simulation domain. The formation of this preheat zone accelerates the flame speed

at the edge of the computational domain. To be sure that these edge effects brought on

by the use of the Neumann boundary conditions do not impact the results of this study, a

computational domain length of L∗
x = 50 was selected based on the fact the flame front was

able to return to its steady state velocity before being accelerated by the end-effect preheat

zone.

3.5 Flame Front Location and Evaluation Time

Energy absorption and temperature non-uniformity in a simulated particle were evaluated

right after the flame front passed the particle. To determine when the flame front has passed

the particle, the location of the flame front first needed to be described mathematically.

This was accomplished by using linear interpolation to determine the location of a reaction

xp-Δx*

Δy*

Particle InclusionActive materials

xp+

yp-

yp+

Flame Propagation

Figure 3.5: Schematic of the computational domain displaying the relevant coordinates used
in Eq. 3.14 and direction of flame propagation.
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completeness of 0.7. To implement this, the location of the flame front needs to be determined

for every row y and every time t. To find the location of the flame front in the single row, y,

we start be defining xs, the subset of x values in this row where the reaction completeness

is less than 0.7.

xs = {x ∈ x | ω∗ (x, y) < 0.7} (3.9)

After this subset is defined, the location of reaction completeness closest to 0.7 is given the

variable name x1.

(x1, y) = (xs [|ω∗ (xs, y)− 0.7|] , y) (3.10)

This is then repeated to determine the location of the value larger than 0.7.

xg = {x ∈ x | ω∗ (x, y) > 0.7} (3.11)

(x2, y) = (xg [|ω∗ (xg, y)− 0.7|] , y2) (3.12)

Finally, these values are used in a linear interpolation to provide a prediction of the flame

front location.

x = x1 +
x2 − x1

ω∗(x2, y2)− ω∗(x1, y1)
(0.7− ω∗(x1, y1)) (3.13)

This is repeated for every y value to attain a full flame front profile. The output of this

algorithm is the location of the flame front (x,y) at every time step. The horizontal location

of the flame front will now be described as a function of domain height and time, x(t, y).

The time at which the flame front passes the particle, ta is described in Eq. 3.14. In this

case, the flame propagation is from left to right. The flame front has passed the particle

when all rows of the domain containing the particle (yp− ≤ y ≤ yp+ , as shown in Fig. 3.5)

are on the left side of the particle.
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ta = min{t | x(t, yi) < xp− ∀ yi ≤ yp+ ∧ yi ≥ yp−} (3.14)

ta = min{t |x(t, yp− : yp+) < xp−} (3.15)

Sample results of the location of the flame front at this calculated time are included below

in Fig. 3.6.

T*

Flame propagation

   = 10 μm,       = 5

   = 100 μm,       = 5

   = 1 mm,       = 5

Figure 3.6: Dimensionless temperature fields (T ∗ (x, y, ta)) at the selected inert particle
diameter of D=10, 100, 1000 µm. A red curve in each temperature field denotes the location
of the flame front.
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Chapter 4

Results

4.1 Flame Propagation Measurements

Flame propagation tests were performed to understand the effects of SiO2 particle sizes

and mass loading on flame propagation. Figure 4.1a shows burning rates as a function of

SiO2 particle diameters at two different SiO2 loadings of 2.5 wt% and 7.5 wt%. The baseline

burning rate without SiO2 additives was 4.32 cm/s. Similar to the previous studies observing

contradiction to the laminar flame theory, particle inclusion of insulating SiO2 in Al/CuO

nanothermite films also showed improved burning rates with most particle sizes. At the SiO2

mass loading of 7.5%, the particle size of 60-70 nm showed minimal change in burning rates.

Note that 60-70 nm is the particle size closest to those of Al and CuO. However, as the SiO2

particle size increases to 0.5-10 µm, the burning rate increases by 26.3%. Such burning rate

increment is consistent with the result achieved by Kline et al. [18]. As we further increased

the particle diameter, the burning rate decreased even slower than that of the baseline.

On the other hand, when the SiO2 particle size is smaller than both Al and CuO, the

burning rate dramatically increases by 145%. The nanoscale particle diameter results in

a sintering time scale that is dramatically lower, likely to a value lower than that of the

nanothermite, potentially changing the mechanism by which the particle and flame interact.

This hypothesis is supported by the product analysis, showing irregularly aggregated product

particles on the scale of 200 µm only with 10-20 nm SiO2 additives (See the Section 5.1).

Considering reactive sintering has previously been hypothesized to be the rate-liming step in
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(a) (b)
DAlDCuO

(c) Baseline

D=10-20 nm

loading=2.5%

D=0.5-10 μm

loading=2.5%

Baseline

uncertainty
Baseline

uncertainty

200 μm

Flame

propagation

Figure 4.1: Experimental results obtained from the high-speed microscopic imaging system: (a) burning
rates as a function of inert particle diameters in the logarithmic scale, (b) burning rates as a function of the
SiO2 mass loading, (c) still shots of flame morphologies for the baseline (left), D=10-20 nm SiO2 (middle),
and D=0.5-10 µm SiO2 (right) at the SiO2 mass loading of 2.5%. The scale bar applies to all still shots.

nanothermite combustion, this mechanism is likely to have a large impact on the observed

macroscopic burning rate [27].

The previous study by Kline et al. [18] attributed such burning rate improvement to

flame front corrugation. It is theorized that corrugation increases the flame front area,

possibly accelerating the flame speed. To validate this hypothesis, the sub-millimeter-scale

flame morphologies for the baseline and the inert particle inclusions of Dp=10-20 nm and

0.5-10 µm were shown in Fig. 4.1c. In all three cases, the significant difference in flame

front corrugation is not visible. However, a thicker flame front was observed, suggesting that

reaction products have a longer residence time on the film when SiO2 is added. This creates

a higher level of thermal feedback between the unreacted material and products, providing

another possible explanation for the acceleration of the flame [15]. This change in flame

front morphology may be due to the reduction in the adiabatic flame temperature caused by
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the addition of SiO2. This results in fewer vaporized products which can also be responsible

for the ejection of solid and liquid products from the flame front. Yet, despite the similar

flame front thickness, the burning rate of the 10-20 nm SiO2 case is approximately two times

faster than that of the 0.5-10 µm case, which implies another possible mechanism of burning

rate alteration that requires further investigation.

From the experimental data, it is clear that particle size and weight percent both play an

important role in the determination of the burning rate. Although previous work proposed

a few mechanisms for burning rate control, they include multiple competing factors and

cannot fully explain the trends observed experimentally. Such a gap motivated computational

studies to achieve a deeper understanding of heat transfer processes between active energetic

materials and inert particles.

4.2 Thermal Structures Modified by Additives

The simulation studies were carried out to understand the thermal behaviors around an inert

particle when flame passes the particle. One-dimensional flame propagation was generated

with the selected particle diameters and the domain heights as shown in Fig. 4.2a. Note that

the domain size corresponds to the distance between two inert particles-which equivalently

means the higher domain height, the smaller mass loading- as periodic boundary conditions

were adopted for y∗ = 0 and L∗
y.

Three selected cases show representative examples of how thermal structures can be

changed by the inert particle and the domain height. Figure 4.2a shows the flame front

distortion as a general trend while the flame front passes the particle in all three cases. In

addition, these distortions are formed on a similar scale to the particle. However, the detailed

thermal behaviors are dependent on the particle size and domain height.

In the case with D=100 µm and L∗
y=2, when the flame front is in contact with the particle,

thermal thickness becomes significantly increased and the overall temperature decreases. As

a result, the flame front slows down as shown in Fig. 4.2b, then propagates once the unreacted

materials at the left side of the particle get heated over the ignition threshold. Indeed, since

L∗
y=2 corresponds to a very high SiO2 mass loading, the low energy density leads to slow
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Figure 4.2: Simulation results: (a) Flame propagation and morphology for different particle sizes and
domain heights. (b) Local propagation velocity at different y∗ locations from center to top. D=100 µm and
L∗
y=2 (left), D=100 µm and L∗

y=7 (middle), and D=1000 µm and L∗
y=10 (right).

flame propagation, resulting in enough time for the inert particle to remove heat from the

surrounding energetic materials.

On the other hand, as the domain height L∗
y increases from 2 to 7, the available energy

near an inert particle also increases. Unlike the case with L∗
y=2, the local flame distortion

can be observed only close to the particle. Thus, the local flame front at the top boundary

(y∗ = L∗
y) propagates along the axial direction with a speed of the bulk burning rate (Fig.

4.2b). However, significant heat absorption is still visible in Fig. 4.2a while the flame front

passes the particle. However, as we further increase the domain height L∗
y from 7 to 10 along

with an increase in particle diameter from 100 µm to 1000 µm, these heat absorption in

an inert particle can be merely found. The simulation results qualitatively show that flame

corrugation could happen at the particle scale, but the amount of heat transfer between the

inert particle and its surrounding energetic materials could significantly vary. Therefore, such

corrugation, energy absorption, and temperature non-uniformity in an inert particle need to

be systematically quantified to further understand how the particle inclusion changes the
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flame front shape and removes heat from the energetic materials.
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Chapter 5

Discussion

5.1 Sample Characterization

A large number of factors can contribute to changes in the burning rate. In some cases, the

use of additives can result in greater porosity in the film, and a larger amount of "empty"

space filled with air. Changes in porosity can alter heat transfer mechanisms in the film,

as the amount of air dictates the thermal conductivity of the film and the extent to which

convection is possible. To understand how the addition of SiO2 affected the porosity of the

films created, cross-sectional images of the Al/CuO/SiO2 films cut with a razor were captured

using an SEM. The images collected, shown in Fig. 5.1, displayed consistent thickness and

porosity across different additive particle sizes and mass loadings. This suggests that changes

in the observed burning rate are not due to differences in porosity between films.

The SEM was also used to image combustion products collected from a baseline case,

2.5 wt% 10-20 nm SiO2, and 0.5-10 µ SiO2. Collected images are displayed in Fig. 5.2.

The product morphology of the baseline case and the 2.5 wt% 0.5-10 µm additive are very

similar, they appear spherical with a distribution of diameters of about 30 µm and smaller.

The 2.5 wt% 10-20 nm µm additive products, however, display a very different morphology.

There were large aggregates of particles that were several hundred microns large.

This product analysis suggests that the addition of 10-20 nm SiO2 resulted in changes

to the particle sintering occurring during the reaction. This provides a possible explanation

for the significantly higher burn rate compared to other additive sizes. These results also
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necessitate future work as the focus of this study is on thermal interaction, and as such

modeling efforts do not include sintering and therefore are not able to capture the physics

of this large burning rate increase.

Figure 5.1: Cross-sectional images of three films with varying SiO2 mass loading and particle
sizes. Films were cut using a razor blade to obtain cross-section and they do not display
visible differences in porosity.
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Figure 5.2: SEM images of combustion products from 2.5 weight percent SiO2 films with
varied particle size. A baseline 0 percent SiO2 case is also included. Differences between
the 10-20 nm and the baseline case are significantly more dramatic than for the .5-10 nm
additive case.
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Figure 5.3: SEM images of combustion products from 2.5 weight percent SiO2 films with
varied particle size. A baseline 0 percent SiO2 case is also included. Differences between
the 10-20 nm and the baseline case are significantly more dramatic than for the .5-10 nm
additive case.

5.2 Non-dimensional Analysis of Thermal Interaction

The simulation results showed that temperature in the inert particle and flame morphol-

ogy are strongly dependent on the particle size and the domain height. To systematically

understand these effects and to relate these simulation results to the experimental observa-

tions, non-dimensional parameter analyses were employed with mass loading (minert/mtotal)

and Fourier number (Fo=αt/D2 = α/rbD). The Fourier number was chosen to characterize

the ratio between the time the flame front passes through the particle and the time for the

inert particle to heat up. Note that rb was fixed as the baseline burning rate, obtained by

experiments, for all the analyses.

Since excessive inert particle additives will eventually decrease the energy density of the

nanothermite composite and hence the burning rate, we aim to comprehend the observation

in Fig. 4.1 that certain mass loading actually increases the burning rate. According to Kline

et al. [18], the flame corrugation induced by inert particles is responsible for the burning

rate enhancement. Therefore, the flame front corrugation will be characterized. Moreover,

the influence of temperature gradient hypothesized by Julien et at. [19] will be characterized

by the temperature non-uniformity metrics. Finally, we further define a metric for the effect

of inert particles as a heat sink.

The three dimensionless metrics are as follows: flame front corrugation (FC, Eq. (5.1)),
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Figure 5.4: Quantification of heat transfer between the inert particle and surrounding active energetic
materials and flame corrugation as a function of (a) domain height (L∗

y) and (b) Fourier number (Fo).
Key metrics: (i) flame front corrugation, (ii) temperature non-uniformity, and (iii) energy absorption. For
reference, D=10, 100, 1000 µm correspond to Fo=1, 0.1, 0.01, respectively.

temperature non-uniformity arising in a particle (TN, Eq. (5.2)), and particle energy ab-

sorption (EA, Eq. (5.3)), to quantify the heat transfer and the flame morphology.

FC =
Lflame

Ldomain height
, (5.1)

TN =
1

Tm

[
1

N

N∑
x,y

(T (x, y)− Tm)
2

] 1
2

, (5.2)

EA =
E − E0

E0

=
Tm − T0

T0

, (5.3)

where L is the length, T is temperature, subscript 0 and m demote the reference state and the

mean value, respectively, and E is the internal energy. Eqs. 5.1-5.3 are computed between

two states: the initial condition and directly after the flame front passes the particle, as

described in Section 3.5.

To understand the effects of the inert particle mass loading on flame corrugation, temper-

ature non-uniformity, and energy absorption, simulations were performed by varying domain
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Figure 5.5: Correlations between the normalized burning rate and the Fourier number. The experimentally
obtained burning rates with particle inclusion were normalized by the baseline burning rate without particle
inclusion.

heights for fixed inert particle sizes. Figure 5.4a shows three metrics as a function of domain

height. Note that periodic boundary conditions were specified in the y-direction, so the

larger the domain height, the smaller the particle loading. There is no clear trend in the

flame corrugation metric as the domain height changes. Specifically, while flame corrugation

decreases with the largest and smallest particle sizes, flame corrugation shows a nonmono-

tonic behavior for the middle-sized case. However, such influence only applies to relatively

small domain height, corresponding to relatively high inert particle loading (>25 wt%). The

flame corrugation effect shows a decreasing trend as the loading further decreases. On the

other hand, both the energy absorption and the temperature non-uniformity metrics have

a weak positive correlation with domain height with particles of all sizes. Surprisingly, the

more the mass loading, the less the energy absorption in the inert particle (or the energy

loss in the active energetic materials).

We further investigate the effects of the Fourier number (heat transfer inside the inert

particle) on these metrics. Note that the larger the particle diameter, the smaller the Fourier

number, given the fixed burning rate. Figure 5.4b shows flame corrugation can be observed

in all cases at a similar level. However, strong correlations between the temperature non-

uniformity and energy absorption to Fourier number are shown. As the Fourier number
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increases, the temperature non-uniformity decreases while the energy absorption increases.

Recalling that the Fourier number characterizes the residence time of the particle in the

flame front compared to the time needed to heat up the inert particle, the correlations

suggest that the inert particles act as insulators when Fo is small. Recalling again that Fo

decreases as particle size increases, this suggests that a larger particle absorbs less heat and

may experience larger temperature gradients from the particle surface to the center. In other

words, a large particle is not fully heated while the flame passes the particle. Therefore, this

particle results in flame corrugation with minimal penalties of drawing heat away from the

active energetic materials. In summary, while flame corrugation is widely observed by adding

inert particles to active energetic materials, the intricate heat transfer process in the inert

particles needs to be considered to explain the trend observed in different inert particle sizes

and mass loading cases.

We finally compare these findings with the experimental results. Generally, the burning

rates increase with the particle size and mass loading in Fig. 4.1 (non-dimensional version

in Fig. 5.5) when inert particle sizes do not significantly deviate from the Al and CuO sizes.

With a large particle size, heat loss in active energetic materials can be reduced while it shows

a transient heating process with temperature non-uniformity, leading to an increase in the

burning rates in the experiments. Flame front corrugation plausibly increases the reaction

front area, also resulting in a burning rate increase. However, since such corrugation is also

affected by the energy absorption in inert particles, both thermal interaction between inert

particles and energetic materials and flame front corrugation should be taken into account

to properly tune the burning rates with additives.

49



50



Chapter 6

Conclusion and Future Work

6.1 Conclusion

In this study, we systematically investigated how heat transfer between inert particles and

their surrounding energetic materials modifies the burning rates. The experimental results

with a microscopic high-speed imaging system have shown that the burning rates increase

with an increase in particle diameter in the range of 100 nm and 100 µm and SiO2 mass

loading in all measured ranges. At a particle diameter smaller than both Al and CuO,

a drastic increase in burning rate was observed presumably due to fast reactive sintering

processes, which is still an open question and out of the scope of the current study.

Further simulation studies have revealed that the heat loss in energetic materials sur-

rounding inert particles may vary with particle sizes and mass loading. These heat transfer

effects were quantified in two metrics of energy absorption and temperature non-uniformity

in an inert particle, along with the flame front corrugation. The non-dimensional analyses

have shown that flame corrugation is observed for all particle sizes and mass loading, which

concludes that flame corrugation may not be the sole factor to alter the burning rate. On

the other hand, energy absorption and temperature non-uniformity in an inert particle have

strong correlations with particle diameter while they have weak correlations with the mass

loading. When the residence time of the inert particle inside the flame front is relatively

long compared to the time to heat it up, it acts as a heat sink. As a result, while inert

particles cause flame corrugation, at the same mass loading, smaller particles further remove

51



heat from active energetic materials. Such non-dimensional analysis explained the measured

burning rate variations with controlled inert particle sizes and mass loading. The findings

can provide guidelines for the development of energetic materials with tunable performance.

6.2 Future Work

The addition of 10-20 nm SiO2, smaller than both the Al and CuO, resulted in a burn

rate increase of 145%. The measured burn rates were significantly higher with this super

fine additive than with any of the larger particle sizes. To understand this phenomenon

combustion products were collected from three different films and imaged using an SEM.

These images revealed that products from films with the super fine additive had a different

morphology compared to the baseline case and films with larger additive particles. To

fully understand the physics responsible for this change in burning rate, a mechanism study

should be conducted to characterize the chemical reactions and thermal properties of micron

and nano-sized SiO2 additives. Future work will likely necessitate the use of more advanced

diagnostics. Analysis of product composition and in-situ temperature measurements (such as

pyrometry) could both provide additional insights into how reaction chemistry may be altered

by these additives. Additionally, a more complete understanding of chemical interaction such

as catalytic effects between SiO2 and the Al/CuO film, including binder materials, would be

advantageous. Finally, this study should be repeated with additives other than SiO2. The

current theory is that these trends in burning rate are due to the silicon dioxide’s insulating

properties, but this needs to be verified using other insulting additives.
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