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Chapter 1: |l ntroducti on

1.1 Reactive Metals and Nanoenergetics

A primary mode of energy storage and transfer utilizedniimerous
technologies and systems is chemical energy, which is predicated upon differences in
bond energies in various chemical substances that arise from electrons in different
energy levels depending on chemical bond characteristios definition of bad
ener gy accor di n gnergyaequirdd RPoAb@akiagiven tyge ef bond
betweentoms i n c er t adcommonhadereved dyedissettirgtthe beat of
atomizationof a molecule into contributions of individual bond%]. Namely, energy
is added to a compound to break its chemical bonds and if they reform into compounds
with lower total bond energy, then conservation of energy indicates that enasgy
be released in the process. An example of this is given by simple hydrogen combustion.

¢O 0 ©¢qOov Q)
The bond energies in this reaction at 298 K 488.0kJ/mol for HH, 498.5 kJ/mol
for O=0, and 463.5 kJ/mol for-@ [2]. The total bond energy of the reactaats370.5
kJ and the products854.0 kJ, and recalling energy is required to break chemical bonds
and released when bonds are formed reveals this combustiction releases 483.5
kJ.

Energetic materials (EM) are those like the hydrogen/oxygen mixture

considered above: which contain a large amount of potential chemical energy that upon

reaction can be released. Such materials are usually composed of adfogldiner
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(e.g. the Hand Q respectively) and depending on their purpose can be classified as
fuels (e.g. gasoline/airyocket propellants (e.g. RR/LOX), gun propellants (e.g.
smokeless powder), pyrotechnics (esglfur/potassium nitrate), drigh explosives

(e.g. TNT).The energy potential does not change as long as the chemical composition
of the EM remains the same which lends particular usefulness to EM for energy storage.
Many of these EM types/purposes have specific desired characteristigdingcl
minimum energy density or energy release rate. For example, high explosives are
meant to detonate and use the shockwave and heat to destroy objects and thusly must
have an exceedingly high energy release rate compared to other EMs. Because the fuel
and oxidizer in these formulations must interact to react and release chemical energy,
their proximity to each othefamong other characteristics) dictates thte of the
reaction High explosives are usually monomolecular EMs meaning the fuel and
oxidizer are contained within a single molecule like RDX so that their proximity is
incredibly close and thusly their energy release rates tremendousl{3higbn the

basis of oxidation and fluorination energetiEgyure1l shows the relative combustion
energyavailable from different atomsp to Argon along with bulk densities of those
species, illustrating how EM characteristics are highly dependent on composition.
Notably, several metals includjrnLi, Be, B, Mg, Al and Si have high potential for
efficient application in EMs owing to their high combastenergies and bulk densities
andfor these reasons are commonly employed in solid rocket engitiesugh Be is

highly toxic and rarely used}]. Alternatively while monomolecwdr explosives



feature high energy release rates, they are mostly composed of CHNO compounds

which have relatively low energy densit{&$.
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Figure 1. Combustion Energy of Elemen& with density of elements (liquified
densities at b.p. shown for gases at s.t.p.).

Metal fuels poseaunique challenges when used BMs, one of which is the
control of their solid form at room temperature. Energetic liquids and gases can be
flowed, compressed, and dispersed for intimate mixing with oxidizers. However, these
tasks are notrivial with a solid BM and conventionally metals have been ground into
powders for easier storage, manipulation, and most of all mixing withxiaizing
component to facilitate combustion reactions. Returning to the discussion of reaction
rates and the proximity of the fuehdoxidizer in composite EMs, thength scalef
metal powder particleplays a key rolein the resultant energy release rate.
Conventionally, metal powdgrare ground to micron sizeghich suffer fromhigh

ignition temperatures (as high as 2350 K fomalhwum[7]), long ignition delays, and
3



low energy release rates due to slogterogeneouseactions limited by diffusion of
oxidizer and/or fuel to reach the other component through passivating metal oxide
layers[5]. Following the logic of the shorter length scales between fuel and oxidizer in
monomolecular explosives, metadsed EMs benefit from smaller particle sizes and
greater interfeial mixing of fuel and oxidizerthe ideal system hypothetically being
composed of metal and oxidizer homogenously mixed at the finest possible scale
without chemical bonding wherein reaction rates are no longer limited by slow
heterogeneoumass transpor5]. For these reasons, research on metal combustion
reemerged heavily in the 2008adonward as the ability to control atiaracterize
nanoscale materials grew more roufidp

Physiochemical properties of nanoparticles can vary significantly from the bulk
material due to the increasing fraction of surface atoms with decreasing particle size
and the excess energy attributed to these surface ptpfjsNanometals compared to
micronsized metal powders have beehserved experimentally to featulewer
ignition temperature, lower ignition delays, and significantly higher energy release
rates due to more intimate mixingade possible as particle size decrea$ép
However, metals also feature a passivatinter metal oxide layer on the order of a
few nanometers in thickness and as the particledgizeeases this neenergetic layer
comprises an increasing and eventually overwhelming fraction of the material
drastically decreasing the energy content of a nanorfigtaDevelopment of avel

methodsfor passiating energetic nanomaterials tteerefore an ongoing subject of



scientific research so@ prevention of the metal oxide layer formation could permit

smaller useful nanometal particle sizes and thusly higher reactioifjates

1.1.1 Nanothermites anReactive Sintering

When the metal fuel in an EM and an oxidizer composed of metal oxide are
both synthesized and mixedasinap ar t i cl es, they formul ate a
materials, the metalA) and metal oxidgBOx) compositions must be suitable to
undergo a thermodynamically favoralaed usually highly exothermiatermetallic
chemical reaction of the form beld®].

0 -00 ©-6 00 2

Aluminum is canmonly used as the reactive metal with metal oxides such as copper
oxide, iron oxide, or bismuth oxide used as the oxidizer. Materials such as these are
readily available as nanoparticles for mixing into nanothermites with significantly
higher reaction rais than microrsizedthermite powder§7].

A detrimental phenomenon in practical nanotherrogmbustion seen earlier
in reactive Al/Ni system§9] was highlighted in nAbased systemia 2012 wherthis
fireactive sintering was observedn nAl nanothermiteson a timescale relevant to
ignition and combustion of the mater[aD]. As-received energetic nanopatrticles like
nanoal uminum (nAl) are frequent hoyweverl ai med
TEM of the material reveals that primary particlefs this approximate size are
aggregated into fractal shapes approximately an order of magnitude larger, as
exemplified byFigure2(a) showing TEMofi 8 0 nm pri mary particle

Novacentrix. Demonstrated figure 2, as suh particles are heated their increased
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mobility causes coalescence of their nanostructured, highly connected primary particles
into | arger cohesive bodies, a process cal
EM as it heats towards ignitidd0, 11} Using insitu microscopywith high heating

rates meant to emulate nanothermite reaction condjtiégen et al. have shown tha

this process occurs for both nAl alone and nAl/CuO nanothermites, the latter of which

can occuin 0.55.0uysdependi ng on the par tsepatated si ze a
adjoining spheroidso while pressure cel/l e
those reactions can reach peak pressure on the order of 10 ps from the start of heating

[11, 12] Recalling that shorter composite EM length scales decreases diffusion
distances between fuel and oxidizer thereby speeding up the rate limiting
heterogeneouseaction steps, it follows that reactive sintering detrimentally limits the
improvenents realized as particle sizes approach the nanoscale since their intimate

mixing and short length scale is lost by reactive sintering in times relevant to
nanothermite ignition. If nanothermites are designed with architectures which can

either prevent r&ctive sintering or maintain the fuel/oxidizer interfacial contact and

small length scales of nanoenergetics despite reactive sintering, then significant

reactivity improvements could be realiZdd].



200 nm

Figure 2: 80 nm primary particle sizeAl asreceived fronNovacentrix(@) heated

with 12 ns laser pulses at 1.23 k3/fn-h) by Egan et al. depicting sintering due to

heating times relevant to nanothermite reaction tifid$. Reprinted with
permission fromAIP Publishing LLC

1.1.2 Mesoparticl&€€omposites

Research seeking to identify such an architecture for nanothermites whigh coul
overcome reactive sintering yielflgositive findings soon after thg@nteringwas
shown experimentally in nAl nanothermites. Wang et al. usedrespcay particle
assembly to formulate gelled nAl microspheres with high porosity held together with a
nitrocellulose (NC) binder, one which would decompose rapidly to generate gas at
relatively low temperature (~170 °C) compared to nanothermite ignérmapératures
[13]. Testing this material with wire ignition experiments, this work showed that such
Amesoparticleso (MPs) significantly reduce
burning time of the n@aluminum compared to simple mixtures of nAl and NC without

the electrospray preassemil3]. In a followup study,this methodology was
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extended to nAl/CuO nanothermites in #Gund MPs and both wire ngion and
constarvolume pressure cell combustion experiments demonstrated enhanced
reactivity attributed to the MRrchitectureevidenced by higher maximum pressures
and pressurization rates and longer burning times when electrospray preparation was
utilized [14]. By electrospraying nanothermites with at leastt% NC binde, the
authors suggested that the NC decomposition step prior to thermite ignition expands
the structure with heated gas promoting reaction of a locallyedisd hot cloud of
nanothermitewith low agglomerate interconnectivity thereby mitigating reactive
sintering.

This principle has been reinforced by further research publishedtsipcebe
the mechanisms of the MP architecture and destnate various applications.
Incorporation of @dine into electrospray precursaesulted in iodinempregnated
nAl/CuO MPs which, at the cost of some performance, released iodine for biocidal
applications upon reaction theretbgmonstratinghe flexiblenature of the electrospray
assembly method for tailoring specific nanothernmitgredientsvithout unacceptable
detriment to combustion performanideé]. Application of nAl MPs in experimental
solid rocket propellants yielded higher burning rates than conventional rsicesh
aluminum particles in16]. While nanoparticles pose specific processing challenges
precluding their widspreaduse in solid rockets owintp their high specific surface
area, MPs are generally larger particles with the surface area and reactivity of nanoscale
aluminum and therefore could mitigate such challef§j@s More recently Jacob et

al. sought to experimentally demonstrate and investigate the muglgsstetdy which



the MPstrategy improves combusti¢h7]. That study electsprayed nAlI/NC MPs in

a custom apparatus which entrained the resultant MPs imeamsol flow for
characterization and combustitesting by injection into the methane/oxygen flame of

a Henken burner. Results showed short burning times of the nAl/NC MPs similar to
those of the smallest agglomerates irrexived nAl, attributed to high combustion
rates of these materials and sessfing the MP structure promoted combustion of small
nAl agglomerates rather than large fractal aggregates. By quenching and examining
combustion products by SEM, the investigators also collected evidence of smaller
product particle sizes from the MP nAlINcompared to commercial nAl and proposed

a two-stepmechanism of MP combustion wherein NC decomposes at relatively low
temperature to disperse nAl particles which then oxidize classically as separate small
groups[17]. This constitutes experimental evidence that electrospray assembly of
nanoenergetic materials is an effective method to mitigate detrimental performance

effects of reactiveintering.

1.2 Metallizing Liquid Propellants

The application of various propulsion methods is limited by the operating
envelope of the flight vehicle and energy source util[a¢dAir-breathing propulsion,
for instance, can deliver a higher specific impulse than rockets by utilizing atmospheric
oxygen instead of an dooard oxidizer, but cannot operate outside specific flight
envelopes without ample oxygen delivery to the endier]. Such technological
limitations on propulsion can be mitigated by modifying the combustion properties of

fuels and propellants available to vehicle enginééfith their high densityspecific
9



enthalpy of combustion, energetic metals can be added to lardpeind explosives to
drastically increase the volumetric energy density as evidence#figare 3.
Historically, micronsized metal particles have been studied and used in rocket
propellant formulations as either the primary fuel (e.g. solid composite rocket
propellants) or as an additive to increase the energy content of solid and gelled
propellants.As mentioned previouslypanoparticles (with diameters betweel (D

nm) have demonstrated shorter ignition delays and higher burning rates than larger
particles due to their increasing surface to voluat®ras particle size decrea$ék
Nanoscale metal additives are also better suited to ligragellant incorporation since

they can replace traditionally nemergetic gelling agents and boast lower settling
velocities than larger particlebowever, olloidal stability also remains a significant
challenge as nanopatrticles are highly prone toeagde and settle out of suspension

before the reactive benefibé the additive can be utilizdd].
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Figure 3: Volume and mass specific maximum combustion enthalpies for select
energetic metals, liquid fuels, and explosiased on data ifp] .
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Thermodynamically,the benefit of metallizing a hydrocarbon to increase
energy density for higher volumienited payload capabilitis described by an increase
in densityspecific imulse upon metal additiof6, 18]. At ample loadings, metal
particulate additivesan replace conventionally inert gelling agents to form a higher
viscosity propellant which is generally less prone to leaks, electrostatic discharge,
i mpact, and friction without [4aTherocket d pr op e

equation relatethe vehicle velocity changé&/ in m/s), specific impulse® in s),
gravitation accelerationq, initial mass @ in kg), and final massx( in kg):
Yo 0Q (3)

Vehicle performance is therefatharacterized by several metrics including the
velocity change, specific impulse, deliverable payload mass, and vehicle size.
Considering a mission constraining velocity change and vehicle size, e.g. for an upper
stage rocket, specific impulse and payloaass generally characterizes performance.
Specific impulse is related to the enthalpy change of the propellant, or the heat release
per unit weight. Assuming initial mass is the propellapt, (gy ) payload @ pay 1)o a d
and dry vehicle masses f,), payload mass is proportional to propellant density

neglecting aerodynamic forces for a voluoanstrained missiof6].

™~

(O 0 G (4)
cVxPaoneerjroﬂp dDry (5)

where”Y is chamber temperature atidw is the molecular weight of the combustion

products. Therefore, elements beneficial f& and payload mass with high
11



combustion energy and low molecular weight, along with high defevident in
Figurel) include Beand B followed by Aland Si. Be is unsuitable for its high toxicity
and B, while a topic of ongoing research, so far exhibits poor combustion performance.
Therefore,Al and Si are attractive metallizing agents despite their higher molecular
weights owing to their high combustion energy and density.

Precise theoretical analysis of propellant performance is highly mission

specific, but noting the importance ‘@ and payload masZurawski et alexpands

the exponential term iBguation5 to show that payload mass can serve as a preliminary

propellant metric proportional tq, , 3, wheret is a missiorspecific constant which

generally correlates with'o (e . g . nda2 for a n[6]. Hpnpeethe st age
importance 6soc al | ed -sipeen giitcy i mpul seo. To eval ua
calculations were performed in Cheefab for an ideal nozzle expanding from 68 atm

chamber pressure to 1 atm ambient with varying metal loadings in the propellant. The

O/F ratio of eals propellant formulation was optimized to maximiZ® and the

resulting densityspecific impulse (n=1) is shown Figure4. Benefits of metallizing

RP-1 and Hydrazine with Al and Si are very similar at less than 50 wt% metal and both

would theoretically continue to provide payload mass benefits at higher loadings.
Consistent with similar analyses for rocket performance isese&rom Al addition

reviewed in[7], this analysis illustrates the benefit of metallizing liquid propellants

with Al or Si for increased payload mass capabilities oftomissions.
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Figure 4: Theoretical DensitySpecific Impulse at optimized O/F ratios calculated
with Cheetalb.0.

In light of this, ncreasing the volumetric energy density of liquid
fuels/propellants with the addition of solidetal particleseceived attention since
proposed in 196219]. However, subsequent investigations examirisigrry fuel®
of micronsized metal powders in combustible liquids destmted deleterious
agglomeration effects which caused low burning rates and poor combustion
efficiencies[20]. Generally, droplets of slurry fuels were observed to combust in two
stages: carrier liquid combustiondaburnoff which precedes ignition and combustion
of the micronparticle additive$20]. Significant evidence has been collected showing
that agglomerates are formed within evaporating and/or combusting droplets from the
micronsized particles and these frequently created shells with hollow cemtdrs
created barriers to mass and heat transfer which caused slower and more inefficient
combustion performancf1]. Research on slurry fuels also identified disruptive
burning characterized by stochastic physical deformation of droplets and fidomcas
resulted in deviations from the classic&HBw linear relationship between the square

of droplet diameter the burning tirfi20]. Any added energy density from micrsized
13



metal powders used to formulate $beslurry fuels fails to motivate the unacceptably

low burning rates and poor combustion efficiencies observed compared to the carrier
liquids. Even if the combustion efficiency could be improved, low burning rates would
necessitate larger combustion chamsbdrastically increasing the dry weight of a
vehicle and precluding any benefits to propulsion technology via increased propellant
density for improved payload mass capabilities. As such, burning rates must be
increased to at least that of the carriguid for solid metal loadings in liquid
propellants to be viable. Recall that when nanoparticle technology reached the
combustion research community, smaller particle sizes were quickly seen as a means

to increase reaction rates relative to conventionatanisized metal particles.

1.3 Nanofuels Literature Review

1.3.1 Summary of Literature Review

In 1995, Choi and Eastman were the first to demonstrate that smaller particle
sizes in the nanoscale ran@gdso enables the formulation of "nanofluids" in which
repulsive electrostatic forces and Brownian motion counteract gravitational settling to
suspend the NPs in the liqUit®]. Research in iB area has grown rapidly since with
the incorporation ofmanoparticles into liquidémpacting almost every field from
medicine to basic physics. When such a strategy is gegbkpecifically with energetic
nanoparticle and carrier liquid, the resultant suspensgoan bereferredto as a
Ananof uel o0to Web ofcSoiencepubligations whose stated topic includes

Ainanofl ui do or Afinanofuel 0 have become

14

mu c h



(shown in Figure 5), the sameperiod in which nanoscale materials influenced
combustion research with the advenimeprovednanoparticle generation, control, and

characterization technologig4 .
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Clarivate Web of Science

The last decade of emerging research in nanofuel evaporation and combustion
heavily supports the early promieé metal and metal oxide additives in liquid fuels
for increased energy densities, shortened ignition delay times, higher heats of
combustion, and promotion of evaporation and combustion rates. A variety of
interacting processes and mechanisms have beponged and supported by empirical
observation including most notably temperature increase by radiative absorption of the
additives, physical mixing and eruption of material by microexplosions, and the
relatively rare instance of simultaneous particle/stiieurning. However, particle

aggregation within the droplet has also been shown to occur at a similar timescale of
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droplet evaporation and combustion, thereby limitingpst of t h e additivebo

participation in combustion to the final stages of the drojfdirhe.

1.3.2 Early studies on nanoparticles in diesel, jet fuels, and monopropellants

Much of the early nanofuel research examined direct use of nanoparticles as
diesel fuel additives for compression ignition enginémious nanoparticle additives
wereshown to decrease NOX, hydrocarbon, and/or CO emissions including those of Al
[22], CeQ [23], F&04[24], and Carbon Nanotubes (CN[Pp]. Mehta et al. showed
that addition of nAl and nanibon increased exhaust temperature, a negative result in
their caseigce thsincreased NOx emissiofid6]. However, thigesultreinforces that
nanometal addition can affect the energetics realized from liquid. figglgion is
commonly promoted with the addition of nanoparticle metals or metal oxides to diesel
exemplified by nAl ornanoscaléAl Oz increasingdroplet ignition probability on a
constant temperatuteotplate[27], and nAl, nFe, nB decrsig ignition delay in a
single cylinder diesel engirjg6]. Brake thermal efficiencies and cylinder combustion
heat havelao been seen to increase in engine tests due to the presenc¢2¥] mad
CNTs[25] in waterdiesel emulsions. While similar additives in diesel (nAl, nFe, nB)
have shown potential to decrease fuel consumption with a lower igdigiary and
higher calorific value, they do so only marginally at high engine loads. No effect and
even a marginal decrease of thermal efficiency was observed wit{Z3@nd FeO>
[24] nanoparticle dditives in diesel. A range of potential mechanisms have been set
forth to account for these effects including catalgintivity of metal oxideg22] and

enhanced radiative heat transfer of absorbing addif/gs A recent comprehensive
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review of research concerning nanoscale additives in diesel flarelsompression
ignition engines was published by Shaafi ef28].

Jet fuels and monopropellanés the base liquid fuel also receivedrly
research attention concurrently with diesel. Metal oxide particles have been shown to
participate directly or catalytically in the oxidation of I@in an atonzed flow reactor
[29] and nAl reduced the apparent ignition delay of8Jm a rapid compression
machine[30]. Efforts with nitromethane in pressure vessels have shown increased
burning rates with the addition dtinctionalized graphene she§dd], silica[32, 33]
AIOOH [31], Al203[33], or nAI[32, 34] More re@ntly as the research effort devoted
to nanoscale additives for combusting liquids has accelerated, savetapics have
garnered specific attention includinganoscale carbehased additives including
carbon nanotubesanoparticlesgraphengandnanoplatelets in jet fuer kerosene
increasing burning raseand causingroplet disruption$35, 36} effects of different
chemical dispersants and stabilizingethods including sorbitan oleate, oleic acid
Tween 85,and surface modification by silane cappmy the stability of boron and
alumirum nanofuel$37-39]; andeffects of nanoscale additives (usuallg@®sg) on the

spray characteristics of base fugl6-42].

1.3.3 Nanometals in hydrocarbon droplet experiments

A relevantseries of droplet evaporation and autoignition studli@s been
published by coworkers in the researcbuyr of ProfessoSeung Wook Baek at the
Korea Advanced Institute of Science and Technoldgyheir earlier studiesn this

topic, an isothermal furnaces lowered over droplets suspended on a SiC filament to
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observe evaporation and combustion upaioignition[43-48]. Results ofkeros@e

and heptardased nanofuels with surfactasdated nAl suggestrelatiorship between
physical dropletdisruption from gas formations/microexplosiomsd the degree of
evaporation or buing rate increas¢43-46]. In kerosene, no change in evaporation
rate was observed at 480(°C while disruptive burning emerged at 7800°C with

overall evaporation rate increases up to 57% fom@b Al at 80C°C [44]. The degree

of disruption (frequency and intensity of microexplosions) increased with temperature
and nAl concentratiofd5]. A similar study withheptane droplet evaporation showed
little to no droplet disruption with a marginal evaporation rate decrease at T°& 300
and increase at T > 49D [43]. When heptane/nAl droplets were autoignited,
microexplosions were observed whose intensity increased with temperature causing
shorter burmg times than pure droplets at T > PG0[46]. The authors attributed
decreases in the evaporation rate of heptane dsogtidow temperatures to compact
agglomerate/surfactant shells forming in the droplets which were much more porous at
high temperatures where the surfactant decompd&sMore recent work by the
group demonstrated increased radiative heat flux to a droplet of WR&h
nanoparticles of Az are incorporatef49].

The research group of Professbr Qiao at Purdue University has also
publishedseveralrelevant studies of nanofuels in droplet contimuns experiments.
Nanoaluminum in ethanol amddecane has been most extensively studied byrthe
who began bynvestigatingthe evaporation of surfactatrteated micronand nane

aluminum in ethanol and-decane in different convective environm®[50]. This
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work showed that nAl can increase the evaporation rate of both solvents but that this
was likely qualified by th evaporation taking place with a shorter timescale than that

of large particle aggregate formatiofp0]. In cases with higherconvective
environments, a lower boiling point solvent, and/or lower particle concentration, (cases
in which the baseline evaporation takes place at shorter timescales and aggregation at
longer timescales), the droplet diameter evolutions depart from?tteenpredictions

and evaporation times decrease compared to the pure §6@pr@@ontrary conditions

with nAl in ethanol om-decane showed either no change in@Rdaw evolution and
evaporation ratef the solvent, or even a decrease in evaporation rate with decane
based nanofuelfs0]. Particle aggregation modeling suggedsthat longer droplet
lifetimes allows formation of a greater number of larger agglomerates that inhibit liquid
transport and diffusion and caroal overall droplet evaporatids0]. In a subsequent

study, the authors ignited the same formulations to observe the combustion
characteristics which supported the presence of particle aggregation dropigt
evaporation/combustiorf51]. Most notably, nAl formulations formed #arge
agglomerate as the droplets burned and once the liquid droplet had been consumed this
large agglomerate ignited in most cagé4]. Such as observation proves that
significant particle aggregation occurs on the same timescale as the droplet evaporation
and combustion. Both micron and nandecauminum additives induced disruptive
dropl et combustion by causing | ocal Amicro
or material release under or within the flame; however, microexplosions observed in

the micronAl formulations occurred later and tigreater intensity than those of nAl
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formulations[51]. By drying unignited droplets and performing microscopy on the
products, the authors propose that the nature of the aggregates formed, based on particle
size, accounted for the difference in microexplosioseobationg51]. A similar study

of boron and ron nanoparticle additives spgrted this proposed role of particle
aggregation: dense suspensions showed particles predominantly burning as large
aggegates in the late stages droplet combustion and most ethaialsed boron
nanofuels failed to ignite latstage boron aggregat§¢s2]. Green color emission
characteristic of B@provided evidence of see simultaneous burning of the carrier
liquid and patrticles while dilute suspensions without surfactant displayed ejection of
particles by physical droplet disruptions which also facilitated simultaneous burning
[52]. The authors propose that the source of microexplosions could be a combination
of particle aggregation (iron caused earlier microexplosion® fsaspected faster
aggregation) and water absorption by the soli&2jt Radiative absorption by particle
addtives was also shown to be a significant mechanism of droplet heating with nAl,
nAl>O3, CNTs, and carbon partid¢53, 54} In the wavelength range of 3800nm,

the addition of nAl to ethanol decreases the transmission of the formulation from
approximated 90% to 2% o0 further investigate the notion thanger droplet lifetimes
facilitate more formation of particle aggregates, inhibiting evaporation rate promotion,
asubsequent study reductb@ droplet lifetimes by generating a stream of smaller, 150
400 micron microdroplets and observing their combug&6]. Similar toprior studies,
microexplosions disruptetde¢burning behavior mostly in late stageslodplet burning

but overall the ethandlased nanofuels showed the greatest increase imbuate
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with the addition of nABmong the studies discussed with a 140% increase witéo5

of 80-nm nAl particles. Tie authors theoretically considered the role of radiative heat
absorption by the particles to show that resulting temperature increases are a likely
significant mechanism, it cannot account for the entirety of the burn rate increases
observed.The Qiao grap has also published work using molecular dynamics
simulations to suggest that latent heat of vaporization of water and ethanol nanofluids
is decreased big or Fe nanoparticle addition while nAl inclusion slightly increases
the heat of vaporizatiofb6]. Recent publications from the group have focused on
graphite nanoparticle additives to ethanol droplets, specifically to better understand the
role of radiation effectdResults indicate that enhanced radiatibeorptiorikely plays

a role in increasingourning rates of the droplets and the radiative increase is
experienced most near the surface of the drof&isaand tharadiative absormin and
particle agglomeration compete to affect evaporation rates in droplets of

graphite/ethanol nanofu€fs8].

1.3.4 Mechanisms of nanoparticles in hydrocarbon droplets

Droplet evaporation and combustion studies have identified important
interacting processes and mechanisms actipenuNP addition[43-46, 5055].
Radiative absorption of the additive from the flame, increased heat of combustion upon
additive ignition, and droplet disruptions causing physical mixing and secondary
atomization all promote evaporation and burning rates of nanofuel drgplet§, 53
55]. Combusting slurre composed of micresized particles studied prior to 1990

suffered problematic effects due to particle agglomeration including low burning rates
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and combustion efficiencig®0]. While transitioning from micronto naneparticles
significantly decreses the burning time and ignition delay of the solids, NPs are still
particularly prone to agglomeration that frequently necessitates chemical stabilization
which can inhibit particle combustigd]. Even when a stable nanofuel is attained, the
NP mass fraction increases near the surface of the droplet as liquidsgdsring
combustion, thereby forming agglomerated shells and inhibiting trangg@jrtNP
agglomeration has been shown to occur at a timescale similar to that of droplet
evaporation and burning, i n many <cases de
combustion (by induced gas generation or agglomerate ignition) to the late stages of
the droplet lifetime and mitigating evaporation or burning rate incr¢4seS52, 54]or

even decreasing droplet evaporation rid8s 50}

Of these mechanisms, droplet disruption seems particularly capable of affecting
burning rates by counteracting the formation of particle agglomerates, increasing
physical mixing within the droplet (promoting species and thermal transport),
deforming the droplet thereby changing the-kigsid interfacial area, and causing
secondary atomizatn of smaller dropletf9]. Disruptions are caused when the rate
at which liquid is gasified within the droplet is higher than the rate at which the gas
produced can escape, i.e. when internal gasification increases or multiphase transport
decreases apmiably. Gasification rates can increasesbyeraimechanisms including
heterogeneous nucleation or localized heating around absorbing or reacting particles.
When a droplet includes multiple liquid components with differing boiling points, one

component can become superheated by the other and gasifidy regusing
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disruptiong60-63]. Particle agglomeration, especially wheshall is formed, will also
induce disruptions by inhibiting transport of gasified products through the
agglomerates until the gas pressure exceeds thepimticle forces and the gas is
rapidly released from the droplé&9]. Work of Miglani and Basu hasighlighted the
apparent feedback loop between agglomerate shell formations and disruptions
dismantling agglomerates or inhibiting shell groydB]. The study found that dense
particle loadings caused strong shell formation dominating over gas ejectiais

were largely suppressed, while dilute loadings showed high ejection frequencies that
inhibited shell formatiorf59]. Since dominant agglomeration depresses the burning
rate while disruptions enhance it, this interplay of mechanisms is a possilole feas

the variety of burning rate effects observed in literature with NP addition.

1.5 Molecular Aluminum Additives

Molecular cluster materials consisting of low valency metals soluble in
hydrocarbons and other potential fuels provide an opportunity to funipeove upon
nanoscale metal additives. Such cluster materials used within their solubility limit
would be significantly less prone to forming solid phase agglomerates, which can cause
system clogs, extend particle burning times, and delay particleigtut late stages of
droplet combustion. Metal cluster additives would maintain a highly tunable nature
with properties controllable by compositi@and sizg7]. Even in compounds with
higher Al oxidation states, organoaluminum molecules miscible in hydrocarbons are
promising for propulsion andnergdts applications. Alkylaluminum$or example

have been identified for use as hypergols sincg thact readily with aif64-66].
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Utilization of materials with lower oxidation states of the aluminum however are more
attractive for increasing energy density of carrier liguith more chemical potential
energy available from the lower oxidation aluminum aorietal clusters of
aluminum atoms in a low valency state can be synthesized from aluminum halides, but
are highly reactive with water and air and can be thermally unstable and therefore are
usually stabilized by organic ligands, e.g. Al(l) tetramerictelufAIBrNEts]4 (Et =

C2Hs) stabilized by triethylamine which is solubile a hydrocarbon csolvent of
toluene andther[67-69]. The instability of such materials adds a significant practical
complication to their investigation and use as agents to metalfideodarbons,
necessitatingovel experimental methods; howevegittpromise of high reactivity in

a combustion system is attractive for increased energy densities along with high

reaction rates and therefore motivates their consideration.

1.6 Droplet Combustion Theory

An analyticalframework is required to provide a basis of analysis for the
combustion of liquid fuels with metallizing additives. Reducing complicéitedd
propellantpropulsion systems down to thdasic combustion process reveals spray
combustionin a chambepredicated uporthe burningof numerous atomized droplets.
Consideration of a single combusting droplet to improve understanding of a spray
combustion system is a classical simplification step first considered in scientific
research in the 1950s and provideamanageable scope to begin investigating effects

of nanoscale or soluble metallizing agents on liquid hydrocarbon combustion.
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Consideration of a phenomenological description of single droplet combustion
theory dates back to the earliest descriptions afasigteady state symmetrical case
for a combusting droplet which, using numerous simplifying assumptions fozektkal
physical and thermal characteristics, suggested that a-simglponent isolated droplet
would burn with a constant flame staaoff ratio, flame temperature, and burning rate
(represented by the square of the droplet diameter versus[fih@é®]. Other early
studies expanded tipeoblem constraintsonsidered to cover multicomponent droplets
and combustion in a flowing gd33-75] and much of this pioneering work was
summarized inseveralreviews published sincgl, 7679]. Precise experimental
validation of the early idealized theao§[70, 71] in which the droplet is isolated and
motionless wih a concentric flame has not been perfectly attained but microgravity
experimentation in dropwers beginning with Kumagai et aJ80, 81] have
demonstrated general validity of thé-Bw with some quantitative and few qualitative
variances which werdescribedmore accurately in later analyaicstudies including
consideration of tim@&ependent droplet heap [82], finite-rate chemical kinetics
effects[83-85], transport variations based on ronity Lewis number$86], andfuel
vapor accumulatiof87]. Overall, theD?-law, which results from the idealized analysis
linearly relating the square of the droplet diameter and tipneyvides a qudy
approximation of single component droplet burning under both normal and
microgravity conditionsvherein experimental observations readily shiogvpredicted
linear regression of the square of the droplet diameter versus time fdéalfreg and

suspaded droplets after an initial heap period not exceeding 0% of the total

25



burning time[75]. An interested reader is directed to numerous available reviews and
book chapters on the subject for a detailed description of tHawband itsmore
accurateanalytical extensions including2, 75, 88] but a brief description of the
assumptions physiochemical processesnd important results of an analytical
representation of idealized droplet combustion leadintpe®?-law is covered here

based orsummariesn [75, 88]

1.6.1 Classical Blaw for droplet ombustion

Spherical idealized droplet combustion, as illustratedrigure 6, is the
situationwhich arises as fuel evaporates and its vapor is transported away from the
droplet by Fickian diffusion and Stefan flow resulting from expansion upon its
gasificatian, while oxidizer from the atmosphere diffuses towards the dtayhere the
two components mix téorm a reactive layer in the flame zone. This reaction zone is
assumed to be a thin sheet wherein chemical kinetics occur infinitely fast and the
process igiffusion-controlled. Temperature increagaslially from the boiling point
of the liquid at the droplet surface, to the flame temperature at the reaction sheet and
down to the ambient temperatuseyond Heat energy is transferred from the flame
zone to lhe droplet primarily by conduction and leads to gasification of fuel at the
droplet surface. Products of combustion diffuse in both directions away from the flame
zone.The three most important physical processes governing this problem are gas
phase masgdnsport, gaphase heat conduction, and phase change at the-ggaid

interface.
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Figure 6: Cartoondepiction of idealized symmetrical droplet combustion identifying
important physiochemical processes.

To describe the coupled physical processes analytically, several assumptions
are made including: steadyate combustion, spherical symmetry, sirgdenponent
stationary liquid fuel, constant temperature of the droplet equal to the liquid boiling
point, infinite chemical reaction rates, negligible buoyancy effects, no radiative heat
transfer, constant physical properties of the liquid and gases withLiemitg numbers,
stoichiometric fuel/oxidizer concentrations at the flame, and negligible Soret and
Dufour effectsGoverning equations for mass and energy conservatidmppropriate

boundary conditionare therefore:

(ORI | (6)

"W O m (7)
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where” is the gas densitypis velocity, the coupling functioh  — (¢ isthe

stoichiometric O/F ratiequal to 1 for the fuelndn is the heat of combustior), and

0 are oxidizer and fuel concentrations, T is tempeeaturis the gas velocity at the
droplet surface, is thermal conductivityr] is latent heat of vaporization, and the

and Hb subscripts refer to the droplet surface and ambient environment respectively.
Integratingequation6 yields:

”

) "0 Conshkant (10

showing that the radial mass flux in the system outside the droplebisstanta

“ ”

T iv . Integratingequation?, substituting wittEquationl0, and applying boundary
conditions leads to expressions for the temperature distributions on either side of the
flame which can be used to find the flame front posiiioryy defining the temperature

atthe flaméY “Yati 1 andto derive the ining rated , by defiring the surface

temperature (equal to the liquid boiling poifit) “Yati i :

i - 11

' — (11

& 1"l p 8 12)
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where B is the Spalding transfer number. Flame temperature and standoff ratio are also

readily derived given by:

0% : (14)
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Since the droplet loses mass by vaporizatioly, conservation of mass for the liquid

phase droplet dictates:
a Tt "ol p o (16)
where” is the liquid density and the integral of this equation now leads to%teD
in which'Qy, is the initial droplet diameter and K is the burning rate constant:
Q Qp 0O 17)
0 — yYy—11p 6 (18)
If a droplet is assumed to burn completely, this burning rate constardlsmhe

approximated using the initial droplet diameter and total burning tme,

o —f ey A~ (19)

1.6.2 Important practical deviations from th&lBw

Generally, the Blaw is a good approximation for droplet combustion even
under normal gravity conditions. A few specific invalidities o tainalyticaprediction
areparticulaty relevantto expementation for propellant additive investigatioi$ie
idealizedanalytical modelboveassumes uniform, time invariant droplet temperature
equal to the liquid boiling point. While this assumptiomeasonable once the droplet
has reached its boiling pdjnt is invalid during the earliest stage of droplet combustion

during which it ignites at room temperature and a finite amount of energguged
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to heat the droplenamely” 6 "Y “Y where T is the boiling point and dlis the

initial droplet temperatureln practical experiments, this hagi time is evident as an
initial deviation from linearity ofiropletdiameter squared versus time, an example of
which is depicted irFFigure 7. This shows data discussed in Chapter 4: the droplet
diameter versus time, both normalized by initial droplet diameter, measured as a droplet
of kerosene with surfactant burns on a horizontal SiC filament in air ignited as a pilo
methane diffusion flame momentarily passes underneath (which defleatsotiiet
andfilament slightly causing the underlying oscillation visible in the diameter signal).
The first st a-gp 0 anho idrtearidy asithe erapiet expands
slightly asit heats from room temperature before settling into a linear regression

consistent with the Blaw.
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Figure 7: Measured diameter evolution in time of a droplet of kerosene with 40
mg/mL of TOPO surfactant suspendecadmorizontal SiC filament combusting in air
when ignited by a passing methane pilot (as part of experimentation described in
Chapter 4).
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Figure7 also illustrates asther important practical deviation from the idealized
model: effects of multicomponent fueds studied primarily by Law and coworkers
[60-63]. Even though the surfactant in this kerosene droplet is also in the liquid phase,
it has different physicaproperties tharthe primary kerosene component including
boiling point. Qualitéively, when a combusting droplet is composed of multiple
components of differing enough volatilities, burning begins consistent with?teD
for the more volatile componesiich that the concentration of the component of lower
volatility increases nedhe droplet surface. As the mixture of less volatile component
at the droplet surface increases, the droplet heats up closer to the boiling point of that
component which will superheat the higher volatility component remaining within the
mixture at the drplet coreheld by diffusion resistance. In the event this superheat
reaches a high enough level, homogenous nucleation of the high volatility component
in the core generates a gas disruption som
example of suchdisruptive drop t burning id sshpwnvien tkhegi 6
Figure 7 since the boiling point of the surfactant is higher than that of the kerosene
carrier fuel.

Spherical symmetry assumed in the idealized model is seldom replicated
experimentally except loosely in microgravity experiments. More commonly, natural
and/or forced convection in and around the droplet deforms the system geometry to
more closely resemél the illustration inFigure 8 wherein forced convectiorsi
considered for a droplet hypothetically in free fall through a quiesmewertically

flowing gas. Analytical considerations have been updated for low relative velocities of

31



a droplet and surrounding gf89], however flow characteristics at high Reynolds
numbers are complicatednough to motivate the use of empirical relations for
deviations from the classical idealized burning rate constant instead of using highly
specific and computationally expensive analytical mod@®§. Correction factors

determinedexperimentally are of the following for{ia5].

0 U p Qp Q (20)
QO ™ 06’ (22)
N ™ XYW (22)

0 is the burning rate constant in a quiescent environm¥éi®, and “Y® are the
ambient conditions Reynolds and Schmidt numbers,@nd the Grashof number at

the mean temperature of the flame and ambient.
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Figure 8: Cartoon depiction of fregalling droplet combustion under normal gravity
with particle additives.

Despite the practical deviations from the idealized model for classical droplet
combustion which leads to theaw discussed up to this point, experimental droplet
combustion observations subject to these practicalities are stithamatedwell by
this classical model. Such experiments observe the droplet diameter evolving in time
which represents the volume of unreacted fuel remaining at any manéctt,can be
fit to Equation19to measure a burning rate constantHikwever, gpon incorporation
of additives or metallizing propellants, particularly solid particles, this basis of

analysis severely breaks down. The nembf important physical processes expands
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to include particle dynamics in the liquid and gas mediums, particle reaction, solid
liquid interface phases changes, and radiative absorption and emission of the particles.
Possible complicating effects of enetiggarticle additives include changes in the fuel
mean and localized heats of combustion, gas generation by particle decomposition or
gasification at solidiquid interfaces causing physical disruption, increased local
heating around patrticles with highdiative absorption efficiency, or chemical reaction

or catalytic effects of the particles with liquid or gaseous species or other particle
constituents. When some particle addgigech as aluminum oxidize, they can form
solid products and if this occungthout such products leaving the droplet system (e.g.
reaction of particle agglomerates near or after liquid Hofifyp then the droplet
diameter is no longer a direct measure of the remaining unburnt fuel. If gas is generated
within the droplet, this vliialso decouple droplet diameter from unreacted fuel mass,
especially wherdeformationof the droplet results. Therefore, diameter evolution in
time becomes a poor measure of burning rate when solid particle additives are included
in the reactive liquidThis is demonstrated igure9 which shows diameter evolution

of a kerosene/surfactant droplet on a horizontal filament with 2.5 wt% nAl/(10%)NC
MPs added. Durindhe disruptive stage the droplet swells and erupts as gas is generated
within the droplet and any resemblance of tRddv that remained iffigure7 before

the partites were added is obscured. The question of how to analyze the burning rate
of liquid fuels or propellant impregnated with energetic solid particles is vital to

consider if effects of such additives are to be evaluated.
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Figure 9: Measured diameter evolution in time of a droplet of kerosene with 40
mg/mL of TOPO surfactant and 2.5 wt% nAI/NC MPs suspended on a horizontal SiC
filament combusting in air when ignited by a passing methane pilot (as part of

experimentation described @hapter 4).

1.7 ResearclDbjectives, Scope, afgproach

Considering the promise recent nanoenergetic materials have shown in dry
combustion experiments, their documented ability to improve combustion performance
relative to microrsized energetic partide and renewed interest by the scientific
community in overcoming the problems which halted development of mgized
particle additivedor liquid propellantsthe research presented in this dissertation has
focused on the augmentation of liquid hydrocarbon droplet combustion using novel

energetic additives composed of soluble aluminum containing compounds or
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nanoaluminum and/or nanoscale oxides incorporated niad®cellulosebound

mesoparticle composites. The objectives of this reseaecfourfold:

T

Identify promising additive candidate materials or methodsadfision
which promote burning rates of the carrier hydrocarbon as a prerequisite
for their applicéion to increas@ropellantvolumetric energy densities.
Develop an experimental apparatus and methodology suitable for
characterization of liquid droplet combustion performance in the
presence of highly air, moisture, and temperature sensitive metairclust
additives or energetic nanoparticulate additives which induce disruptive
droplet combustion obscuring classical burning rate measurement.
Demonstrate the use of various peripheral diagnostics avaiéhléhe
potential to elucidate important active cheanisms by which promising
additives improve liquid dropletombustiorperformance.

Generate an initial basef experience and apparatus for the research
group to continue investigating combustion of ligbiased energetic

materials in the future.

Chapte 2 presents development of the experimental apparatus, its operation

principles, and analysis methodologies through multiple design iterations executed to

meet the unique constraints of this missi@iong with an overview of other

experimental methods ed In Chapters 3B, sixrelated research projecse detailed

which were undertaken to achieve the objectives of this dissertation. A soluble

aluminum cluster additive is demonstrated as a proof of concept in Chapter 3 along
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with the initial testing andalidation of the developed droplet combustion apparatus.
In Chapter 4, effects of nAl addition to kerosene with a surfactant are characterized
with and without nitrocellulose, a gas generatingadditive. Electrospray of nAl and

NC together is shown tar@vide significant benefits for combustion performance and
suspension stability. Chapter 5 details work studying the same idea employed for
oxygencontaining particles and the effect of their addition on kerosene when
assembled in electrosprayed ¥Gund nesoparticles. In Chapter 6, the emerging
promise of the MP architectufer improving particle additive performancgotivates

study of the tunability afforded by this preassembly step. Effects of edpcano
precursor loading on MP morphology, settlingndacombustion performance are
considered and improved colloidal stability of MPs compared to nanopatrticles is
guantitatively proven. In Chapter 7, the MP strategy is used to formulate composite
thermite additives for kerosene inclusion and their mecharo$mastivity are probed
relative to different oxidizers employed with nAl in the MPs. In Chapter 8, another
aluminum compound soluble in a carrier hydrocarbon is tested to provide more detalil
on modes by which soluble aluminum additives affect dropletipims and burning
rates.

In addition to more detailed summaries preceding each chameeprimary
findings presented in this dissertation are summarized in Chapter 9 along with
recommendations for future work regarding possible improvements to theneempial
apparatus and methodology, further candidate materials and additive incorporation

strategies worth investigatingnd alternative combustion assessment technigoeh
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considering tamproveunderstanding of promising additive materials and asbesr
application challenges in propulsion systems. Appendic€spkovide supplemental
information for Chapters 4, 5 and 7 and Appendix D presents detaseddtions for

maintenancepperation and data analysi the free droplet combustion experemt.
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ChaptEexrp e2r:i Meetnht cad s

2.1 Free Droplet Combustiofipparatus and Experimentation

Classical droplet experiments are most often undertaken using one of three
general configurations: a tube pumps liquid fuel to a porous sphere from which the
liquid is fed and burned and the pumping rate is controlled to maintain the droplet size;
a solid filament of quartz or SiC is used to tether a droplet which burns consuming the
liquid; af f r deoplét is released into normal or microgravity to burn untethesither
as it falls, the experiment falls in a drop tower, or microgravity keeps the droplet
relatively stationary[91]. Interferences fo suspension filaments/tubes verstee
magnitude of forced convection primaritrive a choice to employ one of these
methods over the others. The idealizdroplet model assumes that heat is only
transferred by gaphase conduction. Even in more sophisticated models, convection
and radiation are considered but the droplet remaitestési by gas. Introducing a tube
or filament which extends through the flame and into the droplet adds an avenue for
heat conductionheterogeneousucleation on thesolid surface, and in cases with
suspended particles a surface with which particles can interact and deposit. Forced (and
natural) convection on the other hand is known to affect the geometry and flow profile
of the system thereby affecting burning rate. Ultiehg the reasoning leading to the
development of a free droplet experiment for this work was based on: (1) influences of
forced convection are more realistic and present in spray combustion tleaisteace

of aninterferingfilament, and (2) a filamemtr tube would (and is shown to in Chapter
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4) unacceptably interfere with particle dynamics and deposition inside the droplet
which is of fundamental importance in studying particle additives in this work.

In designing a freelroplet experiment with possybnonttrivial natural and
forced convection effects on the droplet combustion, it is vital to assess these
contributions to ensure they remain acceptably consistent during operation of the
experiment over many trials, or that the methodology is tailoradvay to account for
existing variations. Effects of natural and forced convection on the droplet burning rate
constant are described Eguatiors 20-22 and depend on nedimensional numbers
Re, Sc, and Gr which are described ablel.

Tale 1. Relevant nordimensional numbers in droplet combustion experiment design

Reynolds " YO Ratio of inertial to Forced
Number YQ — viscous forces in a Convection
flow.
Schmidt ‘ Ratio of momentum
Number YO = to mass diffusivity in
© a flow.

Grashof LT Y 'Y Q Ratio of buoyancy to | Natural
Number Ol ‘ viscous forces Convection

(Yis the relative flow velocity, ‘Qis characteristic droplet diameter, * is the gas
viscosity, ‘O is mass diffusivity, and{ is the thermal expansion coefficient.)

2.1.1 Apparatus Desidteration Oneand Operating Principle

Thedroplet combustion experimeapparatus initially adapted from equipment
made available by Dr. Richard Yetter of Penn State University is depidteglire10
and was used to carry oubrk presenteth Chapter 3 and initially prove the operating
principle and burning rate approximation method beforerawipg the apparatus
design A fuel droplet 8 generated at the top of a 0.5 m tall tower and released to free

fall into an oxygerrich environment and ignition is initiated as the droplet passes
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small methane pilst High speed videography is used to measure the initial droplet
diameter generate A second camera can be situated to either measure droplet
diameters at multiple discrete heights in the tower (to fit the diameter evolution in time
to a classical Blaw curve), or to record the full trajectory of the droplet flame over

time from a faffield perspective to assess a mean effective burning rate constant.

Eront View Side View

—
(= (] [ (e
= o

L~ L

Figure 10: Droplet combustion tower apparatirsdesign iteration 1. Point
descriptions are listed ifable 2
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Table2: Droplet combustion apparatus iteration 1 components descriptions for
Figure 10.

Point | Description
Droplet generation source (capillary needle within a nozzle)
Methane delivery tubes for pilot flames
Glass viewing windows
Tower gas fed to a layer of expanded metal (Oxygen at 15 LPM)
Nozzle flow for droplet generation (Nitrogen at 0.25 LPM)
Exhaust Duct Outlet (active exhaust in Iteration 1, passive in 2)
Pilot gas delivery (methane at nominally 50 mL/min)
High-speed camera with magnifying periscope for initial droplet sizing
High-speed camera with discrete height settings for droplet sizing
0 Expanded LED backlighting

PO N0 IWIN|F-

oooo

P R S e . J - |
2 =4 F | - 2 Y | 4 p N =
7 - 2 » 'S
N\ s = I / =
-y A e : -

4

Figure 1L Photogr?;lprs of early de.Sign iteration of droplet combustion apparatus.

<./

The 0.5 m tall, 8 cm square tower is constructedrodluminumframe with
removablequartzwindows on three side$rimary sheath gasntes the tower viaan

oxygen flow at 12 LPM diffusethrough expanded metdklivered at the top of the

42



towerand the system is open to exhaust at the bottom where steel ducts direct exhaust
gases to fume hoods. To ignite the droplets, methane is introduced \d@awonOD
ceramic tubes from opposite sides of the tower at approxintz@ehyL/minto create
two stable diffusion flames1.7 cm below the droplet nozzle.

Droplet generation is achieved with a capillary needle assembly nested in a
glass sheath tube supplied with nitrogen flae at approximately 0.25 LPMas
illustrated inFigure 12. The stainlesssteelneedles are assembled by clearance fitting
15i nch sections of 0.0100 OD/0.0050 I D SS
of a #inch sectionoft / 16 6 OD/ 0. 0200 I D SS tube (I DEX
The two sections are sealed togethsing steeteinforced epoxyypdatedassembly
proceduredor the latest apparatus design iteratéwa detailed in Appendix DY.his
design is chosen for dispatslity of the needles tminimize therisk of sample cross
contaminatiorand to simplify experiment repair after common needle clogs caused by
suspended particles in samplBairing operation, liquid sample fed to the capillary
enters the nozzle and islgect to a force balance between surface tension and
aerodynamic drag (neglecting gravity). Droplet release will occur when the drag force

dominates as shown below.

'O 00 *Qr ——Q Q (23

Y — (24)

Where"Yis the nozzle sheath gas velocity near the drofleis the droplet diameter,
Q is the nozzle inside diameter near the droplstthe surface tension, is the drag

coefficient of the doplet, and” is the gas density. The nozzle gas flow should be
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minimized to mitigate turbulence which can scatter the droplet trajectories and to limit
the interference of the nitrogen flow with the ambient oxytmmer environment.
ConsideringEquation 24, this is accomplished by practically minimizing tfieal

diameter othe needle nested in the nozzle.

Flow

l-____ Sample

~_ Nozzle
Flow

Surface
Tension

1/16° OD x AV AV4
0.02071ID ~
SS Tube

0.010” OD
x 0.005” ID
SS Tube

’
v

1

1
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Figure 12: Dropletsgenerated by sheath gas drag overcoming surface tension of the
droplet.
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Figure 13: Photograph of dfoplet generation nozzle and capillary above unlit
methane pilot tubes.

The setup of the droplet generation and delivery systemmeére this apparatus
is specifically well suited to analysis of highly reactivessnsitive materials like those
tested in Chapters 3 and 8. As described in more detail in Chapter 3, gas tight syringes
with ball valves are used to contain the samplenirirfree vessel as it is loaded in a
glove box and brought outside to the droplet experiment. Since the droplet generation
system uses a nitrogen flow small enough to not interfere appreciably with the ambient
oxidizing environment of the tower, the PE sample delivery lead from the syringe
and the droplet generation nozzle can both be flushed with nitrogen before pumping
air-sensitive sample. As droplets are generated and the experiment progresses, the
sample remains in nitrogen until emerging frore tiozzleas dropletsmmediately

before ignition, protecting the sample supply from air and moisture. Temperature
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sensitive samples can also be cooled with dry ice around the syringe in the syringe
pump.

Recall that classical droplet combustion experimerss measurements of
droplet diameter in time to fit data to thé-w given bythe lefthand side oEquation
19. However, disruptive burning and/or particle additives usually invalidate this
measurement method. The rigtand side oEquation19 shows an approximation for

the effective burning rate constanaksuming the fuel burns completelpeated here:

Vel — (25)
By eliminating’Q o from the measurement expression, the complicating effects of

droplet disruptions, gas generation, and suspended particles on the diameter of the

droplet are avoided and instead the burning rate constarit@eat ed i s an def f
one, whichis sensitive tanfluences of B-law practical invaliditiedike the heaup

time (which can be removed from the measurement of K in classical experiments). This

tradeoff is acceptable as it facilitates the experimeiih disruptivedropletburning

by allowing influence of practicgbut repeatablenonidealities which will certainly

exist in applied propulsion systems, albeit not in the same precise manner they manifest

within this experimen(i.e. this experiment is for relative comparisons, not ubiquitous

material property determinationdfieatup time differences are a significant aspect

affecting performance since a long hapttime would lengthen ignition delay and

therefore this influece isrelevant andolerable in experimentai estimates. Natural

and force convection effects dbowever skew results far compared to K defined

near ideal quiescent conditions. Therefore, while (thapproximation renders this
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constant specific tche experimental flow conditions used here and thusly it is not a
ubiquitous material property of the sample fuel, it does provide a reliable basis of
comparison since experimental flow conditions are maintained characterized by

estimated nomlimensional nmbers:'YQ v Yo T, and' O o o.uSince

' QY T p, buoyancy effects are negligible. Nominally, forced convection in this

experiment would overestimate the quiescent burning rate constant according to
Equatiors 20-22 by a factor of approximately 1.7.

In this first design iteration, the approximation needed to be validh#gainst
a classical measurement of K and so two measurement configurations were
implemented and compared in Chapter 3, validating the approximation with non
disruptive control sample&or the effectiva) approximation, only the initial droplet
diameter ad total burning timesQy ando , need to be measured for each specific
droplet. To classically estimate K, the time evolution of the droplet dian@ter,
needs to be measured. With a ffaling droplet and stationary cameras, this
measurement d 0 can only be fit to multiple diameter measurements at discrete
heights, each for a separate droplet, which assumes the droplets burn consistently
enoughthat they will converge to a statistically significant mean burning rate constant.
The original equipment was designed based on this measurement procedordywith
one highspeed camera thereby instilling the requirement and assumption that all
droplets g@nerated are the same sawl their combustion highly repeatable (down to
the droplet diameter versus timeélhis assumption was found to be unsound for

multiple samples motivating the addition of a second camera to randrdormalize
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initial droplet szes and ultimately reinforcing the decision to instead uselthe
approximation method.

For they approximation methodwo high-speed cameras are usedgsymcto
observe the droplet comlius on, t he f icanseta being usedrmaalstatz i n g o
position to image the initial size of the droplets lasyt pass the methane igniteds
example frame image from this camera is showkigure1l4. The s eciomda @ ma
camera is configured approximated OmiSrom the tower with a 2&8m wideangle
lens ¢ypicallywithf/L 1) and 2 e&€s exposure to observe t
over their lifetimeto facilitate burn time measuremenihe burn time is basesh the
time from flame emission inception upon ignition to emission extinction when the
camera no longer detedight at maximum gain, measured manually for each droplet
in Vision Research PCC camera software used for playbhackto fifteen dropletare
recorded combusting in the tower for each santpld, and their burn times
(normalized by each initial droplet size) averageddtimate the effective of each

sample formulation.

Igniter Tube
0.89 mm

Droplet
0.60 mm

Figure 14: Example of droplet imagetkext to the igniter tube in design iteration 1 to
measure initial droplet diameters.

48



Theal t er nati ve A ma gusdadtoiclssically estimateiKgarr at i on
validation of the0 approximation methodonsists of the main camera configured
insteadapprximately0.2 m from the tower with a 1@8mlensff2 ) , 1. 7 €S ex p oS
and lens bediws for magnification. Using a quasollimated backlight and interference
filters (0.64% transmittance from 3¥85nm and 20% from 76800nm) to attenuate
the flame emision captured, the main camera in the magnified configuration can
observe the diameter of the liquid droplets. By moving the main caandrbacklight
to various positions along the height of the tower, the droplet diameter evolution with
time can be obseed. The backlight is constructed of a small LED set at the padat
of a lens to projeclight through the tower to the normalizing camera. The camera
magnifications and vertical positions are calibrated by incorporating bodies of known
size into the ields of views of the camergge. stainless rods in tower side port
feedthroughs)

In both configurations, the initial droplet size (when passing methane flames)
is required to normalize the data and account for any fluctuations in generated droplet
size. It is estimated by measuring and averaging the equivalent spherical diameter of
the droplet in three image frames nearest the igniter tubesdroblet is approximated
by a plateshapedellipsoid whose minor axis is oriented vertically. Therefore, the
equivalent spherical diameter is calculated agBfA“Mhere A is the diameter
measured horizontally and B is the diameter measured vertically in the video. All video
measurements were performednually inthis first apparatus design iteratianth

Vision Research Phantom Camera Control (PCC) Software.
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2.1.2 Apparatus Update: Design Iteration Tavwl Diagnostics Integration

After the work presented in Chapter 3, the experimental apparatcs
procedurevas evaluated and several design and analysis changes were made. The key
problems with the first design iteration were low precision of the initial droplet sizing
and low rate of experimental data collecti@esign and methodology changes were
made to migate these problems. Precision was improved for the initial droplet sizing
by increasing the image magnification using a lens train of tveotwex lenses within
the lens tubes of the camera periscope. By setting the focus of this camera to infinity,
the magnification of the image on the camera sensor is achleased on thebject,
image, and lens separation distangesthe periscopand was increased beyond the
maximum magnificationof the stock camera lenses available. As magnification
increased, mme light was needed for acceptable contrast between the backlight and the
droplets but the images were prone to blurring asmfasting passed if exposure times
were increasedlore sizing frame images were also desired to more precisely measure
initial droplet size which required higher framerate and shorter camera exposure time.
Therefore, the LED backlight was replaced withHeNe laserexpanded to
approximately linch diameter beam size significantly improving the backlight
intensity and approximating a&hadowgraph setup (excepor imperfect light
collimation) to lengthen the depth of focus of the system to be more resilient to slight
variations in droplet and nozzle positions. With thapproximation method validated

in Chapter 3, only fafield imagng of the droplet flame emission over its full trajectory
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was required and thusly the bottom backlight was removed. A scheandtjghotoof

the updated apparataad example droplet sizing frame ateown inFiguresl15-17.
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ﬂ
-.’H'
1
:

— L .
A
—
Figure 15: Updated droplet experiment apparatus in burning rate measurement
configuration.

Figure 16. Photograph of droplet experimeatter dsign itération 2 (camera on
tripod was later static mounted to the optipdtform).
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Figure 17: Example initial droplet sizing images before and after artificial brightness
increase (gain X5) images using the updated camera setup with an expanded HeNe
laser. Droplet shown is 0.6hm horizontally.

Precision and rate of data collection and analysis could also be improved
dramatically by automating the vidé@ased measurements of burning time and initial
droplet size and da analysis using MATLAB and®DK provided by Vision Resedrc
used to interact with camera filédetailed in Appendix D)Sophistication of the
automation algorithms designed and implemented for the research in this dissertation
continued to evolve throughout thwrk presented in the subsequent chapters but the
top-level method and algorithms remained the same.

1. Full camera memory capacities are saved as one video with on the order
of 20-30 droplets imaged per video and a MATLAB script scans the
normalization camera file for passing droplets, noting their time and
saving only the relevant frames to save disk space.

2. MATLAB image processing is used to measure the esestional pixel

area okach droplet with nominally 8 frames of full droplet area in view,
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thereby increasing precision witl individual measurementper
droplet

. Equivalent circular diameterand eccentricity are calculated and
magnification calibration using images of the known diameter igniter
tubes is used to convert pixel diameters to mm with an estimated
uncertainty of£0.01mm. Eccentricitprovides a metric to threshold for
rare errors in image processing caused by image artifacts.

. Videos from the second camera are opened by MATLAB frayre
frame and intensity thresholded to find combusting droplets.

. Droplets appearing high in the franssddisappearing low in the frame
are marked as ignition and termination times respectively, measuring
burning timest3 ms

. MATLAB scripts consider the droplet size and time from the initial
sizing and the ignition times in the flame trajectories to coorelitiedt

data for respective dropletRespective terminations are guessed based
on the termination of the first droplet measured found by the user.

. A table of ignition and termination times, initial droplet sizes, and
calculated burning rate constants wiltimated uncertainties af.02
mm?é/s is presented to the user who validates that each ignition and
termination correspond to the same droplet.

. Repetition for tens of droplefser sampldéo estimate an average
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A freeemoving vertical translation stage@as also designed and assembled to
collect magnified color videos and spectroscopic data through a collection fiber optic
as illustrated ifFigure18. Doingso with a stationary fiber and camera was also carried
out before this translation stage was implementethowork inChapters 7 and 8, but
those experiments suffered from short times of the droplet in view as it passed. By
dropping the camera and fibam a stage to fall onto foam pads, a deom view during
the fall is visible for significantly longer timéf no droplet is captured on the fall, at
the least data is collected as the stage is manually returned to the top position as its
motion countes that of droplets continuing to pass falling downward (~3 drops of the

stageactuated by handan be executed during one camera recording).
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Figure 18: Droplet combustiorapparatus withalternateconfiguration forfalling
magnifiedcamera andspectrometefiber
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Figure 19: Photograph of droplet experiment apparatus with camera and collection
fiber vertical translation stage.

2.2 NanofueBample Preparation

Preparation of various nanofuel samples is described in detail within each
Chapter, specific to the methods usedeach However, the nominal process is
common to most of theork presentednd overviewed here. Particulate additives in
these studies wengrimarily considered in kerosene fuel, as a reasonable surrogate
hydrocarbon for RAL. Reagent grade kerosene purchased from Sijarich (SKU
329460 was used throughout the studies with kerosene. Reasonably stable suspensions
of nAl could only be achiead using a surfactant and, based @npublished

demonstration withdron nanopatrticles in a hydrocard®2], trioctylphosphine oxide
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was chosn which readily dissolves in the kerosene carrier fuel. In general, nanofuels
were mixed with constant batch volumes across samples and particles were suspended
using a sonication bath (5 min to 1 h) and magnetic mixing (nominaliyZ&h at a
time).

The particle additives tested included numerous nanoparticles, either purchased
commercially or synthesized-tmouse. Nanoaluminum (nAl), which shows upriost
of the studies presented in this dissertation, was purchased from Novaesthtd0
nm primaryparticle sizes and aZnm oxide layerSeverabther nanoparticle materials
including CuO andMgO were purchased from Sigpddrich and used aeceived. In
some cases when a nanopatrticle material of interest was not available commercially,
they could ke synthesized Hhouse usingerosol methods which they are sprayed

from precursor solutions.

2.2.1 Aerosol Sprarying

For materials such as Ki@hich cannot be purchased as a reliable nanoparticle
material but does dissolve in water, nanopartickss loe synthesized using aerosol
spray drying which is utilized in several of the studies in this disserf@8jnin this
method, a precursor composed of the material of interest usually in an aqueous solution
(but also possible in other more volatile solvents) is atainaed entrained in an
aerosol flow. This stream of droplets is passed through a diffusion dryer if water is the
solvent used, a cylindrical vessel filled with beadsligf silica desiccant, to absorb
moisture from the flow and incite evaporation of theptiets. To complete their

evaporation, the aerosol then enters a tube furnace wherein temperatures on the order
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of 200 °C at the wlls heat the flow and drthe droplets to leave precipitate of the
material dissolved in the precursor. Passing the flow gir@umembrane filter (e.g.

with 400 um pore size) enables collection of the particles. The atomized droplets are
on the order of 1 um in size but relatively polydisperse in a distribution around this
nominal size and depending on the concentration ofdhies can dry to leave solid
particles nanoscal@ size Furnace temperature, gas residence time, and precursor
concentration aresomeexperimental variables which can be used to tailor the nature
of the particles synthesized. If a reactive solute is used which will thermallyimeact

the furnaceto leave a solid phase desired, this process is considered aerosol spray

pyrolysis.

2.2.2 Naroparticle Assembly into Mesoparticles Biectrospray

Reviewed previously and utilized widely in the studies presented in this
dissertation, electrospragan be used to assembéxisting nanoparticles into
agglomeratedased on eyaoration of a precursor solutipeimilar to aerosol spray
drying, except thaatomization is achieved by liquid feed breakup induced by a strong
electric field[94-97]. A schematic othe experimentadpparatus usdaereinis shown
in Figure20 which was operated in a polycarbonate enclosure fitted with a fan, heater,
and temperature controller for repeatable ambient temperature and continual exhaust

of volatilized solvents.
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Figure 20: Schematic of experimental apparatus constructed for electrospray
assembly of nanoparticles into MAReprinted fronj14], with pemission from
Elsevier.

A volatile solvent, usually a mixture of 3:1 ethanol:ether by volume, is used as
the electrospragrecursor with Ninderdissolved andhangarticles of interest, e.g.
nAl and/or CuOin suspensiorilThis is pumped via syringe through a steel probe needle
charged to 10 kV pointed orthogonally towards a flat aluminum foil substrate charged
to -10 kV. If particle suspension stability is low and prone to gravitational settling, in
situ magnetic stirring can be used within the syringe resei@biirge concentration
on the conductive precursor builds up causing the formation of a Taylor cone at the end
of the needle from which the stream of precursor breaks up into a relatively
monodisperse cloud of droplets which are attracted to the substrate via columbic force.
As the volatile solvents evaporate in flight, suspended particles and precipitated solute
agglanerate to form mesoparticleghich deposit on the substrate for collectiBy
controllingexperimental parameters suclpascursor characteristics, neegléstrate

separation distance, voltage potential, and ambient temperature, the drying of the
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droplds to form mesoparticle composites can be tuoegry themicrostructureThe
flexible nature of this general experimental setup amo be exploited tareate
numeroudifferent morphologies and geometriether than mesoparticlescluding
fibers or films For examplewith a high precursor viscosity and feed ratel lower
separation distancehe fluid can hold together in a filament as it dries into fiber

structures (called e | ect r §[8pi nni ngo

2.3 PeripheralTools andDiagnostics

2.3.1 Simultaneous Thermogravimetric Analysis and Differential Scanning Calorimetry

The thermal behaviors of energetic materials are frequently characterized in
controlled temperature experiments to understand how species and formulations react
to external heating. Thermogravimetric analysis (TGA) and differential scanning
calorimetry (DE) are two technique® achieve this which are commonly employed
togetherin commercialsimultaneous DSITGA (SDT) instruments, such dise TA
Instruments SDT Q600 used in the work of this dissertation. In both TGA and DSC,
the material temperature is neased in a highly controlled manner using a sample
furnace angrecisionPYRuthermocouplesvith a controlled sheath gas flomhile the
sampe weight (TGA) and heat energy required to keep the sample isoth@8:a@)
are monitored relative to an emptyaeence sample holder (both holders adjacent on
two cantilever microbalanceswithin the furnack The heating rate of a SDT
(approximately 150 K/min)is significantly lower than those of combustion events and

high-heating rate experiment{®n the order ofl(® K/s) designed to more closely
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emulate combustion conditions, however S€an still elucidate important thermal
behaviors including melting, thermal decomposition, oxidation reactions, and
evaporation to differentiate the temperatures at which cegtants can be roughly

expected in practical reactions.

2.32 Thermochemical Calculations Software

When considering possible chemical effects of additives in hydrocarbon fuels,
thermochemicatalculations camprovide context to experimental evidence regarding
likely reactions, chemical products, and/or energetic and temperature effects of a
certain additiveNamely, equilibrium calculations consideiset of possible reactions
with an initial mixture of species with certain thermodynamic states and properties
find the most stable mixture of product species and their thermodynamic properties
within a specifiedset of experimental constraintseactions were allowed to progress
to equilibrium Adiabatic constraints considerizgro heat loss of the systeasult in
acomparable metric for different reactant systeand initial stateghe adiabatic flame
temperaturdfinal temperature of the products at equilibriurfihis is calculated by
holding either volume and internal energy constant, or pressure and enthalpy constant,
depending on how the experimentalist wants to model the sybteime latter case,
energy is not conserved since expansion work is requiredatotain the constant
pressur@ndthusly the constant pressure adiabatic flame temperature is typically lower
than that of constant volume for exothermic energetic syst€omaputer programs
have been developed to carry out these calculations with faresm@ons and species

than can be efficiently considered by manual hand calculations, including BIASA

60



Chemical HEuilibrium with Applications (CEA)[99] and Lawrence Lvermore

Nati onal L aObldtkis disdertaton, adfculddions with these programs have
most often been performed to estimate possible species formation or reactions which
are thermodynamically possible, thereby supporting the prbpbszaertain additive
mechanisms. Cheetah has also been used to perform some idealized rocket performance

calculations with aluminum and silicon in rocket fuel in the motivation of this work.

2.3.3 Flame Emission Spectroscopy

In the mostrecent workdescribed in Chapters 7 andi@proved experimental
capabilities facilitated longer observations of falling, burning droplets in a magnified
view using a vertical translation stage for a hggeed camera. With the shorter
viewing distance afforded by this method, a fiber optic cald beaffixed to the
translation stage toollect light from flame emissionThe PhD work of aellow
collaborator, Rohit Jacob, has concerned the development of-aetsmiged emission
spectrometer useful for spectral intensity measurements on tieesedevant to
energetic material reactions and this method has been applied to prolresiived
emission of excited atomic species in droplet flames in Chapters 7 and 8.

The assemblpuilt and operated by Rohit Jacob concurrently with the droplet
expeiment operated in this dissertation consists of adptital fiber collecting light
from afalling droplet and transfang it to a0.5 m spectroscope (Acton SP 50@ith
a 1800 linedmm grating to disperse the lighietween 473%02 nm wavelengths
(different gratings are available to change wavelength ranges dispersed on the

detector) The resulting spectrums collected by a 3Zhannel PMT array interfaced
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with a highspeed data acquisition system (Vertilon IQSP 580). The wavelength
calibration wa performed using a Mercury lamp (Newport) and the system sensitivity
was calibrated using a black body furnace (Newport) imahge of 12001500 K and

a hightemperature tungstdmalogen lamp (Avantes HACAL) at 2440K. The
samping rate d the acquigdion system was set at 5000 ,Hfficient to resolve the

submillisecond disruptions in the droplet flame

2.3.4 Color Camera Ratio Pyrometry

The vertical translation stage for the camera also facilitates longer videos
captured of magnified burning drepé from a color higispeed camera. When atomic
emissions are not significant, such videos can be analyzed to estpetial
temperaturaistributionsbased on the collected light. This tecfug uses the ratios of
thered, green, and blughannels of the camera to fit pixels to estimaesdperature
as described ifiL00]. By taking ratios of raw colorhannel intensities, dependency on
most variables associated with intensity is eliminated except for tegaeding the
channel gain( ), emissivity ¢), and spectral response.) of the camera at individual
wavelengths and chann¢i€0]. To estimate temperatuoé hot soot and particlethe
graybody assumption has beetodified to account for an optically thin flame by
assuming thatx px_, substituted into Planckds Law,

spectrum to which the camera is sensifivel].

0«
= x

5¢
=

- = (26)

62



The normalized spectral response of the cameradadn coloichannels providedby
the manufactureBased orcalibraion with a Newport Oriel 67000 Series Blackbody
Infrared Light Source, calibration factays , 6 ,and0 aredetermined to be 0.952,
0.888. and 0.847, respectively, and assumed valid frord773K. Calculationof
temperature is reduced to matching of calibration faotorected channel intensity

ratios to theoretical raticet various temperatures

- 0 - (27)

z

MATLAB is used to extract raw pixel values and calculate temperatures -IBiaatk

and saturated pixelredilated by a factor of 3 and removed from consideration. The
demosaicing routine in MATLAB is usedithr theBayer color filter array (GBRG) to
recover values for red, green, and blue channels at each pixel. Three color ratios
(green/red, blue/green, and blue/red) were simultaneously used to estimate temperature
by minimizing their summed error relative theoreti@l ratios. Further thresholding
eliminates summed errors corresponding to a temperadtna greater than 11K. For

figures which show temperature of a videoa function of time, only unsaturated pixels
above the black level and within thear threshold are used to report mean temperatu

of eachframe for a contiguous area of at least 10 acceptable pixels.
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ChaptSeorl udbl e al uimion hh,md af duddidarsib v @

dropl et burning rate enhancement

Summary

Additives to hydrocarbon fuels are commonly explored to change the
combustion dynamics, chemical distribution, and/or product intedmitihis chapter,
a novel aluminurrbased molecular additive, Al(l) tetramic cluster [AIBrNE#]4 (Et =
C2Hs), is dissolved ina hydrocarbon fuel the resultant singi@plet combustion
propertiesare evaluatedThis Als cluster offers a soluble alternative to nanoscale
particulate additives that have recently been exploredrandmitigate the observed
problems of particle aggregation. Results show the [AIBgNBtditive to increase the
burn rate constant of a toluedethyl ether fuel mixture by ~20% in a room
temperature oxygen environment with only 39mM of active alumiadditive (0.16
wt % limited by additive solubility). In comparison, a roughly similar addition of
nanoaluminum particulate shows no discernable difference in burn properties of the
hydrocarbon fuel. High speed video shows the [AIBHjiED induce microeglosive
gas release events during the last ~30% of the droplet combustionTtiseis

attributedto HBr gas release based on results of Temper&@orgrammed Reduction

1 The results presented in this chapter have been previously published and are reprinted with
permission fronP.M. Guerieri, S. DeCar|d. Eichhorn, T. Connell, R.A. Yetter, X. Tang, Z. Hicks,
K.H. Bowen, M.R. Zachariah, Molecular Aluminum Additive for Burn Enhancement of Hydrocarbon
Fuels, Journal of Physical Chemistry a 119 (2015) 1408¥93.Copyright 2016 American Chemical
Society.
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(TPR) experiments of the [AIBrNE# dosed with @and DO. A possible mechanism
of burn rate enhancement is presented that is consistent with microexplosion

observations and TPR results.

3.1 Introduction

With their high densityspecific enthalpy of combustion, energetic metals can
be added to propellants and explosives to drasticallgase the volumetric energy
density as evidenced iRigure 3. Metal nanopatrticles (with diameters between 1
100nm) have demonstrated shorter ignition delays and higher burning rates than larger
micronsizedparticles due to their increasing surfaceszétume @tio as jrticle size
decrease$4|. Nanoscale metabhdditives are also better suited to liquid propellant
incorporation since they can replace traditionally -eaergetic gelling agents and
boast lower settling velocities than larger particles. However, nanoscale additives
introduce new challenges. Increagireactivity with decreasing particle size has a
lower limit of potential activity because the inert native oxide on the metal particle
surface comprises an increasing mass fraction of the material as the particle size
decreasepl]. Colloidal stability also remains a significant challenge as nanoparticles
are highy prone to aggregate and settle out of suspension before the reactive benefits
of the additive can be utilizgd].

As discussed in the dissertation introduction and literature retengrecise
effects of a particulate additive d=pl on the relative strength aompeting
mechanismsincluding particle agglomeratio and physical droplet disruptions.

Specific manifestations and relative strengths of such mecharasenshighly
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dependent on ambient temperature, particle loading, chemical stabilizations used, and
the physical characteristics of the pure solvent. Vathatihd viscosity for instance will
affect the relative timescales of solvent evaporation versus particle transport and
aggregation in the fluid. An energetic, soluble alternative to nanopatrticle additives has
the potential to overcome thesensitiveaggegation challenges while conserving the
benefits of highenergydensity additives, thereby promoting relative dominance of the
combustiorpromoting mechanisms.

In this chaptera novel aluminurbased molecular additive utilizedthat for
the first time @ables the investigation of a directly soluble alternative to the nanometal
particle dispersions that have been examindderature The additive is an Hhouse
synthesized aluminum (1) bromide tetramer stabilized with triethylamine ligands,
which was @ssolved in a toluendiethyl ether cesolvent matrix. Droplet combustion
with and without the molecular additive was measured in a-wpr to estimate
burning rate constants. The additive was further studied bym&sgspectrometry to
probe reactiormechanisms and products. These results were then compared with

similar experiments incorporating standard particulate nanoaluminum.

3.2 Experimental

3.2.1Molecular Additive

The molecular additive used in ththapteris a hydrocarboisoluble Al(l)
tetrameric cluster, [AIBrNE}s (Figure 21), synthesizedby Samantha DeCarlo and

coworkers in the research group of Dr. Brygohhorn at the University of Maryland
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from t h esstatin@mafefiaEproduced from a Schnoekgle metalhalide co
condensation reactor (MHCH§7-69]. This tetramer is a ligand stabilized component
of t he sprecBrsoAddlEtibn and contains aluminum in the 1+ oxidation state
with covalent A§ Al bonds (average bohlength 2.41 A). This product is isolated
from solution as a yellow crystalline solid and exhibits good solubility in the nonpolar
organic solvents benzene and toluene. To maximize the concentration of aluminum in
solution, the donor solvent 2 was addd to increase solubility through the use of a
tol:EtO (4:1) caesolvent mixture. This mixture allows for more concentrated samples
containing ~40 mmol of aluminum, compared to ~24 mmol of aluminum in pure
toluene solutions. Two concentrations of [AIBrNE&tadditive in the tol:EO co
solvent were produced and tested to study any significant effects of concentration
variation. Due to the low oxidation state of the aluminum () tetramer and lack of an
oxide passivation layer normally found on bulk aluminuetal, it is extremely air and
moisture sensitive. Once an [AIBrNdEt solution is exposed to air, rapid oxidation
occurs causing precipitation of aluminum oxide and hydrolysis products, which
necessitates the use of Schlenk techniques and gas tightesyiinthe combustion
studies.

The dissolution of the [AIBrNE}4 in the cesolvent matrix (tol:EfO) was
performed in a glovebox under Ar atmosphere, and resulted in deep clear yellow
solutions. Once completely dissolved, the solutions were then laatdezhi Arpurged
gastight syringe. To limit exposure of the sample to air, the syringe is kept in a sealed

bag under argon. Prior to being connected to the-dropw e r , 6 i nches of
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0.0400 I D PTFE Tubing i s f | worsofiteedproductt h
prior to tower introduction.

All reactions are performed under an argon atmosphere in a glovebox or under
dry nitrogen using standard Schlenk techniques. Toluene and diethyl ether were
purified by distillation from sodium benzophenonetykeunder a dinitrogen
atmosphere, and triethylamine was purified through distillation over calcium hydride.
All purified solvents were stored in modified Schlenk vessels over 3 A molecular sieves
under an argon atmosphere. Fhkeand**C NMR spectra wereecorded on a Bruker
DRX500 Avance spectrometer.

Al Br A MEminum metal (0.8410 g, 31.1 mmol) was reacted with
gaseous HBr (36.5 mmol) over 3 hours at approximately 1200 K in a modified
Schndckettype metal halide coondensation reactfd7, 68] The resultant gaghase
AIBr was cocondensed with a mixture of toluene:triethylamine (3:1 v/v) at
approximately 77 K. The solvent matrix was thaweiddd °C and the resultant yellew

brown solution stored at that temperature prior to (&€, 68] Titration of the

ni tr

Al Br AfsNoHtut i on via Mohroés method reveal ed a

yielding an Al:Br ratio ofl:1.10. The [AIBrNEf]4complex was prepared through the
use of a slightly modified published proced{68] as described below.

[AIBrNEt sl A 40 mL al i(NEk)} was toahsfertetl ® a Schlenk
flask. Approximately 10 mL of solvent was removed in vacuo while warming the
solution to room temperature. Solvent removal stopped upon observing the formation

of yellow solid, which stood at room temperature overnighe next day the yellow
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solid was isolated, washed with copious amounts of hexanes, and crystals suitable for

X-ray diffraction were obtainedH NMR (500 MHz, told 8 ) : a (ppm) = 1.

3.08(q)*C NMR (400 MHz, told 8) : U (ppm) = @ly&@pf 49. 05.

[AIBrNEts]l, based on the paisegnot20%6 0l uti on Al Br AN
[AIBrNEt 3]4 solution: In a glovebox, 36.4 mg (0.0437 mmol) of [AIBrNkt

was dissolved in 3.6 mL of dry toluene. After 20 minutes, 0.9 mL of i@ ktas

added to thgAIBrNEts]4 solution for a final solution concentration of 9.7 mM

[AIBrNEts]s. The solution was then taken up in Hamilton Model 1005 SL Gastight

Syringe, and sealed via syringe lock. The 5.2 mM sample was prepared in a similar

manner utilizing 17.9 mg (0215 mmol) of [AIBrNEg]4 and was dissolved in 4.5 mL

of toluene/E4O (4:1) mixture.

%
Figure 21: Crystal structure of [AIBrNE}4: Al (light blue) N (dark blue) C (gray) Br
(brown), hydrogen atoms omitted for clarity.

3.2.2NamAluminum Additive

nAl sample preparations begin by adding 2.0 mg/mL of 80 nm (primary patrticle

size) aluminum particles (Novacentrix, Inc., 80% active Al wiHbn2n oxide shell as

69



confirmed by TEM of aseceived particles shown Fgure 22) to the toluene/EO
(4:1) solvent mixture. As with the [AIBrNE% and control samples, the solvent
mixtures are made in small batches for each sample (just before nanopartiobe addit

in this case) to minimize preferential evaporation of the ether component. The

nanoparticles are suspended via an ultrasonication bath for 1 hour and allowed to

gravitationally settle for 24 hours before decanting the stable suspension. By allowing

the suspension to stand for 24 hours the largest fractal aggregates settle and are

removed from the formulation to promote suspension stability and prevent needle
clogging during experiments. The resultant particle concentration is determined by
vacuum dryinga known volume of the decantant and weighing the remaining solids.
Approximately 4 mL of sample are loaded into a Hamilton Model 1005 SL Gastight
Syringe connected to 6 inches of

removed from the syringe andbing before compressiditting the tubing to the

capillary tube/needle assembly and engaging the syringe in the syringe pump.
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Figure 22 Nanoglminum particulate aditie TEMshowmaS Am oxide shell.
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3.2.3Combustion Charaerization

The freedroplet combustion apparatus used in this study is descrilsstion
2.1.1and reviewed briefly here for convenience. The design iteration of the apparatus
used for the work in this chapter was the earliest iteration and primarily designed to
prove the oncept of the experimental burning rate estimation and validate it against
classical droplet diametdérased estimated for single component control samples.
Droplet generation is achieved with a capillary needle assembly nested in a glass sheath
tube suppkd with nitrogen gas flowThis design is chosen for disposability of the
needles to eliminate the possibility of sample cimms®taminatiorand for compatibility
with the air and moisture sensitive samples tested in this chBpbgiets are released
to fall through an oxygemich tower ignited by methane pilot tubes and imaged using
a tandem higispeed camera setup in two measurement configurations (for classical K
measurement and effectiveestimation).

Classical liquid droplet combustion theory statkat, assuming the droplet is
fully liquid (and therefore the volume of the droplet is directly coupled with its mass),
the rate of decrease in droplet volume is linearly proportional to the diameter of the
droplet[70]. By separation of variables and normalization by the initial diameter of the
droplet, the governing equation for the droplet diameter as a function of time according

to this theory can be written as:
— p L— (28)

While the experiments of this study do not exactly match the conditions under

which the B-law is derived, it does provide a metric by which the burning rate of liquid
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formulations can be characterized: K, the bogriate constant in units of mifs, which
increases for faster burning droplets. The droplet diameters and burn times measured
are fit to the B-law to estimate the burning rate constant by plotting the square of the
diameter versus time (both parametevsmalized by the square of the initial droplet
diameter) and assessing the slope of a linear best fit. Alternately, a far field camera
arrangement can capture the entire combustion trajectory instead of droplet diameters
measured in flight. By assuming @dl droplet diameter at flame extinction and
measuring the burn time with the feld observation, a Blaw burning rate constant

can be estimated without the constraint that the droplet be entirely liquid according to:

Extinction

o — (29)

Extinction

Details of the two camera configurations and vithased measurements are available
in Section2.1.1 To capture residual solids remaining after termination of droplet
combustion, an SEM substrate was placed in the tower so that the reaction product

could impinge on the surface at a location just after combustion terminated.

3.3 Results ad Discussion

While hydrocarbon droplets exhibit steady burning until the point of
termination, fuel droplets laden with [AIBrNgt additive exhibit disruptive burning
characterized by cyclical dropl et infl ati
presumably caused by rapid internal droplet gas release. The 9.7mM [AfBrNEt
sample showed on the order of ten microexplosion events (exemplifi€ig) e 23)

over each droplet lifetime, most commonly occurring in the last ~30% of the droplet
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combustion time. The frequency and intensity of microexplosions appeared to increase
with increasing [AIBrNEf]4 concentration. In addition in many cases prior to the
microexplosion, the droplet size as measured by high magnification video showed
swelling of the droplet. As a result of the cyclical droplet inflations and
microexplosions, droplet diameters measured in flight for the [AlBsNEdditive
samples cannot Wi to classical droplet combustion modeled by Equa®8nThe gas

liberation decouples the mass and liquid volume of the droplets, therefangriogs

the direct burning rate constant measurement based on droplet diameter trends.

0.340 s/mm? 0.341 s/mm? u 0.342 s/mm?

Deflated

Inflated ‘
Droplet

Vapor Eruption Vapor Combustion
Droplet P P P

Figure 23: Select video frames of representative 9.7mM [AIBsNEample
microexplosion event visible by shadowgraph. Liephdse droplet visible as dark

circle in each frame. Vapor expulsion visible in frames 2 and 3; its combustion in
frame 4 and 5. Time normalized by square of initial droplet diameter = 0.65mm.

An dternate method of estimating the fuel burning rate constant was therefore
required to quantify the burning rate effect of the [AIBrijJEadditive in the presence
of its disruptive burning. In the fdreld camera configuration, the main camera
observestte trace of the entire combusting droplet trajectory from which a burn time

can be measured. In order to fit a classical droplet burning model to these burn time
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observations by Equatid?D, a droplet size upon flame extinction is also required and
therefore characteristic terminations were observed for each sample and are shown in
Figure 24. Both the pure solvent and the particulate nAl additive sample terminate
explosively at a critical droplet diameter of 0.1mm. On the other hand, the [AIBENEt
additive samples quench mortwly with a solid product remaining. The solid
particles were collected to confirm the body observed in the termination video is the
same size as the remaining solid particle. It is therefore assumed that all the liquid
solvent in the [AIBrNE{]4 samplesurns and the critical diameter at flame extinction

is taken to be zero.
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Figure 24: Characteristic termination of droplets composed of: pure Kerosene and
Kerosene with nAl additive occurring explosively at 0.1mm critical @topl
diameters; Kerosene with [AIBrN#t additive quenching slowing as all liquid is
consumed.

Using the characteristic termination diameters, the burn times are plotted on the
diametersquared law plot ifrigure25. The classical model expressedbguation29
can be reasonably fit to these data by linear regression with a y=1 intercept and a
burning rate constant thereby estimated by the slope of th&alilg 3 with 95%
confidence interval estimated). These model fits of the burn times (flame extinctions)

are shown irFigure 25 as the linear trend lines illustrating the increased slope of the
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[AIBrNEt3s]4-laden samples relative to the pure solvent andladén control samples
which indicates an increasedrbuate constant caused by the [AIBriEadditive.

The variation of droplet diameters measured in flight for the pure control and
nAl particulate samples as functions of normalized time from ignition are shown in
Figure25. Both control samples exhibit disruptifree burning, and thereforan fit
the classical model bgquation28 when the droplet diameters are measured in flight.
The resulting burning rate constarKsare derived from the slopes of linear regression
fits and are tabulated ifable3. The particulate nAl additive shows little to no effect
on the burning rate. Pure solvent with triethylamine ligand added was also tested in the
same manner to quantify any possibleriing rate increase due to the ligand liberation
or decomposition. The triethylamine concentration was adjusted to match the
concentration of triethylamine contained in the solution containing the [AIBINEt
additive assuming all of the ligand was libexdat The ligand control results showed a
marginal (~3%) increase in burning rate, however the combustion was qualitatively
disruptionfree.

The use of both fitting methods discussed to quantify the burning rate constant
of the control samples allows foaNdation of the flame terminatielpased métod,
which employedEquation29 to derive values of K. The resultant K values for the
control experinents based on both methods agree reasonably well as eviééntrie
25andTable3. The flame terminatichhased measurement is not compromised by the
disruptve nature of the [AIBrNE]4 additive sample combustion, and therefore yields

a more accurate estimate for disruptive samples, and shows a 20% increase in burning
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rate for both concentrations of [AIBrNgt additive tested compared to the pure

control.
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0.2wt% nAl - Flame Extinction

9.7mM [AIBrNEt3]4
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Linear (No Additive - Flame Extinction)
— —Linear (0.2wt% nAl - Flame Extinction)
-+ = Linear (9.7mM [AIBrNEt3]4)
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OXD>OOKX

Figure 25: Droplet diameters squared as functions of normalized time from ignition
for 80% toluene / 20% ethyl with various additives. Linear fits of flame extinction
data to classical droplet burning law are shown. Slopes of linear fits are tabulated in

Table3 as burning rate coefficients.
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Table3: Experimental samples with measured burning rate constants.

Burning Rate Constant Based On:
Active Al Percent Increase .
Additive cone in Energy D2 Trend Time to
. Content Termination
K (mm?/s) | RZof Fit K (mm?/s)
None (Control) None None 1.41 0.886 1.47+0.10
Triethylamine None None 1.48 0.956 1.52+0.10
0.2 wt% nAl 50 mM 0.14% (42 kJ/L) | 1.37 0.987 1.43+0.14
5.2 mM [AIBrNEt]s | 21 mM 0.06% (18J/L) | (Obscured) | N/A 1.80+ 0.16
9.7 mM [AIBrNEt]s | 39 mM 0.11% (33 kJ/L) | (Obscured) | N/A 1.79+0.18

Product particles remaining after tteemination of [AIBrNEg]4-laden droplets
were collected and analyzed via SEM and EDX elemental analysis. A representative
micrograph is shown ifigure26. The volume of a sample droplet released into the
tower is nominally ~ 9 x I&cm?. Based on the known aluminum concentration in the
[AIBrNEt3]s-laden droplet, the maximum possibless of product AD3 that can be
formed from a droplet of this size is ~ 2.6 x3f) Assuming the particle captured
comprises only AlOs, the maximum density of a 16 diameter particle such as that
in Figure26 would therefore be ~0.6 g/émAssuming the bulk density of ADzis 4.0
glen®, this suggests a minimum porosity of the captured particle to be ~85%.
Elemental analysis of the outer surface showalaD atomic ratio of ~0.3 (AOsz =
0.6) with ~5 atomic % carbon while an open pore shows an Al:O atomic ratio of ~1.3
with 30 atomic % carbon. Noting significant error is inherent in EDX analysis without
suitable calibration standards, this result suggebkat the particle may not be
homogenous but is likely composed predominantly @©Alnd carbon species from

the highlysooting toluene fuel.
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10.0kV 16.7mm x700 SE(M) K
Figure 26. SEM of product particle captured on carbon tap4light post
combustion from 9.7mM [AIBrNE# sample.

A commonly argued mechanism of droplet microexplosions in multi
component droplets is that if the boiling points of the components differ enough, the
lower boiling point fuel can be superheated when the droplet temperature is driven up
by the higher boiling point of the other compon€®3-63]. This mechanism could
potentially explain the explosive terminations of the control samples shokigure
24. However, earlier microexplosive events representdeldiyre23were absent in all
control runs and therefore are not attributed to this mulbpiéng point mechanism.
Rather, the addition of the [AIBrNE#% additive was clearly responsible tbee internal
droplet gas generation, which caused such disruptions. NASA CEA code used to
estimate the flame temperature with and without the molar equivalent of aluminum
added to toluene fuel (0.0050 moles Al per mole of toluene) results in less KN a 1
increase[99]. This very small increase in heat release cannot account for the
observations of disruptive burning.

To further explore the oxidation meanism of the [AIBrNE{4 additive,
temperaturgorogrammed reaction (TPR) experiments of the crystalline solid with O
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and DO oxidants werearried out by collaborators Xin Tang and Zachary Hicks in the
research group of Dr. Kit Bowen at Johns HopkingvErsity. Since the oxygen
concentrations on the fuel side of the spherical diffusion flame are very small, the water
by-product of the tol:EO solvent combustion process is thought to diffusen the

flame to the dropletieacting with the [AIBrNEfj4 cluster to generate HBr and -Q.

The control experiments showed that microexplosive gas eruptions were not a result of
boiling solvent of liberated triethylamine ligand from the cluster.

TPR experiments were designed to probe the reaction chemistry of the
[AIBrNEt3]4 with oxygen and water by evaluating the evolved gases and solid residues.
As a control, crystalline [AIBrNE}4 was first studied by heating the sample in vacuum
from 25 to 110 °C with a ramp rate of 10 °C/min. Analysis of the evolved ggses b
mass spectrometry (Hiden HAL/3F PIC quadruple mass spectrometer) shows that the
complex begins to decompose at ~50°C to givex(dBi amu)and its fragments (58,

86 amu) as the major products. A similar experiment was conducted in which
crystalline [ABrNEts]4 was dosed with:10° Torr isotopically labeled®O, gas while
heating by the same schedule described above ®Chésotope was used to avoid
overlap with other possible products from the reaction. The resulting gagee@7

(a) and (b)) are virtually identical to thewacuo control TPR experiment showing only
NEts and its decomposition fragments. XPS analysis of the resulting white residue
showed the presence of Br and Al (111), presumabi0al The TPR of the [AIBrNE] 4

solid was repeated a third time, dosing instead with 1.0°Xd@ DO prior to heating

to investigate possible reactions induced by the presence of water in thesdrbipée
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resultant spectra show that the major product is still the labile ddBsistent with the
previous two experiments with a slightly lower onset temperakigeie28 (a)), but
closer examination of 784 amu mass spectrum region reveals the productio®Bf D
and D¥'Br at ~50°C Figure 28 (b)). The presence of BBr and ¥'Br from the RO
exposed sample compared to the-eaposed sample indicates [AIBrNEtundergoes

a hydrolysis process to generate gaseous DBrewthié slightly decreased onset

temperature suggests this pathway is kinetically favorable relative to oxidation by O

species.
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Figure 27: (A) TPRspectra of reaction of [AIBrNEts with'®0, @ 1 x 16 Torr.
peaks match NE&nd its known fragmentation pattern (Note: The intensity of 58, 86
amu at 7£C are out of scale)B) XPS Spectra of sample after the reaction showing
Al and Br remaining.
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Figure 28: (A) Temperature Programmed Reaction Spectra of [AIBsNExposed
to D;O at 1.0 x 16 Torr for 1 hour. The chamber was the evacuated to 1'XTHdr
and the TPR was subsequently taKB) Comparison of TPR Spectra of [AIBrNEit

exposed to BD (dotted line) and not exposed ted(solid line) in the mass 7&4

amu region.

Bre&ing down these observationghe following simplified stefby-step
mechanismis proposed with the help of Dr. Samantha DeCarlo and Dr. Bryan
Eichhorn described schematically irigure 29. Early in the droplet lifetime, the
[AIBrNEts]4 concentration is considered homogenobgyre 29 (i)). In terms of
elementary reaatns, it is difficult to parse the order at which reaction steps are
occurring but in a global sense, combustion of the solvent yieldsa@®HO in the
flame region. Upon diffusion of combustion products from the flame to the droplet,
reaction of HO with [AIBrNEt3]4, as indicated by the TPR experiments, will lead to
the production of HBr gas. Early in the droplet lifetime when it is largely homogenous,

H2>O reaction with [AIBrNEs]s will occur close to the droplet surface, nearest the
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source of HO in theflame. However, liberation of HBr gas will promote convective
mixing near the droplet surface and increase transport of water further into the droplet
yielding HBr gas within the liquid, exemplified by the mixing evident upon gas
generation inFigure 30. This enhanced mixing should promote faster [AIBrijlEt
decomposition and formation of HBr. At high enough concentrations, the gas nucleates
to bubbles andesults in the microexplosions observed (Fig@&<9 (ii and iii), and

30). These gas release events transport more fuel to the flame region and affect the
burning rate Figure 29 (iii)). The droplet then returns to a deflated droplet form until

the next visible eventHgure 29 (iv)). This process is repeated throughout the
remainder of the droplet lifetime, until the solvent flame extinguishes where the major

product left is alumina (according to XPS).
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Figure 29: Proposed reation of [AIBrNE#&] 4 dissolved in a mixture of tolueneset
exposed to an £atmosphere and burned (i). The combustion of the solvents leads to
the formation of Cg{g) and HO(g) (1). The HO contributes the oxidation of Al1+,
the formation of HBr(g), anthe expulsion of NE) (ii))(2) leading to visible
microexplosions (iii). This gas liberation and expulsion repeats (iv) and leads to
increased mixing of the droplet and its contents with the oxidiersurroundings
leading to the formation of [AIO(O}h products (3).
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Figure 30: Gas generation in AlBladen droplet. Top Row: Inflated droplet releasing
gas. Bottom Row: Deflated droplet after gas release with flame perturbation. Image
period = 234us.

The mechanism proposed is supported by the fewer incidences of visible
microexplosions in less concentrated samples, whereirfABENEL3]4 is available
for reaction and HBFr liberation, and the observation of microexplosions only in the last
~ 30% of tke droplet burn time. Since gas phase diffusion of water to the droplet will
occur much faster than its condensed phase diffusion within the droplet, the timescale
of this process can be conservatively estimated by considering the rate of diffusion of
waterfrom the edge to the inner region of the droplet in the absence of convective

mixing. Assuming that a 0.1mm diameter sphere of HBr gas is ample to produce the
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first microexplosion, 1.8x18 moles of water are required to diffuse into the droplet
and reatwith [AIBrNEt3]4. Considering a static 0.5mm diameter droplet saturated with
0.33% water at its surface with a binary diffusion coefficient of @®¢/s, the mean
Fickian diffusion flux of water would be ~6 xfOmol/nm?-s assuming a linear
concentrabn gradient within the droplet. This then yields an approximate transport
time for a microexplosion of ~150 ms, and presumably is a conservative estimate since
convection effectsare neglected Considering a total burn time is ~250 ms, this
supports theproposed mechanism wherein initial HBr liberation is produced by water
diffusing within the droplet.in summary, the production of HBr causes bubble
nucleation and droplet deformation to allow for increased mixing of the droplets with

the oxidizing enviroment and thus increased reactant transport and burning rate.

3.4 Conclusions

The mechanism of combustion enhancement of a soluble molecular
[AIBrNEts]s cluster additive in liquid fuel has been studied in single droplet
combustion experiments. The [AIBrNgtadditive increases the burning rate constant
of a toluenediethyl ether fuel mixture by 20% in a room temperature oxygen
environment with 39 mM of active aluminum additive (approximately 0.16 wt %). The
primary mechanism for enhancement seems to bé&l!gjhase internaflroplet gas
generation leading to disruptive burning. Similar experiments with nanoaluminum
showed no discernable enhancement at these low concentrations. While the
[AIBrNEt3]4 additive did not contain enough Al at these concentratmappreciably

increase the calorific value of the fuel, this study shows that the soluble architecture of
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the Albased additive contributes a novel mechanism to increase the burning rate of
hydrocarbon fuels, proving significantly more reactivity than pgarticulate

nanoaluminum counterpart.
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ChaptEefrf edct s of @addiocelel ahads enec
composite structure on HReemombu

kerosené droplets

Summary

Addition of metal and metal oxide nanoparticles to hydrocarbon fuels has
shown the ability to increase the volumetric energy density, decrease ignition delay,
increase hat of combustion, and catalyze fuel decomposition in recent research.
However, energetic metal nanoparticles are prone to aggregation, which occurs at an
increased rate near the regressing surface of a burning liquid droplet where local
concentrations irrease and can form a transpimttibiting shell, ultimately decreasing
the droplet burning rate. Alternatively, gas ejections from the droplet can disrupt shell
formation and transport nanopatrticles fridme droplet to the flame zone. The work in
this chager quantifies up to a 12.1% decrease in the burning rate constant of Kerosene
droplets when 6.1 wt% nanoaluminum (nAl) particles are added (the maximum stable
loading) with a hydrocarbebhased surfactant in a fréalling single droplet
combustion experient. Addition of nitrocellulose (NC) particles to the nanofuel

diminishes or fully counteracts the burning rate decreases and provides a means of

2The results presented in this chapter have been previously published and are reprinted with
permission fronP.M. Guerieri, J.B. DelLisio, M.R. Zachariah, Nanoaluminum/Nitrocellulose
microparticle additive for burn enhancement of liquid fuels, CombustidrFéame 176 (2017) 220
228.Copyright 2016 Elsevier Inc. on behalf of The Combustion Institute.
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tuning the burning rate constant higher than that of pure Kerosene (maximum 13.8%
increase over control with.2 wt% nAl and 0.6 wt% NC added). To reach stable
nanofuels at higher particle loadings up to 15.0 wt% solid additives, nAl and NC were
electrosprayed into composite mesoparticles (MP) before suspending with surfactant
in Kerosene. These MPased nanofuelboast increased dispersibility and additive
loadings and thus higher achievable burning rates (maximum 26.5% increase over
control) than physically mixed analogs. A mechanism is proposed in which droplet
disruptions influenced by NC addition include cgali inflations, during which the

liquid gasification rate increases, e.g. by expanding the outer surface area of the droplet.

4.1 Introduction

As described and motivated$ectionl.3.4 droplet disruptios areparticularly
capable of affecting burning rates by counteracting the formation of particle
agglomerates, increasing physical mixing within the drofjhbromoting species and
thermal transport), deforming the droplet thereby changing théiqgad interfacial
area, and causing secondary atomization of smaller drgpi@ksWhile dominant
agglomeration depressksrning rats, physical droplet disruipins enhance it artthis
interplay of mechanisms is a possible reason for the variety of burning rate effects
observedn literature with NP addition. Between these tve, dominating process can
be dictated, and thus burning rate influenced, by modifyiagdditive to affect either
droplet disruptions or particle agglomeration, namely by including a gas generating

additive and/or modifying the particle morphology.
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The work of this chapter uses the updated design of the droplet experiment
apparatus to westigatethe effects of chemically stabilized nBhsed additives to
kerosene fuel with and without a ggsrerating polymeric cadditive, ritrocellulose
(NC), in a droptower configuration designed to estimate combustion rates in the
presence of disrupie burning. Physical mixtures of the-edditives are compared
with a composite mesoparticle additive of nAl electrosprayed in a NC matrix.
Suspension stability is assessed and disruptive combustion is characterized by
observing and measuring shadowgraph®urning droplets suspended on a Silicon

Carbide (SiC) monofilament.

4.2 Experimental

4.2.1 Nanofuel Preparation

Nanoaluminum particles were usedraseived from Novacentrix, Inc. (80%
active Al with 25nm oxide shellFigure31(A)) for nAl nanofuel preparations and to
assemble NANC mesoparticles (MPs). The MPs, as well as NC particles foN@AI
physical mixtures, were assembled by electrospray ssistdescribed by Wang et al
[14]. The MP precursor consisted of 400 mg of nAl and NC solids (ranging from 5%
to 20% NC) in 4 mL of 3:1 ethanol:diethyl ether while the NC precursor was mixed by
dissolving 200 mg of NC solids (dried from collodion solutions ©8 4vt.% in
ethanol/diethiyether purchased from Fluka Corp.) in 2mL of acetone. All precursors
were agitated in a sonication bath for 1 h, and magnetically stirred for 24 h before

electrospraying. Consistent with the electrospray procedure of Wang et al., precursors
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were fed at 4mL/h through a 0.43 mm ID stainless steel probe needle by a syringe
pump. The needle was charged to (+) 10 kV and aluminum foil substraxd @iy at

a distance of 10cm from the probe needle. SEM of particles produced are shown in
Figure31(B) and 1(C).

A surfactant was required to chemically stabilize the additive particles in the
nanofuels. Trioctylphosphine oxide (TOPO), consisting of two long carbon chains (for
compatibilitywith nonpolar hydrocarbons) joined by a polar group (to combine with
metal oxide on NP surfaces) was proposed for this purpose by E et al. to stabilize boron
in JR10[92]. TOPO was added to all nanofuels in this study (2:1 TOPO:nAl by mass
unless stated otherwise) and facilitated stable nAl suspensions up to 6.1 wt% and
nAI/NC MP suspensions up to 15.0 wt%.

Nanofuels were assembled by addapgcified solid loadings (either nAl, NC,
nAl and NC, or nAlI/NC MPs) to 0.5 mL of premixed TOPO in Kerosene (reagent grade
from SigmaAldrich Co. LLC.) solutions. The same TOPO/Kerosene solutions were
used as control fuels without additives for each logdifo promote suspension,
nanofuel mixtures were agitated in a sonication bath for 1 h and magnetically stirred
continuously until use (at least 24 h). 1 minute of sonication also preceded all
combustion experiments. MP nanofuels, which showed generglhehsuspension
stability than nAl or NC particle nanofuels and therefore required less agitation for

suspension, were only sonicated for 5 min before stirring to prevent MP damage.
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Figure 31: (A) Nanoaluminum particulate additive TEM showinrgrim oxide shell.
(B) SEM of electrosprayed NC particles rangingfrod 1 e m i n di amet er .
NAI/20%NC Mesoparticle SEM showin2l ¢ m di amet er assemblies
primary particles.

4.2.2 Conbustion Characterization

Burning rate constants are evaluated using a drop tower configuration described
in Section2.1.2in which a ~06 mm diameter fuel droplet is generated and released to
fall past two counteflow methane pilots and through 20 vertical inches of pure oxygen
at room temperature. This methaaloids interference of any suspending filaments and
the nonphysical assumptidimat the droplet volume indicates the mass of unburnt fuel
remaining, which is otherwise required for classical burning rate measurements (using
the slope of Bversus time). One high speed camera records a magnified shadowgraph
(generated with an expartiéleNe laser and lens train) of the droplets passing the
pilots to measure the initial droplet size-54frames per droplet) while a second
synchronized camera records the droplet flame falling through the tower. MATLAB
image processing is used to meaghescrosssectionalpixel area of droplets passing
the igniters, calculate the equivalent circular diameter, and evaluate the eccentricity of

the droplet. Calibrating for camera magnification with the knolrameter igniter
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tubes and eliminating frames of deformed dropleth wccentricity greater than 0.6
(where O is a circle and 1 in a line), each initial droplet diameter is calculated from the
average of at least 3 admissible frames collected. The uncertainty of this average is
estimated to be £0.01mm (an improvement upwthod ofChapter3 with higher
camera magnification). MATLAB image processing also detects the first light and last
light of each droplet flame falling through the tower to assess burning time with an
estimated uncertainty of +3ms for the moshfigi emitting samples (pure kerosene).
The burning time and initial droplet diameter are used to estimate a burning rate
constant by assuming all initial reactive material has burned upon flame extinction (i.e.
Dexincior=0) USing Egation25 with a measurement uncertainty of +0.02 ffaxiThis
assumption has been supported by TGA and XRD analyses of solid residues collected
from falling droplets inChapter3 and TGA of oxidized nAl residues from suspended
droplet experiments discussed later. By averaging K estimates of approximately 8
droplets per trial, K is evaluated for each sample with an estimated experimental
uncertainty of0.1 mnt/s according td=quation25.

To further assess droplet disruptions during combustion, an alternative
configuration employs a horizontal SiC monofikamt (0.1mm diameter; Goodfellow
USA) to suspend a droplet in the center of the tower by pipetting a drop manually onto
the filament. A methane pilot is then swept past the droplet for ignition and the same
camera/laser shadowgraph setup described preyimeirds a magnified image of the
droplet combusting in place. The tower atmosphere used in suspended droplet

experiments is air instead of oxygen to prevent the filament from igniting. MATLAB
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is used to measure the crasstional area of the droplet (ithe filament subtracted)
every two frames (334 e€s), from which an e
estimated. The initial droplet diameter is measured over at least 100 frames prior
ignition and an ignition time is estimated using the inftecpoint of the initial increase

in droplet diameter which occurs upon heating. The droplet diameter evolution over
time can then be plotted to visualize the droplet disruptions over its entire combustion
lifetime. While insight into the disruptive natuof each formulation is provided by

this method to facilitate comparisons, quantitative burning rates are obscured by gas
generation and solid combustion products within the droplets and are incomparable to
the drop tower configuration due to the oxidiz#range and conductive filament
interference. Residue remaining on the filament after each sample burns is transferred
to carbon tape on an SEM substrate for analysis and the filament is cleaned with

Acetone before the next trial.

4.3 Results and Discussio

4.3.1 Suspension Stability

Particle loading ranges for all samples were maximized based on their
propensity to pump through the droplet generation capillary reliably. nAl particle
suspensions clogged the delivery needle at loadings >6.1 wt% and NCssospet
>2.3 wt%. MPs suspensions however can be mixed up to 15.0 wt% particles for MPs
composed of 80 wt % nAl and 20 wt % NC (An/#

begins. In order to electrospray particles instead of fibers, the binder content of the MP
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compasite is limited to 20% or less NC polymer and thus four MP types were used

(nAI/SWt%NC, nAI/10wt%NC, nAl/15wt%NC, and nAl/20wt%NC). nAl+NC

physical mixture suspensions were chosen to match the constituent loadings of the MP
samples up to 6.0 wt% nAINPD+. 7 wt % NC particles (fA6. 7wt?
with higher loadings causing clogs. Based on these lifdble 4 summarizes the

samples formulated and tested andttieoretical change in volume and massed

energy densities (enthalpies of combustion with oxygen per volume or mass) the

additives would cause in dodecane without TOPO surfactant considered.

Table4: Nanofuel Suspension LoadiR@anges

% Change in Energy Density

Sample wi% nAl wt% NC by Volume by Mass
nAl NPs 2.3t06.0 | N/A 1.1t03.3 -0.59 to-1.7
NC NPs N/A 0.13t01.3 | 0.06t01.0 -0.10 to-1.8
nAl + NC NP Phys Mix | 2.3t06.0 | 0.13t00.70[ 1.1 to 3.0 -0.69 t0-2.2
nAl/5%NC MPs 23t012.4 | 0.13t00.65/ 1.1t08.1 -0.69 to-4.6
nAl/10%NC MPs 23t012.4 | 0.23t01.4 |1.0t0 7.6 -0.79 to-5.3
nAl/15%NC MPs 2.3t012.4 10.40t02.1 | 0.94t07.0 -0.90 to-6.0
nAl/20%NC MPs 2.3t012.4 | 0.57t03.0 | 0.861t06.4 -1.0 t0-6.9

Long term stability of the nanofuels was assessed qualitatively by allowing the
suspensions to gravitationally settle for 1 week following combustion testing and
visualizing the suspension quality. Representative suspensions of 6.1 wt% nAl,
nAI/5%NC MPs,and nAl/20%NC MPs were also sonicated and stirred in kerosene
without surfactant before pouring into clean vials and allowing to gravitationally settle
for 1 day to illustrate dispersibility without chemical stabilization. With TOPO, all

physical mixturenanofuels settled out of suspension within 1 week while MP samples
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maintained suspension (photographs availabdpendix A). Without surfactant, nAl
failed to suspend at 6.1 wt% with most of the nAl and kerosene gelling during the
magnetic stirring anédhering to the mixing vial. The MP samples do suspend but
gravitationally settle more without surfactant after 1 day. The presence of NC polymer
in the MPs with the nAl is the likely cause of increased dispersibility of MPs relative
to nAl with and withott TOPO. NC has polar and nonpolar sections but overall has a
lower dielectric constant (~6.2.5) than the alumina surfaces of nAl (~2B5). Since
kerosene has a low dielectric constant (<28, the NC will disperse better than
alumina in kerosene. s have more alumina surfaces covered in NC than do nAl
particles (with or without NC particles added) and therefore will disperse better than
nAl. Adding TOPO surfactant will increase the stability of both nAl physical mixtures
and MPs since it has a pokend which is compatible with any exposed Alumina and

hydrocarbon chains compatible with the kerosene.

4.3.2 Nanofuel Falling Droplet Combustion

Figure32 depicts timeapse images of five representative samples combusting
in the falling droplet experiment. When applicable, the samples shown include the same
mass loading of TOPO surfactant@}, nAl (C-E), and NC (BE). Disturbances in the
trace of visible flame radiation are attributed to droplet disruptions during which gas is
ejected from the droplet, on occasion carrying condensed phase reactants or causing a
fission event, and usually pexted by droplet inflation. Suspended droplet experiments
discussed later provide detailed evidence for and analysis of these disruptions. The

falling motion of the droplets, deviations of their trajectories from the centerline, and
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apparent stochastic digtion events render magnified videography and classital D

burning rate analysis on the falling droplets unviable.

(A) (B) ©) (D) (E)
Kero TOPO nAl P.M. MPs

Figure 32 Timelapse images of falling, combustiKgrosene droplets with
120mg/mL TOPO surfactant, unless noted otherwise, and various nanopatrticle
additives. (A) Kerosene Only (no TOPO). (B) 120 mg/mL TOPO Control. (C) 6.1
wt% nAl. (D) 6.7 wt% nAl+10%NC Physical Mixture. (E) 6.7 wt% nAl/10%NC
Mesopartides.

Any nAl added combusts predominantly in the final stage of combustion, when
little to no liquid fuel remains (indicated by obvious color temperature increase in
Figure32(C)-(E) characteristic of Al combustion). While slurry fuels behave similarly
[20], their slowburning microrparticles comprise a significantly larger fraction of the

overall burning tine compared to the rapid combustion of nAl in liquid fuels. When
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disruptions liberate secondary small droplets, minute amounts of nAl can also combust
near their termination, before the final stages of the parent droplet combustion.
Presumably nAl could eape unburned from a system without ample energy to ignite
the solids; however, TGA data confirms that residues collected from suspended droplet
experiments contain little to no reactive aluminum suggesting-auaplete nAl
combustion here in keroseaé. Flame temperatures of the kerosexggen system

in falling droplet trials are even higher than those of keroagn@hich together with
evident emission characteristic of nAl in the color videos suggests thorough

combustion of nAl in the fuels.

4.3.3 Burning Rate Measurements

Because the TOPO surfactant concentrations vary among the samples tested
with the nAl additive concentration, the surfactant effect on the burning rates must be
assessed so additive effects can be normalized with respect to TORG data.
Addition of the surfactant increases the burning rate linearly withsauared fit value
of 0.955 (plot of absolute burning rates versus surfactant concentration with TOPO
control trendline shown iRigure33). Timelapse images of falling droplet trials show
increased visible flame radiation and onset of a characteristic late explosion which can
disperse small secondary droplets with increasifgP® concentrations. All
subsequent burning rates are represented as percent change relative to the burning rate
of the corresponding TOPO solution measured on the same day to eliminate

environmental variations. Considering the estimated experimental aintgrof the
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burning rate constant, the maximum uncertainty of the percent change in burning rate

is estimatedo be +8%.
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Figure 33: Absolute Burning Rate Constants versus Control Surfactant
Concentration

Nitrocellulose addition is of interest due to its preexisting role as a composite
particle binder and its expected role as a gas generating additive to incite droplet
disruptions for burning rate enhancement. To investigate its influence without nAl
preset, NC is assembled into microparticles and added to kerosene fuels with two
TOPO concentrations (the minimum and maximum surfactant loadings used in the
study). Flame trace observations depict little to no significant qualitative effects of

added NC on vible flame radiation or apparent droplet disruptions relative to
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respective TOPO solution controls (representative -tapse images available in
Appendix A). Resultant burning rate effects are plotteBigure34 as functions of NC
particle loading. At low surfactant concentration, NC addition causes burning rate
enhancement up to a critical loading (12.9% increase at 0.5 wt% NC) beyond which
the enhancemedecreases. However, at high surfactant loadings, the NC enhancement
is masked by the burning rate increase of the TOPO. 320 mg/mL TOPO causes a 33.5%
increase in burning rate relative to 40 mg/mL TOPO. If the mechanisms of the NC and
TOPO additions withouhAl were mutually exclusive, thereby counteracting each
other, a decrease much greater than the observed 5% would be expected with NC
addition to 320 mg/mL TOPO. This shows that instead, the mechanisms of NC and
TOPO added without nAl to kerosene arellk&milar, such that relatively small NC
addition to an already highly TOP@den sample simply incites no further
enhancement. Despite this, NC added to kerosene can clearly increase the burning rate

and even provide means of tuning with NC concentration
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Figure 34: Effect of Nitrocellulose Particles ddroplet Burning Rates

nAl was added to the fuel in two forms:-@xeived NPs and within
mesoparticle composite assemblies with NC. The effects of these configurations can
be drectly compared up to the maximum loading of nAl NPs (6.1 wt%). To do so,
physical mixtures of nAl + NC particles and MPs of equal constituent loadings were
formulated and their burning rate effects are plotteldigure 35 as functions of each
nanofuel 6s NC c o nfAnteepts deadteiagcaived nRllwahout MCo  y
added in all cases (since MPs cannot be assembled without a polymeric binder). While
nAl addition alone decreases the burning rate with increasing concentration, this
decrease can be counteracted by adding NC to increase the burning rate. The net effect
is a nanofuel that burns with the same or higher burning rate as the control with the
added theoretical energy density of the nAl component. At low loadings (2.3 wt% nAl),
the physical mixture and MPs behave the same showing no benefit of one architecture

over the other. At higher loadings however, the MPs follow the same trend as low
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loadings while the burning rate of the physical mixtures are depressed by the increased
nAl addition. The MP architecture with 6 wt% nAl also facilitates higher stable NC
loadings (>0.7 wt%). In the analogous 6 wt% nAl physical mixtures, NC loadings >0.7
wt% cause sample agglomeration and needle clogging. Consistent with its effect
without nAl, NC provides a means of tuning the burning rate and compensating for
decreases caused by nAl addition. Assembly into MPs expands the range of tuning

available.

30T

% Change of Burning Rate Constant

-20

= 4 = Physical Mixtures (2.3wt%% nAl)
=—=¥~-— Physical Mixtures (6.0wt%% nAl)
—©— Mesoparticles (2.3wt%% nAl)
@+ Mesoparticles (6.0wt%% nAl)

Figure 35. Burning Rate Effects of nAI/NC Physical Mixture and Mesopatrticle
Additives. Yintercepts are nAl particle suspensions in all cases. Burning rate %
changes are relative to the TOPO surfactanty control solution for each dafaoint
(2:1 TOPO:nAl by mass).

Recalling that assembling the NC and nAl into MPs maintains suspension
stability at higher loadings than physical mixtures, the burning rate enhancement of

such higher loadings are shownFigure 36 plotted versus total particle loading and
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organized by the nAl:NC ratio (i.e. MP type). Note that in all cases, the absolute
burning rates increase with particle loading when the T@fR€t is considered. When
normalizing by this effect, it is evident that (similar to NC particle addition) MPs cause
burning rate increases up to critical loadings beyond which the burning rate
enhancements diminish. Higher NC content in most cases iatseases the
enhancement as expected; however, 15% and 20% NC burning rates are similar
indicating minimal marginal benefit of increasing the NC content beyond 15%. In all
but two data points, addition of nAI/NC MPs increased the burning rate to some exte
and since they can be used to reach higher loadings, a greater maximum burning rate
enhancement over controls is also observed compared to physical mixtures (MP
maximum 26.5% burning rate increase; physical mixtures maximum 13.8% burning
rate increaseNC addition decreases the net volumetric energy density of the fuel, an
effect opposite to that observed with nAl additiGiigure 36 quantifies this effect
theoretically over the range of MP loadings studied based on calculating the change in
enthalpy of combustion per unit volume that results from adding the corresponding
guantities of Al and NC to dodecane. Added NC content canaserthe burn rate of

the composite particles while the nAl content increases the theoretical enthalpy of
combustion per volume relative to the liquid fuel, however, since NC has a lower
volumetic energy density than that &krosene, this increase in bumte incurs a
penalty in the resultant energy density increase as illustratégyumne 36. Both MP
additive loading and NC percentage in the MPs provifieldesigner with means of

tuning the burning rate and energy density increases of the composite fuel.
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Figure 36: (Top) Theoretical increase in volumetric energy density of kerosene fuel
as functions of composite mesopartiatidlitive loading based on enthalpy of
combustion with oxygen per volume of nanofuel. (Bottom) Effect of composite

mesoparticle loadings on droplet burning rates. Burning rate % changes are relative
to the TOPO surfactardnly control solution for each dagaoint (2:1 TOPO:nAl by
mass).

4.3.4Droplet Disruption Analysis

Direct observation of burning clearly shows that a classiéaye analysis is
not applicable since significant fission events during burning are obsé&igede 37
depicts a representative plot of droplet size evolution during its burning on a horizontal

SiC filament in air with timdapse images of falling droplets with and without MP
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addiive (plots and timdapse images for all thirteen representative samples tested as
suspended droplets are available in Appendix A). The filament is not completely
insulating (with slight preferential boiling observed near the drdiéahent interfacg

and air is required rather than oxygen to prevent combustion of the filament. Gas
generated during disruptions and solid products in the droplets also obscure any
burning rate measurements by decoupling the esesgonal area observed from the
mass olinreacted fuel remainir{§9, 102] As such, the stationary experiments are not
guantitatively equivalent to the falling droplet experiments but facilitate comparison of
the disruptions caused by various additivspendix Aincludes suspended droplet
data next to falling droplet timkapse images for various samples illustrating that
gualitatively, the disruptive natures of the fuels are approximately preserved between
the two experiments and thus the suspended dropletiexgrés can provide insight

into disruption effects.
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Figure 37: 10.4 wt% nAl/15%NC MPs in 200mg/mL TOPO/Kerosene. (LEFT)
Representative annotated data of suspended droplet size evolution during combustion
on a SiC filament in air. (RIGHT) Tirlepse images of 200mg/mL TOPO/Kerosene

with and without MPs added. Plotsr fall thirteen samples tested as suspended
droplets with representative falling droplet tifagse images available l\ppendix

A

0

Three distinct combustion regimes are evident in the stationary droplet
evolution plots: an initial nofinear heat up regio during which flame energy heats
the droplet to its boiling point (expanding it); a subsequent linear combustion region
akin to classical droplet combustion; and ultimate disruptive regions characterized by
deviations from classical (linear) droplet bumgiby repeated inflations, deflations, and
shape perturbations from momentum transfer upon gas or condensed phase ejections.

Shorter times (normalized by square of initial droplet diameter) to the first of these
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disruptive regions in suspended droplet eixpents roughly correlate fR0.829) with

faster burning rates measured in falling droplet experiments (plotieppendix A.

The surface area increase due to inflation can be estimated from this data during the
disruptive regimes. Disruptive regions asabdivided by local minimums which
roughly represent the droplet with little to no internal gas. The approximate volume of
condensed phases in the droplet can therefore be interpolated between these two points
for each sulyegion (shown as dastot linesin Figure37) and by comparison with the
actual volume measured, the difference provides an estimate of droplet inflation
volume that results from internal gases. Assuming constant values of vapoodiffusi
coefficients, vapor mass fractions at the droplet, and vapor mass fractions in the
ambient environment, the rate of phase change per surface area at the droplet is
inversely proportional to the droplet diameter. By fitting the proportionality constant

to data obtained for pure kerosene which is devoid of any disruption®.963) the

added volume gasified due to increases in droplet surface area by inflations over the
droplet lifetime is estimated and normalized by initial droplet volumes (expressed a
volume percent) and residue volumes (final solid product volumes measured are
assumed to form within the droplet linearly over their lifetimes andwstracted) and

given by the equation belgwlotted in Appendix A

| I nfd at e Defla'Qedi (30)

v
I nfl ation

|

By assuming that a hypothetical droplet burning in the tower without this

enhancement will do so at the rate observed for pure kerosene droplets in falling droplet
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experiments (( p® ¢, the effect of this added volume loss by increased
surface gasification from inflations on the burning rate constant cantipeatsi
theoretically by the equation bel@md compared with the actual burning rate constants
observed irFigure 38.

Kerosene

O nti atTgn e (31)

Inflation

The linear correlation observed suggests that inflation is a strong mechanism
by which these disruptive samples affect overall burning rates. The theoretical burning
rate constants that would result from this effect are similar to the actual burning rate
constants observed, proving that the magnitude of this mechanism can be large enough
to account for much of the enhancements observed. However, since the proportionality
constant is less than one (exact agreement), inflations also likely enhance the burning

rate by mechanisms other than outer droplet surface area increase.
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Figure 38 Theoretical burning rate constants based on enhancement of surface
gasification caused by droplet inflations in suspended droplet experiments versu
burning rate constants measured in falling droplet experiments.

4.3.4 Proposed Additive Mechanisms

Based on evidence from the suspended droplet experiments, droplet inflations
are thought to be directly related to burning rate increasing mechanisms of disruptively
burning droplets. A schematic of an inflatideflation event is shown iRigure 39.
Inflations increase the outer surface area thereby promoting the gasification rate (Il
V), facilitate internal gasification at newly formed liqegas interfaces (li IIl), and

can ejectnaterial upon deflation (V).
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Figure 39: Schematic of cyclical droplet inflation and deflation. Increased surface
area during inflations promote gasification at outer surfaces and promotes burning
rate. () Undisturbed drople (1) Gas bubbles nucleate by radiative heat absorption

gasifying local fluid, thermal decomposition of NC, and/or multicomponent
superheating60-63]. (Ill) Gas bubble coalescence. (IV) Ejection. (V) Momentum
transfer and shape deformation (V1) Droplet equilibration and repeat.

The propensity of a droplet to inflate is affettey internal gas generation and
effective surface tension. The equilibrium inflation volume is that which balances
inward atmospheric pressure and Laplace pressure with outward gas pressure. This
out ward pr essur e smass,@mperaten and volanme. Forfconstemte g a s 0
internal gas mass and temperature, its volume will increase with decreasing Laplace
pressure given bgquation32, wherenis surface tension,dg#s the radius of the internal
bubble, and Ris the radius of the droplet. Therefore, as surface tension decreases,
inflations would be expected to increase far same amount of internal gas generated.
As the mass of gas liberated within the droplet increases, inflations also increase since
the equilibrium inflation size (Rand R) that balances the inward and outward forces

on the condensed phase becomes larger
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The soluble TOPO surfactant can both decrease the surface tension of the
kerosene and increase gas generation since multicomponent combustion droplets with
differing boiling points are known to generate gas interrj&y63]. This is consistent
with the observed increase in both droplet inflations and burning rate with ingreasin
TOPO concentration. Agreeing with multiple examples of increasing burning rates
with increasing NC content, NC addition will also increase gas generation and
consequential inflations since it is known to thermally decompose beginning at ~195 C
which is bwer than the boiling point of kerosene (the temperature that the droplet can
be expected to reach and maintain in the ignition stage of its combustion). nAl can also
promote inflations since it is known to increase radiative heat transfer from the flame
to the droplet which can accelerate internal gasification and thermal decomposition
processeg$27, 5355]. Therefore, all additives studied herein have mechanisms by
which droplet inflations (and burning rates) can increase with increasing additive
concentration.

However, inclusion of solid particles also adds the effects of particle transport
and agglomeration to the inflation dynamics. As pariatten droplets burn and the
particle mass fraction increases, particle agglomeration increases, especially near the

receding droplet surface resulting in shell formation. The characteristic time for a

particle to diffuse the radius of the droplettisg ;E;E& where by the Stokes

Einstein equationD ——. Assuming the viscosity of the droplet is approaialy
b
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that of dodecane ( p®& 1 0 &), MP diameters are [Im, and NP diameters are 80

nm, the characteristic times atge z&n P® P TOandts ¢ £ar PF P TMOWHich

are much longer than the characteristic time of surface regression (equal to the burning
time which is approximately 250 ms). Therefore, the surface will regress during
combustion much faster than particles can diffuse inward, thereby forming a shell.
Agglomerate shells will inhibit liquid and gas transport and therefore add an inward
componat to the force balance on a growing internal gas bubble. Similar to the effect
of weak versus strong surface tension, an agglomerate held together with weak
minimum interparticle forces will change shape and size and permit multiphase
transport more easilland thus induce less inward pressure on a growing bubble) than
an agglomerate shell with strong minimum interparticle forces. Considering an
agglomerate forming of nAl NPs (e lgigure31(A)) versus one forming of MPs (e.g.
Figure31(C)), the toplevel assembly particles are an order of magnitude different in
size (nAl agglomerates are assembled of ~80nm nAl NPs; MP agglomerates are
composed of ~E m me s 0 p aasseibled).erhus, the overall strength of MP
agglomerates is limited by the smaller contact areas and larger interparticle distances
between individual MPs, a level of interparticle weakness which does not limit the
strength of a nAl agglomeraté&igure 40 shows SEM of the inner surfaces of
agglomerate residues recovered from suspended droplet experiments of nAI/NC MP
(A) and nAI+NC physical mixture (B) nanofueisspectively. The porosity of the MP
nanofuel residue is noticeably higher than that of the physical mixture nanofuel,

providing further evidence of smaller contact areas and larger interparticle distances in
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MP agglomerates. Therefore, MPs are expectedatilitate increased inflations
relative to physically mixed analogs which is consistent with experimental
observations. Particle agglomeration inhibiting droplet inflation can also explain
decreases in burning rates observed at high particle loadidgs aamples of nAl

without NC.

it S e .
Figure 40: SEM (1.8kX) depicting inner surfaces of residues of (A) 10.4wt%
NAI/15%NC MPs in 200mg/mL TOPO and (B) 2.9wt% nAl+20%NC Physical Mixture
in 40mg/mL TOPO suggestihggher porosity of MP agglomerates relative to
physical mixture agglomerates.

4.4 Conclusions

Nitrocellulose is shown to be a suitable gas generator capable of increasing the
burning rates of hydrocarbon droplets laden with nAl particles, which with@ugaisi
generating ceadditive would otherwise decrease the burning rate of the fuel. Physical
mixtures of NC and nAl particles in kerosene are limited by poor stability with
increasing particle loading, even with the use of TOPO, a hydrocarbon surfactant.
However composite nAl/NC mesoparticles can be used to create stable nanofuels with
over twice the maximum particle loadings of physically mixed nanofuels without

clogging the droplet generation capillary (analogous to propellant/fuel handling
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infrastructue). The MP additives also promote higher burning rates at increased
loadings where detrimental agglomeration effects are more severe for physically mixed
additives relative to MP additives. Cyclical droplet inflations and deflations are found
to be an impdant mechanism whereby increased gasification rates, e.g. by enlarged
droplet surface area exposed to the flame, promote the overall burning rate of the fuel
which can be promoted by lowering fluid surface tension, increasing internal gas
generation withabsorbing particles or thermally decomposing additives, or by

weakening particle agglomerates that form using the MP composite architecture.
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ChaptAecrt i vitycoht axgyigeg@ nanopart.

in combusting®kerosene droplets

Summary

Metallizing and gelling hydrocarbons has received attention since the 1960s,
but slurry fuels utilizing micron patrticles suffer from long particle burning times and
problematic agglomeration. This study investigates single droplet combustion of
kerosene wth oxygencontaining nanoparticle additives, assembled by electrospray
into nitrocellulose(NCbhound composite fAmesoparticled (N
of 5 um). Significantly improved dispersion properties of these materais
demonstratedcompared to unassembled nanoparticles. Droplet combustion is
characterized with a frefalling droplet experiment utilizing high speed videography.
The MP preassembly strategy demonstrated previously by this group to improve
burning rate effects and suspensior#ity of nanoaluminum is extended to oxygen
containing nanoparticles of CuO, KIOMgO, and AtOs added to kerosene as NC
bound MPs. Burning rate enhancements of up to 40% are seen for CuO arMR&O
Direct observation of droplet combustion disruptions is used to propose active

mechanisms for each additive.

3The results presented in this chapter have been previously published and are reprinted with
permission fronP.M. GuerieriR.J. Jacob, J.B. DeLisio, M.&ehwoldt M.R. Zachariah, Stabilized
microparticle aggregates of oxygeantaining nanoparticles in kerosene for enhanced droplet
combustion, Combustion amtdame 187 (201877-86. Copyright 2017 Elsevier Inc. on behalf of The
Combustion Institute.
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5.1 Introduction

As discussed inSection 1.1.2 nitrocellulose can be used to assemble
nanoparticles i nto porous aggl om&gpumat e @A mes
in size which exhibit enhanced combustion compared to[t#l This strategyhas
beenextended to thermite mixturefemonstrating a threfeld increase in constant
volume combustiompressure rise and pressurization rate for nAl/CuO MPs compared
to physical mixturefl4]. This effect was attributed to more intimate contact of the fuel
and oxidizer and gas generation by NC decomposition dispersing the reactant particles
thereby mitigating reactive sinterinffl4]. The mechanism of primary particle
dispersion to mitigate sintering and promote high burning rates was supported by
aerosolbased combustion observation$lii] and MPs were employed in solid rocket
propellant in[16].

In Chapter4, this MP architecturés used to preassemble nAl for addition to
kerosene, showing significantly increased suspension stability, higher maximum stable
loadings, and therefore greater maximum burning rate increasssis physical
mixtures of nAl and NC nanoparticleShis chapterevaluates effects of oxygen
containing solid particles of CuO, KIQMgO, and AfOs on the singledroplet
combustion of kerosene in a drtgwer configuration when the same ggserating
NC coadditive and MP preassembly strategy is employed to promote droplet

disruption, agglomerate brealp, and suspension stability.
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5.2 Experimental

5.2.1 Nanofuel Preparation

Samples tested were chosen to investigate oxide compounds of various natures:
CuO, a metal oxide commonly used in thermite mixtures which thermally decomposes
to release oxygefl03]; KlO4, a peiodate salt more recently demonstrated as a strong
oxidizer of reactive metals which also releases oxygen by thermal decompd€iihn
MgO, a metal oxide expected to be more stable than CuO but which has some
possibility of oxidizing combustion species; and@d, a stable metal oxide expected
to be inert.

Nanopowders of CuO, MgO, and 8 were used aseceived from Sigma
Aldrich which specified <50 nm particle sizes for all three materials (Sigladch
544868, 549649, and 544833 respectively). SEM images shown in HBglur@n
Supporting Information) confirm primary particle sizes on the order of 50 nm, but show
secondary particle agglomerate sizes of®bn for CuO and 410 um for MgO and
Al 203 within tertiary fractal aggregates on the order ofl®0um. KIO4 nanoparticks
were synthesized by spralyying asreceived KIQ (SigmaAdirich 210056) dissolved
at 4 mg/mL in deionized water from a ventstyle collision atomizer through a silica
diffusion dryer into a tube furnace at 200 C and was collected with-lameid00um
membrane filter[105]. Resulting particles are on the order of-0.um primary
particles in agglomerates 0f5-10 um. NC nanoparticles required for N&ly control
samples were assembled by spray drying precursor, composed of NC collodion (Fluka

Analytical 09986) diluted with acetone to approximately 25 mg/mL NC solids, into
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two in-line tube furnaces at 80 Caollecting the particles in a 4Q0n membrane
filter heated to 90 C to prevent solvent condensation.

Nitrocellulosebound mesopatrticlesere assembled using electrospray particle
synthesis described by Wang et 48] wherein precursors of solid particles suspended
in NC solutions (3:1 ethanol:ether solvent) are agitated in a sonication bath for 1 h and
magnetically stirred for 24 h before injection via syringe at 2.5 mL/hr through a 0.43
mm ID stainless steel probe needle charged at 10 kV. 10 cm from and perpendicular to
the probe needle, an aluminum foil collection substrate is charg&@ o/ to induce
fluid breakup at the needle exit into microdroplets of precursor which dry in flight
before deposition on the foil.

Nanofuel suspensions are mixed by adding NPs or MPs to 0.3 mL of kerosene
(SigmaAldrich 329460, reagent grade) with 15 mg of trioctylphosphine oxide (TOPO)
surfactant, agitating by sonication bath, and magnetically stirring4fdn. Sonication
bath times were 1 h for NP suspensions and 5 min for MP suspensions to limit possible
MP damage while maximizing NP aggregate disassembly and suspension. TOPO
surfactant is required to chemically stabilize particles in suspension arpopased
for this purpose by E et al. to stabilize boron inl0Pin [92] and has successfully
stabilized nAI/NC MP$n Chapte#t. To simplify comparison of nanofuel burning rates
using one common control, constant TOPO concentration (50 mg/mL), nanofuel batch
size (0.3 mL), and mixing/storage vial size (0.5 Dr) was maintained for all samples in
this study. Each sample was sonicdtadl min prior to combustion experiment trials

to ensure particle dispersion. The loadings of samples tested are shdailarb,
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which were based on equalygen content of the additives, constant for each loading
category AD (except for NC bindeonly control samples which do not include
oxides). NC binder mass throughout the study is five weight percent of the theoretical
reactive mixture, i.e. 5 wt% of stoichiometric mixture of the oxygesontaining

nanoparticles and nAl fuel for direct comparison wébults ofChaptes 4 and 7

Table5: Sample mass loadings tested by mixing with 0.3 mL of kerosene including 50
mg/mLTOPO surfactant. Control samples (not shown) included neat kerosene,
kerosene with TOPO surfactant, and NC nanoparticles in kerosene/TOPO at loadings
of 2210 mg/mL. Oxygen Molarity defined by the oxygen content of the oxides in the
final nanofuel suspersms.

A B C D
Oxygen Molarity | 0.44 | 0.89 | 1.33| 1.78]
Mass Loadings (mg/mL)

CuO NPs 35.4|70.8]106.1 | 1415
KiO4 NPs 256|511 ] 76.7|102.3
MgO NPs 179|359 | 538 | 71.7
Al203 NPs 15.1|30.2| 453] 605

CuO/NC MPs (6.4wt% NC) |37.8|75.5]113.3 | 151.1
KIO4/NC MPs (6.7wt% NC) | 27.4|54.9| 82.3]109.8
MgO/NC MPs (7.7wt% NC) | 19.4 | 38.8| 58.2| 77.6
Al203/NC MPs (8.1wt% NC) [ 16.4 [ 32.9[ 49.3| 65.8

O~NO OIS WDNP

5.2.2 Combustion Characterization

Measurements of burning rate constants were tat@wsistent with the
apparatus and methodology Ghapter4, as described i®ection2.1.2 For further
characterization of droplelisruptions, select samples ieeobservedn this Chapter
with magnified highspeed video at the height of the red lineFigure 43. Point
spectroscopy was also taken using an Ocean Optics USB200U¥&)$pectrometer
with a fiber optic focused at the same height as the camera on the falling droplets. The

integraton time of the spectrometer was longer than the time of a droplet falling
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through the field of view resulting in one spectra per falling droplet. Representative

spectra are shown in FigurB$-B.11.

5.3 Results and Discussion

5.3.1 MaterialCharacterization

Electrosprayed MPs are shown in SEM imageBigure41l. MP sizes are on
the order of 5um and generally round in shape which, compared ¢o~th10 pum
amorphic secondary aggregates of the source oxide particles shown in Bifure
suggests that sonication and mixing of the electrospray precursors successfully breaks
secondary soft aggregates to intimately mix NC binder with collectionsirobry
particles <5um in size, which reform round MPs as precursor droplets evaporate during

electrospray.
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Figure 41: SEM of electrospray assembled mesoparticle<C@#Q, (B) KIQ, (C)
MgO, and (D) AlOs.

Simultaneous thermogravimetric analysis and differential scanning calorimetry
(TGA/DSC) was conducted to assess the thermal behavior of the MP constituent
materials, shown in Figui®.3. The NC binder decomposesothermically at ~485 K.
TGA/DSC on the specific CuO nanoparticles used in this study under 10 K min
heating in argon shows onset of endothermic oxygen release at ~1100 K. Jian et al.
showed this CuO decomposition temperature is heating rate dependent and identified
Oqrelease temperatures between approximately 925 K and 1020 K for heating rates of
~1.5x10° and ~6x18 K s? respectivel\fj103]. TGA/DSC of KIQ, closely matches the
results of[104] with two decomposition steps at 604 K and 830 K. Conversely,
TGA/DSC of MgO nanoparticles revealed only a ~2.5% weight loss near 580 K, likely

decomposition of impurities in asceived MgO, with no obvious thermal
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decomposition of the oxide below 1200 C.d8@und MP samples show superimposed
activity of both the NC binder oxide particle, exhibiting no effect of one component on
the thermal behavior of the other.

The suspension stabilities are showrFigure42 as a function of time after
sonication. The important result here is that mesoparticles offer considerably greater
colloidal stability than the corresponding unassembled materials, consistent with our

observations for nAI/NC MPs iGhapter4.

Oxides OnIy NC-bound MPs
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Figure 42: Nanofuel suspension photographs at various elapsed times from
dispersion by sonication. Red boxes indicate suspensions which have visibly
gravitationally settled.

5.3.2 Nanofuel Falling Droplé€ombustion

Figure 43 depicts representative tinl@pse images of a single combusting

droplet for the highest loading class of each sample (including neaekeravithout
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surfactant which was atrtificially brightened for visibility). The droplet position is not
linearly related to its burning time and the initial droplet diameters can va. 1/

mm, therefore the length of the traces only loosely illustrae$dtirning rate of each
sample (more accurately quantified Section5.3.3). Traces AC depict the control
samples of neat kerosene, kerosene with TOPO surfactant, and NC particles added with
surfactant. Notably, the burning rate is only marginaffected by NC addition alone

and visible effects of the surfactant and NC patrticles are limited to the end stage of
droplet combustion.

Combustion traces G in Figure43 illustrate the effects of oxide addition as
nanoparticles. Longer traces suggest slower burning rates but quantification in Section
5.3.3 shows near zero effect, with slight burniagerincreases (most significant for
KlO4). Slightly longer traces are thought to be from small density variations with the
solid additives which, with constant droplet volume, decreases the significance of drag
compared to droplet inertia. It is possibat such slightly higher droplet velocities
near termination marginally increase burning rates when solid additives are included
by promoting aerodynamic mixing compared to ligaidy samples. This effect is
estimated to be small relative to the effedisgvil® additives and comparable to the
experimental error. The droplet combustion of all oxaddy formulations remains
unaffected for the first approximately 50% of their lifetimes. CuO incites droplet
disruptions at the earliest point in the droplet iifet with the most widely dispersed
activity and increased flame emission. Initial disruptions of 4Mhile appearing to

occur later and with less flame emission expansion, are of a similar nature to those of
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CuO, characterized by asymmetrical flame plexpansions. As Ki@laden droplets
approach termination, they demonstrate a more swollen emission profile. MgO also
incites highly emitting disruptions, however they typically only occur in less than ten
events in the last roughly 80% of the combustiometi are more symmetrical, high
emission, and most prevalent near droplet termination. This is the first indication that
CuO and KlQ may affect flame chemistry with emerging gas phase agents while MgO
activity may be limited to when flame and solid padscinteract. AOs shows very

small perturbations in the flame but generally only lengthens flame emission near
droplet termination, consistent with emission from heategDAlsolid particles
remaining as liquid burnout completes.

The last of the combustiaraces, FK, depict NCbound oxide MPs added to
kerosene with surfactant. The drastic shortening of tracds ddmonstrates the
significant effect of NC inclusion via MP assembly versus-Niflg. The onset of any
droplet/flame disruptions are significnearlier for NGbound MP samples in -,
consistent with observations of nAl MiRrs Chapter4. The resulting disruptions are
also exaggerated, featuring more widely expanded flame emission for CuO and more
frequent and brighter emission for Ki@nd MgO compared to traces® Al>Oz is
the notable exception, showing little to no effect of the-b@nd structure on the
activity of the additive, except for added trajectory perturbations consistent with NC
only (in trace C) wherein NC gas generatoanturbs the trajectory immediately before

droplet termination.
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A B C D E F G H I J K

Figure 43: (A) Kerosene OnlyB) Kerosene with TOPO Sufactant (base liquid fer C
H), (C) NC Patrticles Only, (D) CuO Only, (E) Ki@nly, (F) MgO Only, (G) A3
Only, (H) CuO/NC MPs, () KIGNC MPs, (J) MgO/NC MPs, (K) ADz/NC MPs.
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Red line corresponds to the height at which themfegl videos shown in Section
5.3.4 (and flame emission spectra discussesldrb) were taken: 4.5 inches below
the ignition point.

5.3.3 Burning Rate Measurements

The kerosene/TOPO fuels with MP additives studied include up to 1.15 wt%
NC. The burningrates of NC nanoparticladen samples up to this loading were
assessed without oxides and are shown in FigeAll burning rate data is presented
as percent changes in the burning rate constant compared to swdatyakgrosene
(K = 2.21 mn¥/swith 50 mg/mL TOPO surfactantNC NPs increase the burning rate
linearly by approximately% per wt% of NC, agreeing with observatiam€hapted
which proposed that NC thermal decomposition, beginning below 200 C, generates gas
within the droplets since combusting liquid droplets heat quickly to the boiling point
of the fluid (approxiamtely 220 C for Kerosene). Such generated gas inflates the
dropets, thereby increasing liquid surface area for evaporation, and significantly
increasing physical mixing of the system. Trace Eigure43shows these digptions
are most active near droplet termination for-bi@y samples. This late disruption onset
relative to MP samples in part explains the relatively lower order of magnitude of the
burning rate increases for NC alone.

Burning rate effects of the oxidelditives are assessed relative to the baseline
effects of NGonly and plotted relative to oxygen content for the four oxidésgare
44. The calibratiorturve of NGonly is overlaid on each plot to show the burning rate
of NC-only, relative to MP samples with the same amount of NC. With this frame of

reference, an obvious benefit of MOund MPs is evident for CuO, KiQand MgO
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based formulations. Consgsit with the combustion traces in Sectm8.2, AkOz is

the exception to this effect with little to no discernable benefit of thebbithd MP
architecture. Oxid@nly NP samples without NC (solid pointskifjure44) generally
increase or minimally affect burning rates. This is in stark contrast with observations
of nAl NPs added aloni@ Chapter4 which decreased the burning rate with added nAl
loading. KIGs stands out with the highest burning rate increases at and above 0.9 M

oxygen (5.6 wt% KI@NPs) among the oxidenly samples.
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Figure 44: Burning rate effets of CuO, MgO, Kl@ and AtOz nanopatrticles and
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The effect of mass loading of MPs isosin in Figure 45 with the various
oxygen contents of the four oxides. With respect to burning rate, d{¢@rly provides
the highest overall rate increase. The oxides with the most significant dpueien
increases in MPs (Kl9and CuO) are also the two least efficient oxygen carriers by
mass. MgO and ADs boast higher oxygen per mass ratios, however, only MgO MPs

achieve significant burning rate increases.
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Figure 45. Burning rate effects of all mesoparticle additives versus mass percent
particle loading and oxygen carrying efficiency of each oxide.

5.3.4 Direct Observation of Droplet Disruptions

To further investigate the droplet combustion disruptions that emerge upon
CuO, KIQs, and MgO MP addition, magnified high speed video was taken at the height
of the red line inFigure 43. A representative disruption event for CuO/NPs is

shown inFigure46. Image gains are artificially adjusted to keep the droplet frames
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visible throughout the event. The CuO/NC MP disruption initiatése second frame

of Figure46 with a small region of decreasedhission in the flame, and spotted spot

of orange emission expansion. The region of lower emission behaves like low
temperature gaseous species radasom within the droplet since in the following
frames, it expands upward through the flame and increases emission consistent with
the combustion of gaseous species. Concurrently, the initial spot of orange emission
first expands outward in the directiaf its ejection for 23 frames before veering
upward, suggesting nontrivial inertia of the emitting species. Predominantly orange
emission plumes with faint regions of green near the edges are observed in frames 5
17 inFigure46 accompanying the ejection event.Such emission is consistent with that
of coppercontaining species, confirmed by emission spectroscopy of a passing CuO
MP-laden droplet shown in FigelB.6 to likely be excited CuO and CuOH (orange
608nm and 618nm doublet, and green-535 nm band respectively. In the fifth frame,

this presumed copper species liberation occurs again at a secondary site on the left side
of the droplet and together $ereleases overall create the widespread orange/green
emission attached to the droplet flame which is visible on the order of 3 ms. A possible
explanation is ejection of particulate CuO which decomposes and reduces near and in
the flame region thereby a&ffting gas phase reactions causing the emission increase

which lingers around the droplet flame.
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Figure 46. Representative swelling/eruption event during combustion of CuO/NC
MPsin Kerosene/TOPO. Brightness is artificially increased for visibility as labeled
on the first frame of each gain adjustment setting. 166 us image period

Disruptions of KIQ/NC MPs, represented blyigure 47, contain notable
differences relative to those of CuO MPs. First, the droplet flame in the absence of a
large disruption is unsteady compared to the flame with CuO MPs (seen steady in the
first frame ofFigure46 compared to the deformed flame shape for KMPs shown
in the first frame ofigure47). The timescale of these small flame perturbations for
KlO4 MPs is short, on the order of one frame or less (I6and are possibly due to
heterogeneous oxygen release from the droplet by #é@omposing near the droplet
surface. Larger disruptions occurring concurrently are similar to gas ejections observed
for CuO MPs and ifChapter4, exemplified in the seventh frame Bigure47 at the
bottom right of the droplet. However, compared to those of CuO MPs these events are
smaller, occur more frequently, and have little to no spectral effect on the flame

emission. Orangegiolent emission beginning in the ninth frame is not attachedeo
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droplet flame (like the emission expansion of the CuO MP disruption), but rather seems
to emanate from a small companion droplet visible left of the main drop in the first
three frames. This companion droplet, formed from a prior disruption, engdftartie

zone near frame nine and incites the increased emission above the flame. Two other
examples of companion droplet liberation and combustion are seen in frames 13 and

15.

Figure 47: Combustion of KIGNC MPs in kerosene/TOPO. Brightness is artificially
increased for visibility as labeled on the first frame of each gain adjustment setting.
First two frames show a companion microdroplet to the left angdeabwe main
droplet, which generates the orange emission detached from the main droplet flame
as it combusts fully. 1668 image period.

MgO/NC MP disruptions, such as those depicted in Figuteresemble those
of CuO MPs in that the droplet flame is steady in the absence of a disruption and the

perturbations are characterized by significant gas eruptions, albeit with significantly
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smaller flame emission expansions. However, MgO MPs show gpoédl sf emission
consistent with particle release more prevalently than CuO MPs, shown in Bigure
These particle emissions survive in the flame zone significantly longer than any particle

emission observed for CuO or KiMPs.

5.3.5 Thermodynamic Caiderations

To assess possible reduction of the oxides by reaction with combustion species,
NASA CEA was used to generally investigate thermodynamic equilibrium species of
stoichiometric combustion of RPand Q with small amounts of CuO, MgO, or A3
added (KIOs thermodynamic properties unavailable in CHB9]. Results of these
calculations are given ifable 6. Equilibrium calculations show that the addition of
the metal oxides is insufficient to appreciably impact the adiabatic flame temperature.
Considering the concentration of the reduosetal vs. its parent metal oxide shows
that while CuO undergoes significant decomposition at flame temperatures, alumina is
relatively inert and MgO is in between. This is consistent with the observed effect on

burning rate and the visual observationsl@iplet combustion and disruptions.
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Table6: Results of NASA CEA equilibrium calculations for constant enthalpy,
constant temperature stoichiometric RRD2 with additives (added as 1% of the

oxidizer by mass).

None
Additive (RP-1/02) CuO MgO Al203
Equil. T (K) 3110 3105 3097 3103
Cu 2.3E-03 | Mg 2.2E-03 | AlOsy 1.1E-03
CuO 3.8E-05 | MgO 1.9E-03 | AIOH 1.0E-03
Equil. Mole CuOH  1.0E-05 |MgOH 3.4E-04 | AlO 3.0E-04
Fractions Mg(OH)2  2.4E-04 | AI(OH)2 3.9E-05
Containing
Additive A0z 3.0E-05
Metal HAIO2  2.9E-05
Al(OH)s 2 5E-05
Al 1.5E-05

Another way of casidering this is to assess the likelihood of redox reaction
between the oxides and major reducing gases expected in the rich zone of the diffusion
flame (i.e. CO and {). For reactions with positive free energies at room temperature,
the temperature at wdh the free energy equals zero is listedTiable 7. These
reduction reaction onset temperatures show th&*kduction by combustion species
is not thermodynamically favorable at reasonably physical temperatures (<6600 K).
K104 and partial CuO reduction by combustion species is thermodynamically favored
down to room temperature, with full CuO reduction to Cwfad above 1300 1600
K. MgO reduction is onlghermodynamically spontaneous above 2820 K for reduction
by Hz (3381 K for CO). This is interestingly near possible flame temperatures for
kerosene/ oxygen

B.7-B.11 and Tabld3.1. Most reduction reactions are endothermic except for those of

KlOa.

as

134

suggest ed dwyinFglresme

spec



Table7: Reaction thermodynamics of oxide reduction by CO and H

H PS PG( 30 T( pG-=
kJ/mol kJ/mol-K kJ K

Reduction by CO

CuOE) + CO=Cu + CO2 210 0.1395 169 1508
CuOg) + CO = Cu20()y + CO2 -83 0.0601 -101

MgOes) + CO = Mg + CO2 466 0.1378 425 3381
Al203) + CO = AlO + CO2 1460 0.1835 1405 7954
KlO4s) + CO = KlO3s) + CO2 -326 -0.0081 -324
Reduction by H2

CuOg¢s) + H2 = Cu + H20 252 0.1815 197 1386
CuOgs) + H2 = Cu20(l) + H20 -42 0.1021 -72

MgOgs) + Hz = Mg + H20 507 0.1798 453 2820
Al203s) + H2 = AIO + H20 1501 0.2255 1433 6655
KIO4(s) + H2 = KIO3(s) + H20 -285 0.0339 -295

Flame emission spectroscopy results shown in Figuireeveal emission peaks
attributed to CuOH/CuO, K, MgOH/MgO/Mg for CuO, KiCand MgO, respectively.
Peaks near 589nm and 767nm are strong sodium and potassium lines, the potassium in
the CuO spectrattributed to slight contamination by Ki@n the droplet generation
assembly. Atomic lines of CuO and MgO support the notion that the additives reach
the high temperature flame region, despite the expectation that CuO also undergoes
concurrent thermal demposition. Mg emission is evidence of MgO reduction
reactions to a small degree considering the weak intensity of the Mg peak. Both CuO
and MgO form hydroxides in the flame by reaction with H. Flame temperatures
estimated by fitt ilectef spediral mtenSity aré shown onathet h e
respective spectral plots in FigurBs/-B.11, suggesting flame temperatures in the
range of 2900 K 3300 K. However, the uncertainty in this measurement is estimated

to be at least 200K and the model doesaumisider norblackbody emissivity of the
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flame species and emitting particulates. The estimate does however provide evidence
that the MgO reduction reactions consideredable7 are possible in the combustion

of the kerosene droplets in oxygen.

5.3.7Proposed MechanismRole of NC in MP Additive Effects

The NGbound mesoparticle dritecture has been shown @hapter4 to be
beneficial for burning rate enhancement by addition of energetic solids to kerosene.
This nanoparticle preassembly controls the primary particle agglomeration in a
structure that is bound by NC which itself can decompose at low temperature (~200 C)
exothermically releasing gas and dissembling the agglomerate. This architecture also
demonstrated much improved colloidal stability enabling longer particle settling times
and higher maximum testable loadings. In this study, CuO4,kdd MgO additives
all exhibit drastically higher burning rate constants in kerosene when incorporated into
NC-bound MPs. These observations can be explained by the notion of a positive
feedback loop first presented @hapter4. As NC within the combusting droplets
demmposes, generated gas swells the droplet. The resulting enlargement of liquid
surface area exposed to the flame contributes to higher gasification rates of the droplet
(and theefore higher burning ratespoth magnified videography ithis study and
resuts of Chapted show clear disruptions caused by gas releases in MP samples. Once
the first of these disruptions occurs, the resulting droplet deformation and increased
mixing promote mass and thermal transfer rates. Disruptions also transptiteaddi
particles or decomposition products to the flame region. For CuQ, KIgD, and nAl

in Chapter4, these additives are shown to have combustion promoting effects by
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releasing oxygen on the fuel rich side of the flame or adding to the catrifiat (for

nAl). Increased mass and heat transfer together with faster combustion reaction rates
or calorific output would increase the rate at which NC within the condensed phase
decomposes to repeat this cycle. Therefore, this primary mechanism fmets a
accelerating positive feedback loop consistent with the earlier and more frequent
disruptions observed for NGound MRladen droplets.

Notably, AbOz MPs had minimal effect on burning rates and showed no added
droplet disruptions relative to N@nly control samples, therefore representing a
physical control group. Two factors likely contribute to this lack of an apparent NC
decomposition feedback loapechanism in this case: the high thermal stability of
Al>0s and its high heat capacity, approximately twice that of CuO, MgO, or nAl4KIO
has a higher heat capacity than@d but easily decomposes before surviving in the
flame for appreciable time). Botluch characteristics of ADs likely slow or interrupt
the chain of events proposed necessary to form a feedback loop between a gas ejection,
the resulting droplet and combustion disruption effects, and subsequent occurrences of

gas ejection brought on ltigose effects.

5.3.7 Proposed Mechanisn®xide-Specific Activity

With an oxygen release temperature (~1000K depending on heating rate)
significantly below the flame temperature, CuO will act as an oxygen donor.
Furthermore, reduction of CuO to Cu by Cda+ is thermodynamically favored in
the flame. Therefore, CuO likely undergoes both thermal decomposition and direct

reduction once it enters the flame region upon droplet disrupBo. decomposition
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effectively delivers gas phase oxygen to the figh side of the flameThese two
pathways fit droplet disruption observations discussedéaation 5.3.4 wherein
evidence of both gas phase reaction (suggested by emission attached to the droplet
flame) and particle existence within the flame atrwjption onset are attributed to the
CuO additive.

While onset of KIQ/NC MP disruptions are consistent with gas ejections
caused by phase change and/or NC decomposition within the droplet, theg€ls
most active either in the absence of such an efliéety by perturbing the droplet
flame upon releasing decomposition products) or by entering the flame in a companion
droplet generated by secondary atomization during a gas ejection. Such companion
droplets combust quickly due to their small size and tw the surface area of
condensed species exposed to flame, thereby increasing burning rates. Overall, these
disruption characteristics suggest that solid Kloar t i cl es i kel y
decomposition as long as those of CuO. TGA results confirm erloyygen release
temperature for Kl@relative to CuO, in two decomposition steps at 604K and 830K.
This first oxygen release step would occur in lower temperature regions of the system
compared to CuO i.e. closer to the droplet surface, which can expasteady flame
perturbations observed. The second decomposition step can account for the added
emission from combusting companion droplets, as any remainingd{iKlOs in such
droplets decomposes rapidly upon liquid baoffireleasing excited Kl species and. O

MgO is unlikely to thermally decompose to release any oxygen at the

temperatures reached in this system and instead is thought to only be partially reduced
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in the flame by high temperature reducing species suchp,aastsupported by CEA
calculations and thermodynamic consideration of redox reactions considered in Section
5.3.5. This activity agrees with the observations of MgO MP disruptions in that the
emissionincrease around the flame is significantly smaller and lower intensity than that
of CuO, which both thermally decomposes and reduces in the flame. The significant
presence of emitting point sources during such disruptions can be explained by
condensed pls@ MgO undergoing reduction in the flame followed by any resulting
Mg reoxidizing in the oxygen rich atmosphere outside of the flame while it sustains

enough thermal energy to do so from the exothermicity of Mg oxidation.

5.4 Conclusions

CuO/NC, KIG/NC, and MgO/NC mesoparticles loaded up to 14.9%, 11.3%,
and 8.3% by weight in kerosene fuel with TOPO surfactant have been shown to
increase burning rates 40%, 44%, and 31% respectively compared to the surfactant
only control, while inactive AlOs/NC MPs werelsown to have minimal effects. These
materials also show significant improvement in colloidal stability compared to
unassembled nanoparticles. The mechanism by which thleoN@d MP architecture
facilitates these effects, presented firsCimapter4, is supported by these results, in
which NC binder decomposes within the droplet to generate didgletming gas
ejections, increasing mass and thermal transfer rates, promoting gasification rates, and

transporting additive to the flame.
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Chaptleirfuebnce of mesoparticle mor

stability and droplet burning r a

Summary

Preassembly of energetic nanoparticles into nitrocellthosmd clusters
(Amesoparticleso) by electrospray is a rec
releaseaates and greater stability of nanofuels composed of these MPs stabilized in a
hydrocarbon with TOPO surfactant. Stability observations however have previously
been anecdotal and little is understood regarding the effects of the wide tuning available
in electrospray on these observed benefits in nanofuels and their isolated droplet
combustion. Kerosene/TOPO nanofuels of MPs composed of nanoaluminum (nAl) and
nitrocellulose binder are compared to those ofeagived nAl using TGA/DSC to
characterize relates gravitational settling by testing nAl loading near the fluid
meniscus over time. Significantly lower settling rates are quantitatively shown with the
MP preassembly strategy. A tuning parameter available in electrospray, precursor
loading, is also variednd a freedroplet combustion experiment contextualized by
SEM and TGAbased settling trials are used to suggest dBaincreased precursor
loading causes larger and more spherical MPs, these are broken M stibsters
during nanofuel mixing and thmorphology differences affect the resultant -8B
sizes and survival rate of parent MPs. The properties of these suspended clusters cause
varying burning rates of nanofuels, which are higher with lower precursors (and less

MP breakup), but only slightlyaffect settling stability.
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6.1 Introduction

Electrospray assembly of energetic nanoparticles into nitrocellffd€3-
bound mesoscale structures has shown potemZtiaptes 4 and 5o facilitate higher
free liquid droplet burning rate constantdien such materials are suspended in
hydrocarbons compared to suspensiof unassembled nanoparticles. Specific#hig
strategy could be useful for metallizing hydrocarbons for increased energy density
without depressing the burning rate of the mediffuel to a degree at which a larger
combustion chamber is necessary for complete fuel oxidatibich wouldincrease
the dry weight of a vehicle negating the higher payload capabilities made passible
metallizing propellants. Greater colloidal stability of particle additives has also been
observed inhese studies but so fiarthis dissertationsuch observations are anecdotal
or only qualitatively made from photographs of settling suspensions. Preventing or
slowing particle settling is required for future application of nanofuels to ensure
product consistency. Therefore, a quantitative measurewthe gravitational settling
of electrosprayed mesoparticles in a hydrocarbon compares to that of unassembled
nanopaticles to better assess the merit of this added production step. To quantitatively
visualize gravitational settling of nanoaluminum (nAl) suspended in kerosihe
chemical stabilizatioms both aseceived nanoparticles and electrosprayedddGnd
mesoprticles, suspensions made in this study are left to gravitationally settle for
various times beforesampling from the top meniscus of the nanofuel for

thermogravimetric analysis (TGA) and aluminum content measurement.
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Opportunities to tune a propellantciiive can also be useful to realize desired
properties of the resultant nanofuel. Electrospray assembly adds variables to the
productionprocess which coulte exploited to provide means of tuning combustion
and suspension propertidd/ang et al. showedhat higher particle loading in the
electrosprayed precursor yields larger resultant MBJs To further investigatéuning
potentialwith respect to liquid propellant modificatigngork presented in this chapter
also varies thenAl and NC concentratios of the electrsprayedprecursor used to
compose the nAbased mesoparticle additives. Effects on the resulting morphologies
are investigated with scanning electron microscopy while suspension stability is
assessed wit TGA after prescribed settling times and a {deeplet combustion
experiment is used to estimate the droplet burning rate constants with the different

precursor concentrations.

6.2 Experimental

6.2.1 Particle Assembly and Nanofuel Mixing

Electrospraymesoparticle assemhlydescribed in detail in Sectich2.2and
first published for used with energetic materials by Wang €tlL3], consists of a
syringe of volatile precursor pumped through a metal probe needle which is charged to
high voltage and separated from a metal foil collection satiesbriented orthogonal to
theneedle and charged to opposite voltage. As the condymtacursor fluid exits the
probe needle, the charge difference between the fluid and distant substrate builds like

charges on the liquid surface while extending columbic attractive force between the

142



precursoiand substrate. As a result, aylor cone forms at the end of the needle from
which fluid droplets break off as the repulsive force between like charges on the surface
overcomes surface tension to shatter the liquid flow into a fine mist of droplets, thereby
reducing the charge density on the liquitiface as the specific surface area increases
with smaller droplet sizes. Attractioof the dropletsto the foil substrateand the
needle/foil separatiomallows the volatile carrier fluid to evaporateflight before
depositing the resulting particle pigitates on the foil for collectioWhenthe sprayed
precursor is composed of energetic nanopatrticles of fuel and/or oxidizer suspended in
an ethanol/ether esolvent with dissolved NGhe formation of energetic nanopatrticle
composites can be controlleshd this strategy has been showrnprove nAland
nAI/CuO combustion performance in dry formulati¢h8, 14}

In this chapternAl nanoparticlegNovacentrix, Inc., 80% active Al with-2nm
oxide shell areused with 5% NC bindefreceived as 8% Collodion solution from
SigmaAldrich 09989 by mass relative to the nAl in a 3:1 mixture of ethanol and
diethyl ether which is necessary to dissolve the NC binder. The concentration of this
precursor, held constant at 100 mg/mLGhaptes 4, 5, and 7is varied between 50
mg/mL and 150 mg/in in 25 mg/mL incements and the mixed precursors are
sonicated for 1 h before magnetically stirring for 12 h. The formulations are
electrosprayed from a 0.43 mm ID praleedlecharged to 10 kV anskeparated by 10
cm from an approximately6 in. square alminum foil substrate charged td0 kV
between 2.0 and 2.5 mL/h. The pumping rate is set as high as possible while

maintaining stable formation of a fine spray without visible droplet deposition on the
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foil which occurs at unacceptably high flow rat&s. make the nanofuel suspension
samples according table8, collected mesoparticles are mixed with keros&mgnia

Aldrich 329460, reagent gradand 50 mg/mL otrioctylphosphine oxide (TOPO)
surfactantSigma Aldrich223301 use of TOPO surfactant is necessary for chemical
stabilization of particles based on its application to Boron suspensions. hPE et

al [92] and has been used in nAl, metal oxide, and mesoparticle nanofuels in kerosene
in Chaptes 4 and b The nanofuel mixtueare agitated in a sonication bath for 5 min
and magnetically stirred for 24 h for initial suspension. Samples for gravitational
settling measurement by TGA améxed in 2 mL batches (so ~2(L used for TGA
negligibly affects the sample volume) and resuspended after each settling and TGA
trial by 1 min of sonication and 12 h of magnetic stirring. Nanoaluminum particle
suspensions in kerosene with TOPO surfacia@tnixed in the same fashion eept

that 30 min of sonication is used to break up primary particle aggregatedroplet
burning rate estimation, the same mesopatrticles andnmeAlsed and mixed in 0.3 mL
batches in 0.5 Dr vials with 50 mg/mL TOPO surfactant, except as noteablia8

where one series of 15 wt% particles samples was made with 168 mg/mL of surfactant
to test a constant TOPO to particle mass ratio as 5 wt% particles ig/&l.rof TOPO

(i.e. 1:1.18 TOPO:particles by mass).
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Table8: Experimental amplescomposed of either agceived nAl nanoparticles or
95%nAIl/5%NC by mass mesoparticles with electrospray precursor concentration (if
applicable), nanofal weight % particles, and surfactant loading.

Sample Particles and Loading (Weight %) TOPO Loading
(mg/mL)

nAl-5 Nanoaluminum 5 50
MP50-5 MPs: 50 mg/mL Precursor 5 50
MP75-5 MPs: 75 mg/mL Precursor 5 50
MP100-5 MPs: 100 mg/mL Precursor 5 50
MP125-5 MPs: 125 mg/mL Precursor 5 50
MP150-5 MPs: 150 mg/mL Precursor 5 50
nAl-15 Nanoaluminum 15 50
MP50-15 MPs: 50 mg/mL Precursor 15 50
MP75-15 MPs: 75 mg/mL Precursor 15 50
MP100-15 MPs: 100 mg/mL Precursor 15 50
MP125-15 MPs: 125 mg/mL Precursor 15 50
MP150-15 MPs: 150 mg/mL Precursor 15 50
MP50-15* MPs: 50 mg/mL Precursor 15 168
MP75-15* MPs: 75 mg/mL Precursor 15 168
MP100-15* MPs: 100 mg/mL Precursor 15 168
MP125-15* MPs: 125 mg/mL Precursor 15 168
MP150-15* MPs: 150 mg/mL Precursor 15 168

6.2.2 Gravitational Settling Measurement by TGA

Quantitative measurement of gratibnal settling is conductagsing TGA to
observe the aluminum loading in the 4mst layer of settled suspensions after
prescribed quiescethimes postmixing. Thethermal behavior of the components in the
nanofuels must be appropriate for the removal of all constituents other than aluminum
for the measurement. To ensure this, TGA of kerosene, TOPO surfactant, NC binder,
and nAl particles is takeat 10 °C/min ard shown inFigure 48. Kerosene and
kerosene/TOPO are held at 2%&Dfor 20 min to ensure complete kerosene evaporation

which occurs below its boiling point @80-250°C due to the dry Argon flow through
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the instrument (after the 16 hold for nanofuels and for nAl, the Argon flow is
changed to air to oxidize any active aluminum). TOPO evaporates belo¥C26IT
decomposes leaving no condensed phase wei@Bd4&€C, and nAl only loses moisture
weight below 400C before oxidizing in two steps fully by approx. Based on
these behaviors, the nAl content of a nanofuel composed of nAI/NC MPs stabilized by
TOPO in kerosene can be measured by ramping a saifrtple suspension in the TGA

at 10°C/min up to 160°C under Argon flow, holding isothermal for 20 min, then
changing to air flow and ramping at 20/min to 1000°C. The weight remaining at
450°C then represents the nAl content and the final weigh®@®9C should be near
150% of that nAl content ithat weight is only due to nAl remaining at 48D(since
150% weight increase would occur upon conversion of 80% active nAb@xz)AAN
example TGA/DSC result is shown iRigure 48 for MP10G15 nanofuel and
kerosene/TOPO/NC showing that the only weight remaining aftePQ&)nAl. For
gravitational settling plots, data points are compiled by mixing the apar®egample,
allowing it to settle at the TGA instrument for the prescribed time, and pipetting
approximately 20 uL of sample collected from the meniscus of the sample in its mixing

vial.
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Figure 48: Thermal behavior of nAI/NC nanofushd itscomponents characterized
by simultaneous TGA/DSTGA plotted in black, DSC plotted in yelloi2 °C/min
heating rate. Kerosen&erosene/TOP{kerosene/TOPO/NC, and MP1Q6
nanofuelare held at 160C for 20 min to ensure full kerosene evaporation.
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6.2.3 Free Droplet Combustion Characterization

Estimation of burning rate constants and visualization of falling droplet flame
traces argerformedusing a free droplet combustion apparatus described at length in
in Section2.1.2 Aerodynamic shedding of droplets from a vertically oriented capillary
nested in a laminar nozzle with nitrogen flow gexes droplets of sample 600 pm in
diameter £50 pm at the top of a 20 in tall tower filled with oxygen gas. Falling past two
methane pilot flames, the droplets ignite and are imaged with two high speed cameras,
a far field camera to capture the entire debflame trajectory and a magnified camera
which observes the generated droplet size to estimate the burning rate constant
according to0 e O j s gowithin an estimated error of +0.1 nifm This
methodology is necessary to estimate burning ratesaioofuels which cause droplet
deformations, disruptions, and gas generations since the diameter of the droplet does
not represent the mass of unreacted fuel and therefore the clasSleat 3 not

applicable.

6.3 Results and Discussion

6.3.1Gravitational Settling of nAl MPs versus Unassembled nAl

The defaultelectrospray precursor concentration use@aptes 4, 5, and 7
corresponds to MP100 samples (100 mg of particles and solute per mL of ppecursor
Gravitational settlingof MP10G5 and MP10@L5 are plotted as nAl content versus
settling time near the sample meniscug-igure 49 compared to nAb and nAl15

(same weight loadings of nAlsaeceived without the electrospray preassembly).
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Consistent with the anecdotal findingsGhapter4 for nAI/NC MPs in kerosene with
TOPO and the photographic evidenceCinapter5 for oxidizer/NC MPs in kerosene

with TOPO, the electrosprareassembly strategy of nAl into nAI/NC MPs is directly
responsible for lower gravitational settling rates compared-teasved nAl. At 24

hours of settling time, MP1005 remains 85% suspended near the sample meniscus
while MP1005 remains 60% susperdieln both loading cases, nAl had completely
settled to effectively zero particle loading near the meniscus well before 24 h from
mixing (at 4 h for nAl115 and 7.5 min for nAb). Noting the significantly higher
settling rate bnAl versus MPs suggests, the absence of columbic or van der Waal
forces, that the ratio between mass of the settling particles (directly related to
downward gravitational force) and their drag in the fluid (force opposing the downward
motion affected by surface area or morpholpgg greater for nAl.Possible
explanationdor this slower settling of MPs include a lower mass to surface area ratio
from lower agglomerate density and/or size, or a morphology which increases drag in
the fluid. In an aerosol particle sizing experimedacob et al. have shown that the
agglomerate sizes in the same commercial nAl used in this study has agglomerate sizes
larger tharthosenAl/NC MPs made consistently with MP100 samples heith log

normal distributions centered near 2.5 um and 1 um otspéy [17].
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Figure 49: Gravitational settling ohAl in kerosene stabilized by 50 mg/mL TOPO
surfactant comparetb nanoaluminum preassembled into {dGund mesoparticles
by electrospray before stabilization.

6.3.2 Collection and Microscopy of MPs with Various Precursor Concentrations

Scanning Electron Microscopy is first used to compare the nAl/NC MPs
electrosprayewvith differing precursor concentrations and three representative images
for each concentration tested are showRigure50. Assuming the precursor droplet
size distribution is unaffected by particle concentration variations in this range, varying
the loading of the particles would change the number depsitgroplet and thusly
increase the resultant mesoparticle size with increasing precursor concentvaingn.
et al. in this group characterized the resultant MP size as nAl concentration was
increased iN13], wherein MPs varied from about 3 pm in diameter to 13 pm in
diameter with 50 mg/mL of nAl and 150 mg/mL of nAl in the precursor respectively.
The significant difference in observed MP sizes betw@8h and this work can be
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attributed to the higher NC loading used by Wang et al. (10% by mass relative to nAl)
which significantly effects precursor viscosity and thusly generated droplet size. Based
on the evidence of13] and the images shown iRigure 50, increasing MP size
distribution with increasing precursor concentration is likely present here but cannot be
conclusively shown without more precise characterization ofdsgtgbutions such as

those available using aerosol methods.

MP50
Figure 50: Representative SEM images of nAI/NC MPs made from different

precursor concentrations between 50 mg/mL and 150 mg/mL (3 images of each
sample at equal magnification xZ0OK).

Qualitatively evident from the SEM images Iigure 50, lower precursor
concentrations accompany less spherical MPs with more irregular agglomerate shapes
and higher surface roughness compared to MPs sprayed from higher concentration
precursors. A possible mechanism by which this relationship results is differing
evaporation times of the electrosprayed droplets. Longer evaporation times have been
shown to result in smoother MP surface morphologies based on the added time for

particle dffusion to organize a lower surface energy state of the resultingLd?. If
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the higher precursor concentrations cause slightly larger electrospray droplets to form
(due to slightly higher viscosity of the precursor)if tine greater particle concentration

per droplet lowers the evaporation rate as has been shown for nAl particles suspended
in evaporating heptang3], then the longer evaporation time for higher precursor
concentration samples can be responsible for the smiddfsurface morphology of
MP150 relative to MP50.

Once the particles are collected from the fotb a sample vial, they pack
together by gravity as a powder and any widespread characteristics of MP size and
morphology will affect their packing densifjhe lower eccentricity and higher surface
roughness of MP50 would cause lower packing density compared to more spherical
and smoother MPs in MP150 if the specific density of the MPs themselves is consistent
enough. To roughly test for differences in pagkaensity, MP50 and MP150 were
collected, weighed to measure their mass, placed in glass sample vials of known cross
sectional area, and tapped vertically against a rigid surface approximately ten times
until the level of the powder stopped decreasings Tiethodology roughly allowed
both samples to pack according to their equilibrium packing densities under the same
conditions. By measuring the height of the powders, their volume and powder density
could be estimated. A photograph of the settled samglskdwn inFigure51 with
density results imable9 showing ahigher packing density of MP150 compared to
MP50, thereby supporting that the higher eccentricity and surface roughness of lower

precursor concentrations observe&igure50are widespread throughout the samples.
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Figure 51: Settled MP powders for packing density estimation.

Table9: Estimated packing densities of MP50 and MP150 samples.

Sample ES Precursor Collected Powder

Loading Mass Volume Density
MP50 50 mg/mL 427 mg 1.55 mL 0.276 g/mL
MP150 150 mg/mL 380 mg 1.01 mL 0.377 g/mL

6.3.3 Burning Rate and Gravitational Settling Effect®rdcursor Concentration

The electrospray preassembly strategy has been shown to facilitate significantly
higher droplet burning rateghen NC is used as the binder in nAl MPs and the particles
are supended in kerosene with TOPO surfactant compared to burning rate declines
observed with nAl mixed into the nanofuelr@geivedin Chapter4. Those results
linked the burning rate promotion to the presence of physical disruptions during droplet
comlustion during which gas is generated within the droplet from NC decomposition

which swells the drop before the gas erupts, causing significant droplet deformation
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and vigorously mixing the system, speeding up the usually diffisioted process.
Relatiorships between MP morphology and burning rate effects are soughdibging

the nAI/NC MP morphology using various electrospagcursor concentrations
herein.Samples of 5 wt% and 15 wt% nAI/NC MPs are mixed into kerosene nanofuels
with TOPO surfactantral timelapse images of the falling combusting droplets are
shown inFigure52. Increased blugvhite emission near droplet terminations in 15 wt%
samples indicates more nAl combustion at that late stage than in 5 wt% samples. Spots
al ong t he f | abmanpléesindicate discrete MidPo@xplosions (disruption
events observed i€@hapterd) while these events in the higher loading samples are
more frequent and not individually discernible. Finally, the TOPO surfactant is known
to cause an orange surfactant flame and disruptive gas release events of its own as
shown inChapter4. In MP5315*, the midheight orange flash is attributed to TOPO
surfactant however this emission diminishes as the electrospray precursor
concentration is increased up to the MP15® sample. Other than these small
variations noted, the dropleombustion traces are generally very similar and indicate

the same overall disruptive behavior across the MP samples tested.
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Figure 52: Representative timpse images of kerosene with 95% nAl / 5% NC by
mass MPs suspendednugiTOPO surfactant. Electrospray precursor concentrations
used for each sample are listed under the images with the loading code
correspondingtdable 8 -5 ségndh fwt % -IMPs saingdn iif i es 15 w
with 50 mg/mL of TOPO surfactant. *168 mg/mL TOPO used to equal the TOPO:MP
mass ratio = -blsanplds of t he MPE

50

Burning rate constants estimated for each MP naiafample are plotted in
Figure 53. Bot h5 MPréd -1 Bample groups show a general decline in
burning rate with increasing electrospray precursor concentration. These sample groups

share the same mass rati o of-15whdhGassaur f act a

TOPO:MP ratio of 0.39 sls no clear trend in burning rate constant relative to
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precursor loading, however MP1Q6 stands out with the highest burning rate of the
set. Overall, each set varies within approximately 10% burning rate changes, a small

range relative to changes caubgdlifferent MP compositions i@hapters or particle

preparation irChapter4.
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Figure 53: Measured burning rate constants of 95% nAl / 5% NC MPs electrsprayed
with various precursor concentratiossispended in kerosene using (A) 50 mg/mL
TOPO surfactant and (B) a constant TOPO:MP ratio = 1.18 by nisshing rate

change is relative to surfactannly controls*168 mg/mL TOPO surfactant loading.

Gravitational settling of these nanofuel samples with different MP precursor
concentrations was characterized by TGA and the nAl content versus settling time is
plotted inFigure 54 for 5 wt% and 15 wt% MP loadings in the nanofuels with 50
mg/mL TOPO surfactant using nAl/MPs electrosprayed from precursors loaded to 50
mg/mL, 1® mg/mL, and 150 mg/mL. For the 5 wt% nanofuels, settling rate appears
to increase with lower precursor loadings indicating slightly higher colloidal stability
of MP156G5 over MP565. However, significant differences in suspended
concentrations do not agdefore 24 h suggesting that this difference in settling rate is
not responsible for the trend-5sahges. By ed
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comparing the curves of MPSIb and MP15d5, the same can be said regarding the
settling ratesndicated by the downward curvature of the data (lesserMP150).
However, data points at 1 min show that small fractions of these 15nen¥fuels
failed to colloidally suspend at all (1.3 wt% failure in MPBER and 2.3 wt% failure in

MP15015).

15%
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5% Flee———

nAl Weight % near Meniscus
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~-#-MP50-5 -8-MP100-5 MP150-5
--MP50-15 -©-MP100-15 MP150-15

Figure 54: Gravitational settling of nAI/NC MP nanofuels at 5 wt% and 15 wt% MP
loadings with 50 mg/mL TOPO surfactant in kerosene and differing electrospray
precursor concentrations of 50 mg/mL, 100 mg/mL, and 150 mg/mL.

6.3.4 Microscopy oDried Nanofuel Suspensions

Examination of solids which remain after nanofuel samples are dried can
elucidate the presence and morphology of aggregates or nanoparticles suspended in
these samples. In particulaamples from nAb, MP5Q85, and MP15& wereplaced

on aluminum foil during the 1 min TGA gravitational settling trials and SEM was
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performed once these samples dried to examine the status of the particle suspended
near the fluid meniscus shortly after stirriagd SEM images of these are shown in
Figure 55. Attempts were made to perform the same analysis of 15 wt% samples
however SEM of these simply revealed continuous mats of overlapping settled particle
owing to the high particle loading in those nanofuels and as such, information on
particle aggregation was uncleBor 5 wt% samples, sections of the sample did feature
similar thick mats of deposited ppigles but the sample concentration was low ehoug

that in other disperse areas, particle aggregates were discrete and not stacked allowing
their observationParticle aggregation of asceived nAl the in nAb sample is far

more severe compared to the nanofuels made from electrosprayed nAl/NC MPs, MP50
5 and MP156b, which explains the faster gravitational settling observed foi5reixid

nAl-15 compared to mesopatrticles. As the aggregate sizes increase in the nanofuels,
their ratio of mass to surface area increases wpicmotes gravitational settlingy

favoring gravitational downward force over fluid friction forces. Both MP samples
shown exhibited significant agglomerate bregkas evidenced by the presence of
small nAl clusters down to a few nAl primaries compared to the nominal 1 um diameter
of electrosprayed MPs iRigure50. Notably, MP565 featured direct evidence of MP
survival as recognizable MP structusesobserved and widespread in addittorthe

smaller broken pieces of MPs, which both have example images sh&igune55.

While it cannot be conclusively determined that categorically no MPs were able to

survive in the MP15® sample, no truly recognizable MP agglomerates were found
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suggesting at the leathat their survival through nanofuel mixing and drying was far

less likely than for the MP5B sample.

O N R
8.0kV 6.7mm x18.0k SE(M) 8 1) 2.00um

AMPS® (nAl/NC MPs, 50 mg/ mL

iMP15® (nAl/NC MPs, 150 mg/ mL

Figure 55: SEM of dried nanofuels after 1 min of gravitational settling sampled near
the fluid meniscus.
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6.3.5Discussion

A variety of different observations were made to determine any prominent
effects of varying the precursor concentration whelectrospraying nAI/NC
mesoparticles for kerosene nanofuel formulation with TOPO surfactant stabilization.
SEM of collected powders from electrospray showed higher eccentricity and surface
roughness with lower precursor loading and supported previousneeidiat lower
precursor loading yields smaller MP siZ&8]. A possibé explanation for this is the
higher precursor loadings extending the evaporation time of electrosprayed droplets
which can yield smoo#r and more spherical MPE)6]. Longer evaporation can result
from larger electrosprayed droplets caused by higher precursor viscosity with greater
NC loading, or from the evaporation rate decreasing as higher nAl loaslmgs
solvent mass transfer rates within the evaporating drop8is These differences in
MP morphology and size are also supported by greater estimated powder packing
density for MP150 versus MP50 herein.

Such effect®f the precursor loadingn the resulting MP structures could also
be related to the observat® made on burning rate and gravitational settling effects
with the different MP precursor loadings. While the droplet combustion behavior did
not drastically change qualitatively with precursor loading as sdeégume53, MP é
5 an d -1 Boéh showed a declining burning rate with increasing MP precursor
concentratio while SEM of dried nanofuels suggest that the lower MP precursor
loading made the MP structure more likely to survive through nanofuel mikireg.

greater degree of MP breaip in the higher precursor loading MP nanofwe{plains
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the slighty higher lorg-term stability of MP150 nanofuels versus MP50 nanofuels
Namely, the smallesize ofbroken il clusters in MP150 compared to more intact
MPs in MP50 would decreadkeir gravitational settling rate since the ratio of their
mass to surface area (and tiguavitational force to viscous drag) woudd lower
Theprevalencef more MP structures elsothought to promote bumg rates
by increasing the availability of the nAlI/NC compiesstructures near the combusting
droplet surface at an earlier tim&s a combusting droplet evaporates and its surface
recedes, a radial concentration gradient will form driving diffusion of particles towards
the center of the droplet. This is thought to be why images like thé&sgure53 show
most bluewhite aluminum combustion near droplet termination because much of the
additive can continue diffusing inward to remain in the droplet until liquid baff
something which is mitigated by vigorous mixing of gas eruption evétuwever,
slower diffusion caused by larger particle sizes will promote more interaction of the
receding dropt surface and these slower diffusing particles. Since MPs include NC
which decomposes to release gas near the boiling point of kerosene, radiative heating
from the flame of these outer particles nearest the droplet surface is likely to incite gas
generatbn to cause droplet disruptions/microexplosions as discus§dthjptes 4 and
5. Once this begins to occur rigorously it is thought to create enough mixing of the
entire system to accelerate further NC decomposition and repetition of the process
forming a positive feedback loop.oMever,slower initial diffusion of agglomerates
creating more interaction between the -N@und MPs and receding liquid surface

where this process was likely to begin would promote its emergence and initial rate of
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occurrerce which could be the reason for slower burning rates with higher electrospray
precursor loadings. Comparing MP samples inFigure 53 does suggests that
disruptions appear to occur later for the higher precursor loading samples, as would be
the case with larger MP structures surviving more in the MPPSGmple relative to
MP150-5.

To consider the magnitude of these differences between diffusion of MP50
versus MP150 suspended agglomerates, the timescale of diffusion of a 300 nm nAl
sphere (meant to represent smaller broken clusters of nAl more common in-8IP150
in Figure55) is compared to that of a 1000 nm nAl sphere (meant to represent an intact
MP seen more commonly in MP&0in Figure 55) and the ra of droplet surface

regression (a similar analysis wearied out inChapterd). Using theStokesEinstein

equationfor the diffusion constaniO and assuming the droplet viscosity is

b

near that oflodecane'( p® 1 0 &), the characteristic time for a particle to diffuse
the radius of the droplet isT$E/E;EL. Resulting characteristic times are

Ts & mmh o nb@ 1 P TOand tg g £4r o ® P TOVersus approximately 0.2 s for
droplet regression (equal to droplet burnimges).As noted inChapte#, since surface
regression is orders of magnitude faster than particle diffusion, interaction of the
particle and droplet surface will occur. For the larger MP aggregates in -B1P50
compared to smaller broken nAl clustensMP1505, the diffusion of thearticles is
approximagly three times slower, supporting the idea that the intact MPs more
common in lower precursor loading samples will interact with the receding liquid

surface sooner and incite droplet disruptions eatti increase burning rate.
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Lastly, a physical mechanism is proposed by which precursor loading can
contribute to the propensity of MPs to bragkin mixed nanofuels. The preparation
step prior to drying and observing the agglomeratésgare55 with the most energy
imparted to the particles is the physical agitation of the nanofuels upon mixing to
achieve suggnsion and therefore this step is the most likely to have caused particle
breakup. Precursor concentration has already been shown to cause morphological
differences in the MPs, most notably causing less spherical agglomerate shape, higher
surface roughnes and likely smaller MPs as precursor loading diminisHes: these
factors relate to drag forces on the particles depends on their flow regime. Assuming
the dynamic viscosity and density of the fluid to be 0.001efrid and 810 kg/m
respectively, Stoked6 f | ow i &0.2whithiisdvalid far a 1 [Rneparticle if the
fluid velocity is below 20 cm/s which is a reasonable assumption for the fluid motion
by magnetic stirring hereiflhe Stokes numberf the particles, given by the ratio of
characterigt particle relaxation time to fluid flow relaxation time, represents their
propensity to follow fluid streamlines (higher likelihood for lower Stokes number). In

the presence of similar flow conditioas low Re, the Stokes number of the MPs is

” 50

affectedby particlerelaxation timed, o U where} p and [} are the particle

density and diameter and p is the fluid dynamic visco¥itigh their irregular shape,
higher surface roughness, and likely smaller size distribution, the MPs made with low
precursor loadings will have lower stokes numbers than the MPs from high precursor
loadings and will follow fluid streamlines more closelyridg mixing, thereby

minimizing their motion relative to the fluid'his will decreas&t ok es 6 dr ag
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the particles given bY@ ¢* ‘O 0 where v is the relative velocity between the fluid
and patrticle both by the lesser relative motion andikiedyl slightly smaller particle

size distribution of low precursor loading MPs. Therefore, the drag forces experienced
by the larger, smoother, and more spherical MPs like those in MP150 will be greater
than those experienced by MP50 and the higher pracloading MPs will be more

likely to break apart, consistent with the observations maBgure55.

6.4 Conclusions

Nanoaluminum is prepared for incorporation into kerosene by electrospray with
5% by mass nitrocellulose bintoumd nAlo assen
agglomeratesvhich are suspended kerosene with TO® surfactant. By varying the
loading of nAl and NC in the electrosprayed ethanol/ether precursor, the morphology
of the resultant MPs has been affected and experiments were conducted to determine
the effects of morphological changes on gravitational sgtdnd burning rate effects
of the MPs in the nanofuels including scanning electron microsdopgdroplet
combustion burning rate estimation, and thermal gravimetric analysis estimating nAl
loading versus settling time. The key findings of this study ar
1 Significantly lower gravitational settling rates observed when nAl is
assembled into MPs before nanofuel mixing compared-tecsved
nanoaluminum.
1 Lower precursor loadings yield higher MP eccentricity and surface
roughness, likely from slightly shemt evaporation times of

electrosprayed droplets.
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1 Such norphologicaldifferences promote more break of MPs made
from high loading precursors during nanofuel mixing, as evidenced by
SEM of dried nanofuels posti x i n g, |l i kely due to hi
force experienced in mixing.

1 When TOPO:MP loading ratio is kept constant, burning rate constants
generally decrease with increasing electrospray precursor
concentration, thought to be due to easier and earlier onset of disruptive
microexplosion events andsulting disruption runaway.

1 An expense of the improved combustion from MPs of lower precursor
loadings is slightly faster gravitational settling rates compared to those
of high precursor loadings owning to their lower degree of MP breakup

and thusly largr suspended particle size distribution.

Acknowledgements

Special thanks tdellow studentRui Xu for collecting TGA gravitational

settling data for nAl and MP100 samples.

165



Chapt@ambfusti on effects of nanoa

composite meisloipaed iicih elsersd adne

Summary

Inclusion of energetic and chemically active nanoparticles into liquid fuels and
propellants is known to affect combustion dynamics of the resulting nanofuels.
Recently, the activity of such nanoparticle additives has been pednintusing
electrospray to preassembBilgch particles into nitrocellulogmund mesoparticle (MP)
clusters, of either nanoaluminum (nAl) or oxygearrying nanoparticle primaries. In
either casestability in kerosene with TOPO surfactant asdlated drplet burning
rates estimated in a freloplet experiment increase substantially using the MP
architecture Burning rates benefit from violent physical mixing of droplet systems
which occurwhen the carried nanoparticles are energetic and/or chemicaihg,act
causing gas generation, additive transport to the flame, energy or oxygen release, and
further gas liberation accelerating the procdssthis study, this same physical
underlying mechanism is seen superimposed with the effects of another advéntage o
electrospray: flexible control of MP composition. By mixing nAl with oxide
nanoparticles to form composite MPs, these novel additives for hydrocarbons are
employed to modify kerosene and their effects are found to be dependent on the
oxidizer chosen. Mdasotably, nAl/CuO MPs show evidence of interparticle thermite
reaction in the droplet system vyielding a cooperative benefit of the two constituents

relative to either alone in MPs. Use of oxidizeraduitives and the MP architecture
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with nAl represents #lexible and promising method of overcoming low burning rates
of hydrocarbons with high agceived nAl loadings and provides expansive means of

tunability to tailor nanofuel properties.

7.1 Introduction

Improved colloidal stability and significantly high burning rate constants
have been demonstrated f@nofuet composed of both nanoaluminum @hapte)
and oxygercontaining nanoparticle@n Chapter5) specifically when such additives
are prepared for kerosene inclusion by electrgsasaembly into nitrocelluloseound
clusters of nanoparticles in the range & ilm nominal diameter. Similar mechanisms
were also identified for both classes of nanomaterial additives: namely that the
marriage of chemical benefits of the additives @ittnergy density of nAl or oxygen
release of oxidizers) with physical droplet disruptions caused by gas generation and
erupts during freg@roplet combustion creates a positive feedback loop between the
release of the active particles into the flame zgnibse eruptions and the subsequent
acceleration of further disruptions. While nAl represents added fuel density and is
thought to increase the heat of combustion of the base fuel, oxidizer additives were
hypothesized to be beneficial chemically becahsartost active candidates (e.g. KIO
and CuO) release gabhiase oxygen on the fugth side of the droplet diffusion flame
thereby causing faster fuel oxidation and vigorous physical mixing.

Considering the similar nature of the physical droplet dispaptiechanism of
both nAl and oxidizer based mesoparticle (MP) additives and the complementary

aspect of their chemical roles as fuel and oxidizer ey, these two systems
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represent a prime opportunity to formulate composite particle additives @ttimial

and oxidizer components. In thishapter nAl is mixed with various oxidizer

nanoparticles in a volatile precursor with dissolved NC which is electrosprayed to form
composite Nébound MPs which have previously exhibited improved combustion

rates indry powder experiments versus physicatiixed analog§l3, 14, 16, 17, 107]

These fithermited MPs are added to kerosene
assess effects on the frémplet combustion by direct observation and estimation of

burning rate constants relative to those of MPs with only nAl or oxidizers peesent

Chaptes 4 and 5The role of the MP preassembly strategy is also evaluated for such

thermite nanoparticle mixtures by comparing their activity in kerosene nanofuels with

that of norelectrosprayed nanopatrticles.

7.2 Experimental

7.2.1Partide Additives andNanofuel Preparation

Energetic nanoparticles are prepared for kerog&mgmaAldrich 329460,
reagent gradeincorporation in this study using electrospray to generate a relatively
monodisperse cloud of volatile precursor solution asrdest at length in Section
2.2.2and first utilized for energetic nanoparticle modification by Wang ¢t3l. The
precursor consists of a 3:1 mixture of ethanol and ether by volume with the particles of
interest suspendeby in-situ magnetic stirring within the syringe and NC binder
dissolved in solution (5% NC binder by mass relative to nanoparticles). nAl, CuO,

Al203, and MgO are purchased commercially as nanoparticles and utilizedeiged
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(nAl: Novacentrix, Inc., 80% aiete Al with 2-5nm oxide shejlCuO, MgO, and AlOs:
SigmaAldrich 544868, 549649, and 54488&spectively with <50 nm particle size
shown inFigure C.). KIO4 (SigmaAldrich 210056 and AP §igmaAldrich 208507

are purchaseds solid powder reagents and are reformed into nanoparticles by spray
drying aqueous solutions of each (4 mg/mL KEdd 50 mg/mL APfrom a venture

style collision atomizer through a siliaesiccantdiffusion dryer and into a tube
furnace at 200 Gor KIO4s and 150 C for APbefore collecting in am-line 400um
membrane filtef105]. ResultingKlO4 nanoparticle®n the order of 0-1 um primary
particles in agglomerates of €1® um are shown inFigure B.1. Stoichiometric
mixtures of nAl and each oxidizer were added to the electrospray precursor solutions
at 95 mg/mL(with 5 mg/mL of NC binder for a constant electrospray precursor loading
of 100 mg/mL), sonicated for 1 h, and magnetically stirred overnight. Pumping the
precursor though a probe needle charged to 10 kV situated 10 cm frbén k&
aluminum foil substratgenerates a cloud of precursor droplets as repulsive charge
accumulation on the fluid overcomes surface tension and the cloud is electrostatically
attracted to the substrate. Evaporation of the precursor solviighinleaves the
aggregated mesopartd bound by precipitated NC binder. Representative SEM

images of nAl/Oxidizer/NC MPs made for this study are showignre56.
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Figure 56. SEM images of MP samples collected from electrospray of nAl with
various oxidizers and NC binder (and spray dried AP nanopatrticles).

The electrosprayed MPs are added to kerosene in 0.3 mL batches at the
concentrations shown ifable10with 50 mg/mL of TOPO surfactant (Sigrdddrich
223302 which has been necessary to stabilize nAl and nAl MP nanofuels in kerosene

The surfactant loading is not varied with particle additive loading so as not to modify
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the combustion characteristics of the base kerosene/TOPO fuel. With MPs and TOPO
added to the kerosene, the nanofuels arecated for 5 min and magnetically stirred

24 h before droplet combustion experiment are carried\@utofuel particle loadings

were based orqual nominal loadings of the nAl component and the appropriate
oxidizer loading to comprise a stoichiometric mpelas determined by considering

full conversion of the 80% active nAl to Abs and kept just low enough to prevent
capillary clogging of the nAl/CuO samples (which feature the highest mass loading).
To compare each of these four loading classes to eaeh dtita are plotted against
Aoxygen demando referring to nAl |l oadings
an oxidizer loadingPhysical mixtures were also formulated from thereazived
commercial nAl with either CuO, MgO, or Abs for comparison with their MP analogs

by mixing of the nanoparticles with kerosene and TOPO in the same proportions as the
MP nanofuels. Data on nAinly and Oxidizetonly MPs is available fronl€haptes 4

and 5for dl samples except AP. Therefore, nanofuels were also tested herein with AP

only MPs and spragried AP nanopatrticles as shownTiable10.
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Table10: Sample compositions and loadings for nanofuels of nAl/Oxidizer/NC MPs
nAl/Oxidizer physical mixtures, and Afaly MPs or nanoparticlesested.

Particle Particle Loadings in Nanofuels (wt%)
Compositions Each Column Based on Nominal nAl
by Mass Concentration (mg/mL) of:

|%nAl [%Ox. | |10 | 20 | 30 | 40
NC-bound MPs
nAI/CuO/NC 21 74 5.6 10.6 15.0 19.1
NAI/KIO4/NC 27 68 4.4 8.5 12.2 15.6
nAI/AP/NC 41 54 2.9 5.7 8.3 10.7
nAI/MgO/NC 34 61 35 6.8 9.8 12.7
nAI/AIO3/NC 38 57 3.2 6.1 8.9 11.5
nAI/NC (for CuO) 81 0 1.5 3.0 4.4 5.8
NAI/NC (for KIO4) 84 0 1.4 2.8 4.2 5.5
nAI/NC (for AP)* 89 0 1.4 2.7 4.0 5.3
nAI/NC (for MgO)* 87 0 1.4 2.8 4.1 5.4
NAI/NC (for Al,Og)* 88 0 1.4 2.7 4.0 5.3
AP/NC 0 92 1.7 3.4 5.0 6.6
Physical Mixtures
nAl+CuO 22 78 5.3 10.1 14.4 18.3
nAl+MgO 36 64 3.3 6.5 9.4 12.1
nAl+AP 43 57 2.8 5.4 7.9 10.2
AP 0 100 1.6 3.1 4.6 6.1

7.2.2 Fredadroplet Combustion Characterization

As described irBection2.1.2 combustion of the nanofueis studied utilizing
a freedroplet burning apparatus in which droplets are ignited at the top ofreci20
tall tower filled with oxygen as they fall past two methane gnpilots. This
experimental framework avoids the interference of a suspensamefit used in
stationary droplet burning experiments and facilitates estimation of a burning rate
constant depite the presence of gas generation within droplets and disruptive gas
eruption events common upon energetic solid addition which obscuresaisecal
dropletdiameterbased measurement of burning rate. This is accomplished by the
approximation for the burning rate constane O j Gz g ¢ fecorded by a one high

speed camera capturing the flame trace to measure burn time and another zoomed on
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the initially generated droplet size to account for small variations in the size droplets
formed by aerodynamic shedding from a vertical capilladp (6 50 pum).

An dternative camera configuration to collect magnified videography of
burning droplets as they fall past a higjreed cameras used irChapter5 to garner
information on droplet deformations and disruptions to better understancmmsok
of the additives. However, that configuration with a stationary caswdfared from
short viewing times as the droplets enter and exit the static field of viewpd&ated
apparatus variation isilized hereinand shown irFigure 18 in which the color high
speed camera with a macro lens is attached to an aluminum vertical translation stage
which slides free on two linear bearings. With foam belovatelg decelerate the stage
and camera, they are repeatedly raised and dropped while a train of droplets fall and
combust. When the heights of the camera and a falling droplet are similar, the viewing
time of the droplet is drastically increased comparestdtic camera tests, as far as
some trials in which the entire droplet lifetime from ignition to termination is imaged.

Emission spectroscopy of excited flame spec@ms identify specific
compounds reacting and/or heating in the droplet flames. Fuutiigy of such
information is available if the spectra collected is tiragolved on a scale relevant to
droplet disruption eventsAs described inSection2.3.3 a fiber optic cable and
collection lends affixed to thec a me vedidalstranslatiorstage to collect emission
spectrdrom droplet flamesn the field of view of theamera (fiber collection diameter
in the plane of the droplets is approximately half the vertical height of the camera field

of view and is oriented to collect spectra when droplets are in the top half of the camera
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frame).To achieve high time resolutipthe spectrometer was designed and assembled
in-houseusing aspectrecope (Acton SP 5008nd a32 channel PMT array interfaced
with a highspeed data acquisition system (VertilQSP 580)o acquired intensities

of light in the wavelength range of 473502 nm. The sample rate on the acciisi
system was set at 5000 Hgzufficient speed to resolve effects stibmillisecond

disruptions in the droplet flame.

7.3 Results and Discussion

7.3.1 Droplet Burning Rates and Observations

Effects of thermite additives are assessed first by examinirfiefdrcolor
images of the burning droplets, shown as representativeldpse images of a full
droplet flame trace for each sampleRigure 57, including those of oxide/NC MPs
reproduced fronChapters for comparison. Qualitatively, thermite MP additives cause
similar droplet disruptions to both nAI/NC MPs and oxide/NC MParatterized by
stochastic expansions of the flames and ejected emitting particles. Each thermite type
also appears similar to its respective oxide MP in general flame color and disruption
timing with respect to the lifetime of the droplet. However, retativ either nAl or
oxides alone in MPs, thermites generate feature larger amplitudes of the flame
expansions with disruptions and the added nAl is specifically to blame for more
widespread brilliant white emission and more significant brilliant while teatron
bursts characteristic of aluminum combustion in these droplet experiments. Noted in

Chapters, CuO, KIQy, and MgO are all active oxides which increase kerosene burning
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rates when added as MPs compared to adding the oxides as nanopartioesPd

were observed to cause trivial effect as evident in its-lapse, and AP MPs tested
here in kerosene/TOPO also cause little droplet disruption. While the nanofuels of
Al203 thermite MPs still appear to burn relatively slow evidenced by the langef
trace, they do exhibit a few more emission flares and the nanofuels of nAl/AP MPs
appear to burn significantly more disruptively than those of AP/NC MPs, more

resembling nAlI/NC MPs.
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Kero TOPO (KIO4)(CuO) CuO KlO4 AP MgO AlbOs CuO KIOs AP MgO AlO3
Controls  nAl/NC MPs Oxide/NC MPs nAl/Oxide/NC MPs

Figure 57: Representative timelapse images of flame traces from nanofuels composed
of various additive particle types including control samples (no particle additives),
nAI/NC MPs and Oxide/NC MPs (fro@hapter5) with NC% to match content in
respectie thermite MPs, and the nAl/Oxide/5%NC Thermite MPs.

Burning rate constants estimated based on the generated droplet size and
burning times of multiple droplets per sample provide a more quantitative basis to
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compare effects of the various thermite addsi Data for thermite MPs tested are
shown inFigure58 plotted relative to each other and shown as MP samples relative to
physically mixed samples of nAl and oxides (for CuO, MgO, and AP systems). In both
cases, estimated burning rate constant changes compared to sudalstatrbplets

are shown versus oxgg demand/content, i.e. the four particle loading levels shown in
Table10. nAl/Al20s MPs in the highest loading class was not tested as it repeatedly
clogged the sample delivery capillary. Overall, thermites of CuO and With nAl
exhibited the highest burning rate increases which follows observations of oxide/NC
MPs in Chapters. AP thermites showed a positive trend between loading and burning
rate increase while MgO thermites showed a generally negative trend with this respect
and both burned slower than CuO and KICastly, AbOs thermites has not discernible
trend and hovered around zero effect. For the three thermites tested as both MPs and
physical mixtures, a primary finding €haptes 4 and 5s further supported: that the

MP architecture facilitates significantly higher burning rates than unaésgém

particles added to kerosene with TOPO surfactant.
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Figure 58 Burning rate constants of nAl/Oxide/5%NC MPs of various oxide
composition and comparison with physical mixtures

This data is further deconvoluted by considering the different oxides
individually as shown irFigure 59 for all except A}Oz (shown inAppendix Cto be
causeminor changeompared to control burning raje€uO thermites burn faster than
both nAlonly and oxideonly MPs suggesting that neither fuel nor oxidizer is
individually dominant in the composite system and instead they may feature a
cooperative effect which follows from their frequent use as thanite components
nAI/KIO4 also constitutes an energetic nanothermite formuldfiéd, 108] but the
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nanofuel composed of MPs of this thet@show burning rate constants overall similar

to oxideonly MP nanofuels (with a slight but inconclusive benefit of the thermite at
high loadings only). Compared to the nAl/CuO thermite, this suggests that nAl and
K104 in this combusting droplet systemnst as reactive or has less of a cooperative
effect of the two components and instead the droplet burning is dominated by the
activity of the oxidizer. AP/NC MP nanofuels cause a relatively low burning rate
increase around 10% which does not appear te s6th particle loadingThe burning

rate improvements are increased when nAl is added in the thermite MPs however both
AP-containing MP additives cause lower burning rate increases than nAl/NC alone
suggesting that the metal fuel is the most active copiovhich compensates for the

less active oxide. A contributing factor to the lower activity of AP compared to the
other proven oxidizers, CuO and KiQis its poor particle morphology, i.e. the
significantly larger size of AP particles which decreaseg ihterfacial contact with

fuel species (as seen kigure56). MgO thermite MPs show a fourth possible effect
such additives: a negative relationship between nAl/MgO MP loading in the nanofuel
and realized burning rate increases. MgO also features fadicle sizes like AP,
however, MgO is also not thermodynamically expected to react with the nAl fuel,
unlike the other three oxidizers discussed above. As such, no possible exothermic
interparticle reaction is present to compensate for lower massidifftates caused by
increased solid particle loadings and the MgO and nAl have a cooperatively negative

effect on burning rate increases observed for one component or the other in MPs.
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7.3.2Magnified Videography anBlame Emission Spectroscopy

The alternate configuration of the higheed camerasogether with an
emission spectrometer discussed previouslidgiadded information about the way
each additive studied here perturbs kerosene droplet combustion (which is seen in
Chaptes 4 and 5to be otherwise steady and disruptioee). Selectframes from
magnified videos of combusting droplets with various additives are made available in
Appendix C Observations for nAl/CuO MPs and nAl/Ki@re exemplified by Figures

60and6l

Figure 60: nAl/CuO/5%NC MPs in kerosene/TOPO (Droplet D). 114.038.6 ms
burning time shown with 0.909 ms period. 3X brightness shown.
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Figure 61: nAl/KIO4/5%NC MPs in kerosene/TOPO (Droplet H). 104.41@.6 ms
burning time shown with 0.303 ms period. 3X brightness shown.

nAl/CuO MP-laden droplets exhibit gradually accelerating and increasingly
vi ol ent @ mieeent®@nsipténowsth epuptionsesevith CuO/NC MPs in
keroseneChapter5) characterized by droplet shape deformations, flame perturbations
with significant added green and orange emission from copper species. Meanwhile,
nAl/KIO4 MP nanofuels als exhibit disruptions consistent with those of the oxide
only MPs studied previously which are higher frequency and lower amplitude than
those of CuQwithout a large component of atomic emission readily visible in camera
footage. InChapter5, thesedifferences were proposed to be caused by the lower
oxygen release temperature of ki@hich promoted its activity in the gas phase more
evenly in time compared to CuO which survived into the flame region as a solid to
rapidly release its oxygen contenbra stochastically and violently in tim&oth
additives featured their most violent and brightest disruption at the termination of the
droplet with large bursts of emission (shownAippendix Q. This termination burst
with nAl/CuO MPs maintains the oram@nd green dominant emission color while the

nAI/KIO4 instead show a high degree of brilliant white/blue emission with widely
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dispersed patrticles suggesting a high degree of nAl combustion in this termination
event. Nanofuels with Mg®ased thermite MPsubn disruptionfree for an initial
period before slowly causing gas eruptions from the droplet which are accompanied by
particles spot emissions also seen with MgO/NC MPs suggesting this is primarily MgO
heating and emitting in the flame, possibly with sosurface reduction by high
temperature reactive flame species like CO and Ermination of nAl/MgO MHaden
droplets feature thbrilliant white/blue emission of combusting nAl with significant
orange spot emissions around and attached to the drdggst daused by hot MgO
particle agglomerates. nAl/AP MPs in kerosene burn with a short initial disrtfptien
period soon followed by onset of small gas eruptions with consistent release of emitting
particles. Ingeneralthese droplets are significantiss violent than those of CuO and
K1O4 but release far more discrete emitting particle tracers. Their terminations also do
not feature a large burst but instead a gradual fade of the flame. Based on these
observations nAl and AP seem to react with ealbrahroughout the disruptive period

of the droplet combustion (evidenced by the lack of large nAl combustion burst upon
termination), but do so relatively slowly whichusehe patrticle tracer emissions and
follows from the large primary particle size thfe AP. Notably, the disruptions are
significantly lower amplitude than say those of nAl/CuO MPs possibly owing to a
weaker feedback loop formed between NC decomposition to droplet gas release,
disruption, particle transport into the flame, and chemicality of the particles in the
flame which cause further disruptions (by increased physical mixirmgmbustion

heat release locally). Finally, nAllZ0s thermites in kerosene/TOPO burns steadily for
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an extended period with infrequent bursts of pargohéssion from the flame before a
bright particle burning flash upon termination. This behavior alludes to a complete
breakdown of the aforementioned feedback loop in which the infrequent particle
releases, which in the other systems would start the fekdbap, fail to incite the
acceleration of subsequent disruptions. Agreeing with conclusio@sayters, this

result supports the requirement that the particles carried in tHegoN@ MP structure

be inherently active in the droplet flame systarauch a way that their release perturbs
the system enough to directly cause further disruptions, so that the process is self
accelerating.

Figure 62 depicts sample emission spectra collected during-imigimsity
events for thermites of CuO, KiDand MgO. No appreciable atomic emission was
collected by the spectrometer for thermites & and AlOs and thusly only the
spectroscopy of the former three is discussed. The atomic species noted in the emission
spectra and highlighted in the sample spectra shown are G40 aim AlO at 484
nm, Cu at490 nm KH at480 nm Na at492-496 nm(a common contaminant), and
MgO at500 nm[109]. To track the occurrence ofetbe emissions in time during droplet
combustion observations, baselines for each spectrum are fit to the data outside the
windows of atomic emission of interest. Comparing the actual data to the interpolated
data on the baseline in each window of atomi¢ssion, the peak areas are integrated
using the trapezoid method in MATLAB and these integrated peak intensities can be
plotted versus burning time of the droplet in view for multiple droplets observed at

semrate times as shown iRigure 63. The overlaid emission signals of different
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droplets are labeled by letters corresponding to video frame montages shown in

Appendix C
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Figure 62. Sample spectraatlectedbetween 473 nm and 5@ (over 32 channels)
from flame emission of nAlI/CuO/NC MPs, nAl/KIO4/NC MPs, and nAl/MgO/NC
MPs. Shaded regions denote expected atomic emissions bgd€@jon
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nAI/CuO/NC MRladen droplets (&) shown inFigure 63 with video frames
in Appendix C(except droplet D which is depicted gure 60) spanned various
droplet burning times and the emission detected for each is compared to the qualitative
nature of the combustion observed in video. Dropletsé B feature 3 slight flame
perturbations each with relatively small flame exgans otherwise burning steadily
disruptionfree. In both cases, AlO, guand CuO emission levels were very low
indicating relative low metallic reaction rates. DropleisQundergoing a moderate
microexplosion/eruptions with green/orange color emisattached around the flame
tail with 2-3 spots of particle emissioas it passessimilar to mcroexplosions in
Chapter5) and notably, this droplet releassinificantly higher atomic emission
intensities suggesting that the more stochastic-haliliime gas eruption events or
Ami croexpl osionso are a primary vehicle
This idea is reinforced by droplet D which showsltiple moderate microexplosions
transitioning into more rapid disruption repetition cgcienmediatelypreceding a
termination burst. The emission signals for this droplet can be seen fluctuating based
on the occurrence of microexplosions. A strong droplet termination burst is directly
imaged in droplet E afteremnants of moderatemicroexplosions and of the five
droplets captured for this sample, the termination point exhibited the greatest atomic
emission intensity providing evidence that significant particle loadings still remain in
the droplet prior to liquid buroff before theyignite, similar to nAlonly per Chapter
4. In all these droplets, the three atomic emissions scale directly with each other

suggesting a coupling of the chemical activity or at least the presence of nAl and CuO

187

r



in the flame. The significant Geemission further proports oxidation of the CuO by
either nAl or flame species.

Droplets captured in this manner loaded with nAI/KNIC MPs generally
featured lower relative emission levels for Atltan nAl/CuO/NC MPsprior to the
final termination stageDroplets F, G, and Khowthe small scale, high frequency
flame perturbationsharacteristic of KIQZNC additives with increasing intensity for
each droplet which are captured over increasing droplet burning {inssown in
Figure61). Atomic emission intensities increase slightigh the increasing disruption
amplitudes bthese three droplets, but remain very low compared to emission near
termination as shown in droplet I. Images of this droplet show det@iednation
characterized by large outbursts of brilliant combusting particle emission in all
directions 3 timesncluding divergence of the droplet into two drops upon the second
burst. The vast majority of AIO, Naand low levels of KH are observed during these
termination bursts showing that contrary to Cif@sed thermite MPs, the earlier
disruptions incited by these nAlI/KIINC MPs are not a strong particle transport
mechanism and instead most of the nAl at least reaches the flame near termination.
Sodium is a common carhinant which emits strongly in flames, seen often with
K104 additives here and i@hapters. KH is a strong base which reacts with oxygen to
form KOH and H and therefore is likely a reaction intermediate after KIO
decomposition sensed only slightluring the high intensity termination bursts.

Lastly, MgObased thermite MPs in kerosene/TOPO feature a large emission

peak from excited MgO which dominates the spectra in the wavelength range tested.
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No AlO emission was detected either due to a ladts @resence, or more likely signal
dominance by the stronger MgO peBkoplets IN demonstrate a progression through
steady droplet burning, emergence of few slight flameupeations with emitting
particle release, acceleration and growing intenditthese gas release events with
more emitting particle ejections, to continuous bright particle ejection with some small
to moderate microexplosions, and continuous particle release with regular moderate
microexplosions immediately before a terminatiorshun all these stages, the atomic
emission of MgO grows from zero, seemingly as the prevalence of emitting particle
release increases. Droplet O demonstrateatwely long termination flash (compared

to short lived bursts of other nanofuel terminasitike KIQ; and CuQ) with some large
emitting particle releases before degrading into a cluster of high emitting solid particles.
The highest MgO emission signal by far is seen during this termination suggesting that
MgO is likely the glowing emitting sals released more slowly in DropletsN_and

seen prominently during the termination. This provides evidence that first, earlier gas
eruption events are a good vehicle for particle transport into the flame freboii

MP additives and second, that MgQasgely inert and survives as a solid as it heats
near the flame and emits heavily as MgO. Mg emission was sen€édjoters so it

is likely that some surface reduction reactions happen on the MgO surface in the
presence of higkemperatureeactive flame intermediates and the particles continue to

glow as the hot particles reach the O2 atmosphere and reoxidize.
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7.3.3 Discussion

Overall NC-bound MP mechanisms seerQhaptes 4 and Gre reinforcedby
these results, particularly reging behavior caused by the nature of these composites
preassembled with NC gas generator by electrospagt droplets viewedherein
featured gas release from thguid dropletwhich perturbed the system, even with
relatively inert MgQoxidizerand leat so with fully inert A}Oz oxide This is theorized
to be a physically disruptiveharacteristic of Nébound MPaunderlying the additives
studied which can incite the first system perturbations/droplet disruptions as NC
decomposes in and around the drgpdet proposed i€hapter4. Increased physical
mixing from these events catausegurther NC decomposition and a salfceleration
of theprocess. However, larger eruption events transport particles into theziterae
(asseen fromatomicemission in CuCGand MgO thermite nanofuels and in videos of
AP and AbOs thermitenanofuely, so the behavior of the particles thrown into the flame
do play a role in the emergence of thghysical disruptiorfeedback loop and can
accelerate it, largelpropagatet, or seemingly suppress ito explain further, each
thermite additive is considered by the oxidizer composition.
Tablell: Esti mated reaction enthalpy change an

full Al oxidation to AdOs by CuO, MgO, or AP (calculated from heats of formation
and standard enthalpies available in the NIST Webhbd®]).

Al u mi nThemmifed Reaction H (0 e] €
(kJ/mol) (kJ/mol)

Al +3/2 CuO A 1/2 Al03 + 3/2 Cu -601 -596

Al + 3/2 MgO A 1/2 Al2Os + 3/2 Mg 67.5 65.7

Al + 3/2 NH4CIO4 A 1/2 Al203 + 3/2 HCI + 3/4 N2 + 9/4 H2 | -759 -791

nNAI/CuO/NC MPs: Microscopy showedhoroughinterparticle mixing of the

nAl and CuO both as relatively small nanopartigienaries.Burning rate constants
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arepromoted by the thermite compared to either component alone agniP<SC

MPs and nAl/CuO MPs) and physical droplestrdptionsobserved show characteristics

of theself-accelerating process discussdubve. Based oGhapters, CuO is expected

to survive further outside the droplet without decomposition compared te ai®

TGA shows its oygenrelease temperature (~1000 iK just above the melting point

of nAl (~970 K based on TGA iRigure48), indicating availability of the oxygen near

the point at which Al fuel is increasingly mobile for reaction. Intermetallic reaction of
nAl/CuO is alsothermodynamicdy favorable as seen iable 11. Orange/green
emissionvisible attached to the flame and atomic emission 8 ACw, and CuO
further suggest significant reaction with these species in the gas gitese.atomic
emission gynals are tied to gas eruptions/microexplosions, reinforcing the presence of
a feedback loogntraining physical disruptions, particle transport and reaction, and
process repetitiamheemission is noteth mid- and lateburning time disruptionand
slightly more heavily attermination suggestinthat while a disproportionally high
amount of thermite likely remains at terminati@ppreciable thermite mass also
reachesthe flame though microexplosions agarlier burning times The lkely
mechanisnof this additiveis therefore a classical thermite reaction betweem#te

and CuO particles as they are ejected into the flame kagnghysical disruptions
releasing locally high heats of combustion and feeding back into the propagation of the
process by incihg more disruptions with this released heat which continues to throw

moreparticles into the flame.
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nAI/KIO4/NC MPs: Like CuO thermites microscopyshows a beneficial
microstructurewith well-mixed small primary particles. However, uoning rate
constantsesembleoxide-only MPs shown inChapters suggestig dominance bthe
activity of the KIQ: component.Disruptions observedprior to termination are
charactestic of the highfrequency lowamplitude flamegas perturbations seen in
Chapter5 and attributed to gases released assd€composes in two steps 604 K
and 830 K, significantly lower than the melting point of aluminum at ~970 K. Even
though the nAl/KIQ thermite reactioias been demonstrated tathermodynamically
favored in dy nanothermite reactiori$04, 108] a mismatch exists between the lower
oxygen release temperature and higher melting point of alumirhuai\g not present
for nAl/CuO. Discussion inChapter5 set forth that KIQ@ primarily does not survive
into the flame zone as a solid and instead decomposes near the droplet surface. Atomic
emission of AlO is lacking for most of the droplet burning times, even withy KIO
disruptions, until the latest stages immediately beforedandg termination, when the
particles are presumably the largest fraction of the remaining fuel and react as thermite
and/or nAl/Q. As such, this additive is proposed to react less so as an intermetallic
thermite like nAl/CuO MPs and instead in mostlypaeated occurrences of KIO
decomposition and nAl oxidation, owing to the lower heating rate of the droplet
combustion framework compared to dry thermite experiments. Rathes,adiDNC
decomposition causes higher frequency but lower intensity disruptioick provide
a weaker vehicle for solid particle transport to the flame zone than the stochastic gas

bursts from CuO thermites. Thusly, solid nAl particles primarily remain inside the
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droplet until near terminatiowhen they burn either with remaininglisoKlO4 as a
thermite or with atmospheric OBurning rate effectfollow those of KIQ/NC MPs
tested inChapter5, whereinKlO4 introduces oxygen to the otherwise fuel rich side of
the diffusion flame.

nAI/MgO/NC MPs: Microstructure isshown by nicroscopy is less favorable
due to larger MgO particles and thusly lower interfacial conBaatning rateconstants
decreasewith higher loadings ofthe thermite suggestingpossibly a negative
competitionof the two componentDisruptions follow themodus operandof NC-
bound MPscaused by gas release from NQt with a generally slower acceleratioin
the disruption frequency relative @uO andKIO4 thermites and witlaccompanying
emitting particle traces (resembliddgO/NC MP nanofueldropletsin Chapter5).
Notably specific to this additive, intermetallic thermite reaction between nAl and MgO
is not thermodynamically favored as seenTable 11 and based on the results of
Chapters, reaction of MgO in this droplet system is likely limited reduction tpdn
the surface of MgO patrticles by hitsdmperature flame species (e.g. CO graihd re
oxidation of this Mg by atmosphericOThis is supported by atomiengssionherein
showingsignificant excitedVigO speciesand eitheran absenc&lO emission or its
washout by dominating MgO signaMgO emission scales with the prevalence of
emitting particle tracermrthersuggesting they are Mggarticles heating in the flame
Most of ths emission, along with video evidence of some likely Al combustion, is
concentrated during the terminati®guggesting low rate of particlemergence from

the droplet before terminationTherefore it is proposed that the usual NC
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decompositiormechanisnmof MPsis active but that the nAl/MgO thermite does little
to accelerate it as the two components compete foeheagy without an intermetallic
thermite reactiorfavored thermodynamicallywAl and surface reduced Mg will also
compete for oxygen to form respiee oxides (of which MgO is more stable than
Al203). The weaker physical disruption feedback loop transports less solid particles to
the flame region and a majority fraction of the emission and particle reaction is seen
instead upon termination and liqusdrn-off.

nAI/AP/NC MPs: Performance of this additive was already expected to suffer
based on microscopy alone which showed large AP particle sizes and poor mixing of
the fuel and oxidizerWang et al.used alternatelectrospray solvent® assemble
nAI/AP/NC MPs wherein the AP instead dissolved into the precursor and thereby
incorporated into the binder phase of the composite, which also featured higher NC
loading (>17% instead of 5% by madg4d)07], to overcome the otherwise poor
microstructure. Howeverthose particlesvere not stable in kerosene/TOPO when
considered for this studdnd AP had to be addednventimally following electrospray
procedures of the other thermites studied (this is anecdotal evidence that NC binder
presence and characteristics significantly affect MP stability in kerosene/TOPO).
Burning rateconstant®f the AP thermite MP nanofuelsrerelatively poor and below
those ofnAI/NC MPs which dominate the burning rat& higher thermite loadings
suggesting the rate increasing mechanisin nAl is the most active.While
thermodynamicsgloes favor thermite reactiah nAl/AP (Tablel1), kinetics will suffer

from the poor microstructure In addition, thesimple stoichiometry considered
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ubiquitouslyfor thermitedn this study (i.e. defined by full conversion of nAl toB})
is not fitting for the complex AP oxidizeNASA CEA calculation of equilibrium
species from the Al/AP O/F ratio used in this study (tabulatéghpendix Q suggests
alternate prducts forming towards AlGlinstead of complete conversion of8k
rendering the nAl/AP ratio used in this study more correctly calleeritiel Magnified
videographyshows the usual onset of gas eruptions characteristic didu@d MPs
and reveals appc@able particle release into the droplet in the process. However,
compared to CuO and KIO4 thermites, the disruption frequency and intensity is overall
lower, seen primarily via less droplet deformation, suggesting the nAl/AP thermites
released poorly actarated the aforementioned physical disruption feedback loop. The
uniquelack of a large termination bursiipports the observation of significant particle
transport into the flame at earlier tim@®ssibly due to added gas generation from the
AP, butthar poor microstructure andhixture ratiolimits the benefit of their eadr
presence in the flame. While the nAl/AP thernsiystem could be promisiras liquid
propellant additivesthe greatesburning rate effectare only realized witta proper
marriage of appropriate physical disruptidehavior and additive combustion
performance, the latter of which is lacking for this additive herein.

nAI/AL 203/NC MPs: Magnified video of this inert control group showing rare
gas perturbations with particle lease suggests the underlying NC MP physical
disruption mechanism exists, but no acceleration or growing intensity of such
disruptions is observed and so the phenomena is ngirsplagating and the feedback

loop discussed previously fails to form. Thestvanajority of the additive particles
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therefore remain within the dropletuntil the termination burst which features
overwhelmingbright partice emission presumably from nAl oxidation anc@d
heating The activity of this additive is like that of MgO dahmites wherein no
intermetallic reaction is possible, except that withG3| zero chemical activity of the
oxide is present and this Athermiteo
Lastly, a loose correlation is observed between measurechuate increases
and energy release that would result from full redox from the nAl and arideg the
CuO, KIO4, and MgO thermites as plottedFigure 64 (excluding the AP thermite
with its effects from poor microstructure and complex stoichiometihe
thermodynamic energy release is calculated based on trenthetipy change from

complete nAl oxidation to AD3; and metal oxide reduction to the base me$aice

compl

MgO is not thermodynamically favored to reduce to Mg by oxidation of Al, this case

is merely hypothetical and provides a basis to penalize for theb&losbeat by the
inactive MgO oxidizer. The relationship observeznforcesthe supposition that
combustion heat could b& method by whickactive particle additivepromote or
suppresshephysicaldisruptionfeedback loop process to varying degré&sndy, the
additivesmostthermodynamically favored t@lease combustion haaside the flame
radius near the dropletire most likely to incite further disruptions, propagatiee

feedback loopandthuslyincreasedropletburning rates.
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Figure 64. Experimentally estimated burning rate constant€o0, KIQ,, and MgO
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oxidation reaction by the particulate oxide.

7.4 Conclusions

Building upon prior work which identified significant modification of solid
particle additive effects on kerosene with TOPO surfactant when said particles are
preassembled into NC bound MPs of nAl f(etr Chapterd) or various oxidizergper
Chapters), work in this chaptesurveyed and investigated droplet combustion effects
upon addition of nAl/Oxidizer/5%NC thermite MPs to kerosene/TOPO. An ensemble
of diagnostics coupled to a freleoplet combustion apparatus was employed including

droplet burniig rate constant estimation, direct videography of burning droplet
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trajectories and magnified burning droplet details, and time resolved flame emission
spectroscopy to probe certain excited species in order to establish which thermite
compositions incitedne most beneficial combustion effects and to probe the possible
mechani sms of each formulationbs activity.
and exothermic thermite MPs, those of nAl/CuO and nAliKEXhibited the highest
burning rate increases. 8d on the observed activity of each thermite tested and
mechanisms proposed, droplet burning rates are found to be increased most when the
underlying physical disruption cycle facilitated by the-N@ind MP structure (caused

by NC gas generation and chetexized inChaptes 4 and }j cooperates withka
chemical mechanism of the carried particle additive, whether that is highly exothermic
intermetallic reaction (e.g. nAl/CuQO), or relatively low temperature oxygen release
(e.g. KIQy). Each of these tav coupled processes are shown to affect the precise
manifestation of each other and so far reach optimal burning rate increase only when
their cooperation results in a selfcelerating pattern of gas generation, physical
disruptions, particle liberatiomnio the flame, heat or diffusion benefits from the
additive, and further gas generation/disruptions: a powerful physical disruption

feedback loop.
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ChaptDerop8iceni g r at ewiitnftpr ovement

triisobutylaluminum dissol ved

Summary

Metallizing hydrocarbons has received renewed research attewfithn
improved control and characterization of hanoscale metals with novel properties and
effects in combustion systems. Particle agglomeration is always relevant in such
applications and threatens practical road blocks for application like system foithng w
particle deposition. Achieving a metallized hydrocarbon without nanoparticles in
suspension would avoid particle agglomeration problems. Previousgfrooficept
work with highly reactive organometallic Aased clusters stabilized by ligands and
disolved in a hydrocarbon showed such a scheme is not only possible, but the
decreased size of the cluster molecules relative to nanopatrticles substantially increases
reactivity and at least an order of magnitude less active aluminum in a dissolved cluster
caused similar isolated droplet burning rate increases by gas eruption and physical
mixing compared to nanoaluminum. To increase understanding of how such burning
rate effects manifest with dissolved aluminum, a higher valency alkyl aluminum
historically usd as a hypergol, triisobutylaluminum (TiBAl), is dissolved in toluene
and isolated droplet combustion is characterized showing up to 60% burning rate
increase with 810 mM TiBAI relative to pure toluene attributed specifically to the
aluminum content of thadditive moleculeFlame emission spectroscopy supports the

vital role of gas eruption and droplet disruption to transport additives into the flame.
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8.1 Introduction

Metallizing liquid fuels and propellants has the potential to increase their net
volumetic energy density thereby improving payload capabilities in vollimiged
systemg6]. Addition ofmicron-sized metal particles to hydrocarbons however proved
to be detrimental to combustion efficiency and burning rates as the relatively slow
burning metal particles tend to ignite near liquid bout and twephase losses can
decrease specific impulg20, 111] Research into metal/hydrocarbon incorporation
has been revitalized with the emergenceasfascale control of metal particles and the
resulting improvements in the reaction rates and ignition delays of nanometals versus
micronsized analogg4]. This demonstration that the physical form of the metal
drastically affects its combustion behavior has motivated consideration of metallizing
hydrocarbons with soluble aluminugontaining molecules. To prove this concept
Chapter3, AIBr clusters stabilized by triethylamine ligands with aluminum in a low
valency state([AIBrNEts]4) were dissolved in a toluene/ether-smlvent and
combusteds freedroplets showing that relativelgw amounts of the material notably
increase the burning rate of the fuel dropt&tsipared to nanoaluminum

Organoaluminum compound®mprise a similar opportunity to dissolve an
aluminum molecule into a hydrocarbon and have been used to formulate hypergolic
fuels[64]. Aluminum based metal clusters like [AIBrNEtare difficult to synthesize
and maintain since they suffer from air and temperature sensitivity. While they are
similarly airsensitive and pyrophoric, alkylaluminum compounds, e.qg.

triisobutylaluminum (TiBAl) are readily available commercially and thermally stable
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therefore compriag an opportunity to contextualize the demonstrated effects of
[AIBrNEts]4 despite the higher oxidation number of Al TiBAI (3+ versus 1+in
[AIBrNEt3]4). In thischaptey TiBAI is dissolved in Toluene to investigate the effects
of this Al-centered hydrocarbecompatible molecule on the freloplet burning rate
and combustion behavior relative to a Nitrogemtered control molecule,

triisobutylamine (TiBam).

8.2 Experimentall

A free-droplet combustion apparatus describe8ection2.1.2facilitates
burning characterization in which a 6@ficron droplet is released from a capillary
needle to fredall passed two methane pilot flame igniter® a 100% oxygen
environmentDroplet shedding off the end of the vertical capillary is achievidu
nitrogen flow through a ~2mm diameter glass shroud around the capillary at the top
of the tower. Relative to the tower oxygen flow (15 LPM), this nitrogen flow (0.25
LPM) is negligible and used for all droplet experiments. Droplets are generated
apprximately 3 times per second and maintain separation of approximately 6 in. to
prevent combustion interferendenvo high-speed cameras are used to record the
flame emission of the falling droplet (to measure burning time) and initial diameter of
the droplett ignition, from which a burning rate constant for each droplet can be
estimated by the ratio of initial droplet diameter squared to the burning time
according to eq. 1 and the rate of2@droplets averaged to estimate the burning rate

of the fuel.
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An alternative camera configuration has also been used here to gather
magnified video of combusting droplets with a color kigleed camera concurrently
with time-resolved emission spectroscopy between 475mb@Anm.In this
configuration, the camera and collection fiber are mounted on a vertical translation
stage which is free to fall parallel to the length of the tower. Releasing this
diagnostics stage to fall into foam padding in front of sequentiallypéaiind burning
droplets significantly lengthens the data collection time relative to static diagnostics
mounting with droplets passing by. The second camera is used to image the falling
diagnostic stage and falling droplets relative to the tower axisasthh ignition time
of any droplet captured in the field of view of the magnified camera and spectrometer
is known. The initial diameter of the droplets is not measured in this configuration
and therefore burning time data is not normalized by dropleteter which can
fluctuate +/ 50 microns. Magnifiedideos are used to estimate spatially resolved
temperature with a threeplor ratio pyrometry methodescribed irSection2.3.4
Emission spectroscopy data is used to seek atomic emission of excited AlO species in
the droplet flames as an indication of aluminum oxidatimmsistent with the
experimental setup describedSection2.3.3

Dissolution of tiisobutylaluminum (TiBAI) Sigma Aldrich 257206 CAS
10099-2, prepared in toluene by collaborator Dr. Andrew Keriisobutylamine
(Sigma Aldrich374989 CAS 11140-1), and Benzengigma Aldrich 319958used

in this study waperformed in a glovebox under an Ar atmosphere and the Toluene
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solvent was purifieavith the help of collaborator Dr. Dennis Malg distillation

from sodium benzophenone ketyl under a dinitrogen atmosphere and stored over 3 A
molecular sieves. To prepare samples for combustion experimentation consistent with
strategies utilized for asensitive [AIBrNEt]4 in Chapter3, ~0.5 mL are loded into
gastight syringes and sealed in bags with the syringe value closed under an Ar
atmosphere. The 3 IRTFE1/16 in. OD x 0.040 in IQubing syringe lead is flushed

with nitrogen immediately before connecting to the sample delivery capillary and
punping the sample into the combustion experimarikey benefit of TiBAI versus
[AIBrNEt3]4 is its higher solubility limit and compatibility in toluene without ether
co-solvent. As such, higher concentrations of TiBAI are tested here: 280 mM, 440
mM, and 810nM. Equal molar concentrations of the nitrogamtered control

(TiBam) and similar boiling point control (Benzene) were used to elucidate the role

of the Al atom in TiBAI versus the lower boiling point of TiBAl and Benzene
compared to Toluene.

Table12 Samples tested with estimated burning rate constants and percent change
relative to pure toluene control.

None 280 mM 440 mM 810 mM
Sample
K (mm?s) |K(mm?s) |%aog |K(Mmm?s) [%m|K(mm?s) |%ap
Toluene 2.33
TiBAI 3.16 | 35.7 3.68 | 57.8 3.75|61.0
TiBam 228 | -21 230 | -1.4 228 | -2.1
Benzene 221 | 51 2.17| -7.0 227 | -2.7

203




8.3 Results and Discussion

Time-lapse images shown Figure65 depict representative complete droplet
lifetimes for each sample type at the highest concentratness noted otheise
TiBam and Benzene control trials closely resemble the disrupgenburning of the
toluene carrier fuel (the appearance midframe in the Benzene trace of what appears to
be a small disruptiors an artifact caused by reflection off residue on tisde of the
cover glass and was visible in the same location for every droplet imaged in that trial).
Consistent with Toluene/Ether controls @hapter3, small flashes occur upon
termination of the contrajroupdroplets as a criticadroplet size is reached and the
remaining liquid fuel rapidly gasifies.

Four shown depict combustion behaviavith TiBAlI for the three
concentrationsested including two commaprofiles for the highest 810 mM loading.
Generallyfor TiBAI, aninitial disruptionfree burning periogrecedesliscrete strong
and bright disruptioewhich have the potential to generate companion droplets, change
the main droplet trajectory, and/or catastrophicdisassemble the main droplet into
smaller suldroplds. As the concentration is increased from 280 mM to 440 mM,
disruptions occur earlieand with more frequency, with neither concentration
catastrophically dispersing the droplet with a single disruption event. At 810 mM
loading however, a usual stromgjtial disruption commonly generates companion
droplets while the main droplet survives, or catastrophically breaks the main droplet

into a number of suldroplets. The disruptive nature of the combustion with TiBAI
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additive is similar to microexplosionsbserved with ~10mM [AIBrNE]s in

Toluene/Ether csolvent inChapter3.

‘ ‘
.

(A) (B) ©) (D) (E) (F) (G)
Toluene TiBam Benzene TiBAI TiBAI TiBAI TiBAI
(280mM) (440mM)

Figure 65. Representative timapse images of freflling droplets combusting with
and without 810 mM TiBAI additive or TiBam/Benzene controitived. (A) Pure
Toluene, (B) 810 mM Triisobutylamine in Toluene, (C) 810 mM Benzene in Toluene,
(D-E) Two types of disruptions from 810 Triisobutylaluminum in Toluene. The mid
height emission expansion in (C) is an artifact caused by reflection off afspot
residue on the experiment cover glass and is not a disruption.
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To quantify the effect of thdisruptive combustion behavior which emerges
upon TiBAI addition, estimated burning rate constants are plottEdyiume 66 versus
additive concentration. While the control TiBam and Benzene have slight negative to
no effect on the burning rate constant relative to Toluene, increases up to 61% are
measured pon TiBAI addition, surpassing the ~20% increase measured with ~10mM
[AIBrNEt3s]4in Toluene/EthermNo conclusive difference in the burning rates is detected
between 440 mM and 810 mM TiBAlespite the appearance if differing combustion
disruption behaviorNotably, the standard deviation of the data collected increases
substantially with the disruptive TiBAI additive, from 3.5% or less for control groups
to 10%, 14%, and 16% for 280 mM, 440 mM, and 810 mM TiBAI respectively
suggesting that the mechanism Wiich TiBAI increases burning rate is relatively
stochastic either in occurrence or effect on burning rate.

Multi-component liquid fuelare knowntofeaturg i sr upti ve Ami cr oex
events which can increase burning rate when the components haviaglifieough
boiling points to superheat the lower boiling pdirl during droplet combustide0-

63]. Since the boiling point of TiBAI (359 Ker supplieyis lower than that of Toluene
(384 K[110)), it is necessary to test a control additive with a similar boiling point
(TiBam control is unsuitable for this since it has a bgilpointof 465 K [110]).
Benzene has a similar chemical structiord oluene and a boiling point (353[K10])

close to thatof TiBAI but failed to generate combustion disruptions or affect the
burning rate of Toluene thereby suggesting the mechanism of TiBAI activity is not due

to superheated component microexplosions.
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Figure 66. Measured changes of burning rate constant relative to Toluene (K = 2.33)
with Triisobutylaluminum, Triisobutylamine, and Benzene additenesr barsin (A)
represent onstandard deviation in each direction.

Magnified color highspeed video of combustirdroplets with accompanying
pyrometric temperature estimation and concurrent emission spectroscopy between 474
nm and 502 nm wavelengths is available for toluene, 810 mM TiBam in toluene, and
810 mM TiBAI in toluene to better observe droplet combustiomabi®r, estimate
flame temperature effectand detect thgv = 0 emission band of AIO which indicates
reaction of gagphase aluminum with an oxidizg¥12, 113] Figure67 depicts select
frames from magnified videos @iBam control dropletand TiBAI test droplet No
difference is noticed between the magnified videos of toluene and TiBam controls

which both burn steadily without disruptions.
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