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a b s t r a c t 

Inclusion of energetic and chemically active nanoparticles into liquid fuels and propellants is known to 

affect resultant combustion dynamics. Recently, the activity of such nanoparticle additives has been pro- 

moted using electrospray to preassemble said particles into nitrocellulose-bound mesoparticle (MP) clus- 

ters of either nanoaluminum (nAl) or oxygen-carrying nanoparticle primaries. In either case, stability in 

kerosene with TOPO surfactant and isolated droplet burning rates estimated in a free-droplet combustion 

experiment increase substantially with the MP additive architecture. Burning rates benefit from violent 

physical mixing of droplet systems which occurs when the carried nanoparticles are energetic and/or 

chemically active, causing gas generation, additive transport to the flame, energy or oxygen release, and 

further gas liberation accelerating the process. In this study, this same physical underlying mechanism 

is seen superimposed with the effects of another advantage of electrospray particle assembly: MP com- 

position flexibility. By mixing nAl with oxide nanoparticles to form composite MPs, these novel addi- 

tives for hydrocarbons are employed to modify kerosene and their effects are found to be dependent on 

the oxidizer chosen. Most notably, nAl/CuO MPs show evidence of interparticle thermite reaction in the 

droplet system yielding a cooperative benefit of the two constituents relative to either alone in MPs. Use 

of oxidizer co-additives and the MP architecture with nAl represents a flexible and promising method of 

overcoming low burning rates of hydrocarbons with high as-received nAl loadings and provides expansive 

means of tunability to tailor nanofuel properties. 

© 2019 The Combustion Institute. Published by Elsevier Inc. All rights reserved. 
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. Introduction 

Augmentation of liquid propellants with energetic solids was

roposed in the 1960 ′ s for increasing volumetric energy densities,

ut historically slurry-based fuels burned slowly and inefficiently

ue largely to agglomeration effects [1,2] . Since the operating

nvelope, capabilities, and performance of a vehicle can largely

epend on the propulsion mode and energy source, promoting

ropellant energy density and combustion performance or flexibil-

ty can reap direct benefits for vehicle development [3,4] . Reducing

he size scale of energetic solids to the nanoscale can increase

eaction rate and shorten ignition delay, in addition to changing

he agglomeration dynamics that previously plagued slurry fuels

2,5] . As such, numerous nanomaterials have been investigated

n liquid fuels or propellants [3,4,6–17] , including nanoaluminum

nAl) [6,7,11–13,18–24] . Agglomeration of solid additive particles
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emains an observed problem [22,24–28] but surfactants can

e used to promote stabilization [5,7,10,20] . Evidence of gas

elease and physical disruption of droplets during combustion

r “microexplosions” promoting burning rates and/or inhibiting

gglomeration has been observed [10,20,28] . An interested reader

s also directed to relevant reviews [1,5,29] . 

Previously we have demonstrated improved colloidal stability

nd significantly higher burning rate constants for nanofuels

omposed of both nanoaluminum [20] and oxygen-containing

anoparticles [10] when such additives are prepared for kerosene

nclusion by electrospray assembly of so-called “mesoparticles”

MPs): nitrocellulose-bound nanoparticle clusters in the range of

–5 μm in diameter. nAl in this configuration can increase energy

ensity of kerosene by up to 8% with about 13 wt% solids loading

1] . Similar mechanisms were also identified for both classes of

anomaterial additives, namely that the marriage of chemical

enefits of the additives (either energy density of nAl or oxygen

elease of oxidizers) with physical droplet disruptions caused by

as generation/eruptions during free-droplet combustion creates a

ositive feedback loop by way of eruptions releasing particles into
. 

https://doi.org/10.1016/j.combustflame.2019.07.031
http://www.ScienceDirect.com
http://www.elsevier.com/locate/combustflame
http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2019.07.031&domain=pdf
mailto:mrz@engr.ucr.edu
https://doi.org/10.1016/j.combustflame.2019.07.031
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the flame zone and subsequent acceleration of further disruptions

[10,20] . While nAl represents added fuel density and is thought

to increase the heat of combustion of the base fuel [20] , oxidizer

additives were hypothesized to improve diffusion-limited reaction

kinetics because the most active candidates (e.g., KIO 4 and CuO)

release gas-phase oxygen on the fuel-rich side of the droplet

diffusion flame, causing faster fuel oxidation through vigorous

physical mixing [10] . 

Considering the similar nature of the physical droplet dis-

ruption mechanisms of both nAl and oxidizer-based mesoparticle

(MP) additives and their complementary chemical roles as fuel

and oxidizer respectively, these two systems represent a prime

opportunity to formulate composite particle additives with both

solid fuel and oxidizer components. In this study, precursor sus-

pensions containing nanoaluminum (nAl) and various oxidizer

nanoparticles with colloidion nitrocellulose (NC) are electrosprayed

to form composite NC-bound MPs which have previously exhib-

ited improved combustion rates in dry powder experiments versus

physically-mixed analogs [30–34] . These “thermite” MPs are added

to kerosene and stabilized with trioctylphosphene oxide (TOPO)

surfactant to assess effects on the free-droplet combustion by di-

rect observation and estimation of burning rate constants rela-

tive to those of MPs with only nAl or oxidizers studied previously

[10,20] . The role of the MP preassembly strategy is also evalu-

ated for such thermite nanoparticle mixtures by comparing their

activity in kerosene nanofuels with that of non-electrosprayed

nanoparticles. 

2. Experimental 

2.1. Particle additives and nanofuel preparation 

Energetic nanoparticles are prepared for kerosene (Sigma-

ldrich 329460, reagent grade) incorporation using electrospray

to generate a cloud of volatile precursor solution droplets as de-

scribed and first utilized for energetic nanoparticle modification by

Wang et al. [32] . The precursor consists of a 3:1 mixture of ethanol

and ether by volume with the particles of interest suspended by

in-situ magnetic stirring within the syringe and NC binder in so-

lution (5% NC binder by mass relative to nanoparticles). nAl, CuO,

Al 2 O 3 , and MgO are purchased commercially as nanoparticles and

utilized as-received (nAl: Novacentrix, Inc., 80% active Al with 2–

5 nm oxide shell; CuO, MgO, and Al 2 O 3 : Sigma-Aldrich 544 86 8,

54 964 9, and 544 833, respectively, with < 50 nm particle size). KIO 4 

(Sigma-Aldrich 210056) and ammonium perchlorate (AP, Sigma-

ldrich 208507) are purchased as solid powder reagents and are

reformed into nanoparticles by spray drying aqueous solutions of

each (4 mg/mL KIO 4 and 50 mg/mL AP) from a venturi-style colli-

sion atomizer through a silica desiccant diffusion dryer and into a

tube furnace at 200 C for KIO 4 and 150 C for AP before collecting

in an in-line 400 nm membrane filter [35] . Resulting KIO 4 and AP

submicron particles are on the order of 0.1–1 μm primary particles

in agglomerates of 0.5–10 μm. 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 solids loading of 100 mg/mL), sonicated for 1 h, and mag-

netically stirred overnight. Pumping the precursor though a probe

needle charged to 10 kV situated 10 cm from a −10 kV aluminum

foil substrate generates 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 solvent in-flight leaves the aggregated mesopar-

ticles bound by precipitated NC binder which impinge on the foil

substrate. Representative SEM images of nAl/oxidizer/NC MPs made

for this study are shown in Fig. 1 . 
The electrosprayed MPs are added to kerosene in 0.3 mL batches

t the concentrations shown in Table 1 with 50 mg/mL of TOPO

urfactant (Sigma-Aldrich 223301) necessary to stabilize nAl and

Al MP nanofuels in kerosene. The surfactant loading is not var-

ed with particle additive loading so as not to modify the com-

ustion characteristics of the base kerosene/TOPO fuel. With MPs

nd TOPO added to the kerosene, the nanofuels are sonicated for

 min and magnetically stirred 24 h before droplet combustion ex-

eriments are carried out. Qualitatively, stability of MP suspensions

bserved based on gravitational settling exceeded that of physical

ixtures, but further work is necessary to consider their stabil-

ty more formally. Concentration, composition, and morphology are

ikely contributing factors, but generally in this study MP suspen-

ions appear stable longer than 12 h while physical mixtures no-

iceably settle in the order of minutes. Nanofuel particle loadings

ere based on equal nominal loadings of the nAl component and

he appropriate oxidizer loading to comprise a stoichiometric mix-

ure as determined by considering full conversion of the 80% active

Al to Al 2 O 3 and kept just low enough to prevent capillary clog-

ing of the nAl/CuO samples (which feature the highest mass load-

ng). To compare each of these four loading levels to each other,

ata are plotted against “oxygen demand” referring to nAl load-

ngs and/or “oxygen concentration” referring to an oxidizer loading.

hysical mixtures were also formulated from the as-received com-

ercial nAl with either CuO, MgO, or Al 2 O 3 for comparison with

heir MP analogs by mixing of the nanoparticles with kerosene and

OPO in the same proportions as the MP nanofuels. Data plotted

or oxidizer-only MPs are reproduced from [10] for all oxidizers ex-

ept AP. 

.2. Free-droplet combustion characterization 

Combustion of the nanofuels is studied utilizing a free-droplet

urning apparatus in which droplets are ignited at the top of a

0 in. tall tower filled with oxygen as they fall past two methane

gniter pilots, as described previously [10,20,36] . This experimental

ramework avoids the interference of a suspension filament used

n stationary droplet burning experiments and facilitates estima-

ion of a burning rate constant despite the presence of gas gener-

tion within droplets and disruptive gas eruption events common

pon solid energetic addition which obscures the classical droplet

iameter-based measurement of burning rate. This is accomplished

y the approximation for the burning rate constant K 

∼= 

D 

2 
0 
/ t burn ,

ecorded by one high-speed camera capturing the flame trace to

easure burning time and another zoomed on the initially gen-

rated droplet to account for small variations in the size of each

roplet formed by aerodynamic shedding from a vertical capillary

600 ± 50 μm), as depicted in Supplemental Information. 

. Results 

Effects of thermite additives were assessed first by examining

ar-field color images of the burning droplets, shown as repre-

entative time-lapse images of a full droplet flame trace for each

ample in Fig. 2 , including those of oxide/NC MPs reproduced from

 previous study [10] for comparison. It is noted that flame trace

ength alone is not a repeatable measure of burning rate due to

arying falling velocities, and the details of later quantification of

urning rate are available in previous publications [9,1,2] . Quali-

atively, thermite MP additives cause similar droplet disruptions

o both nAl/NC MPs and oxide/NC MPs characterized by stochastic

xpansions of the flames and ejected emitting particles. Each

hermite type also appears similar to its respective oxide MP in

eneral flame color and disruption timing with respect to the

urning lifetime of the droplet. However, relative to either nAl or

xides alone in MPs, thermites feature larger amplitudes of the
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Fig. 1. SEM images of MP samples (with NC binder) collected from electrospray of nAl with various oxidizers. 

Table 1 

Sample compositions and loadings for nanofuels of nAl/Oxidizer/NC MPs, nAl/Oxidizer physical mixtures, and AP-only MPs or nanoparticles 

tested. ( ∗nAl/NC data for AP, MgO, and Al 2 O 3 was collected by testing a single 88% nAl + 12% NC by mass MP sample.) 

Solid Energetic Composition (wt%) Nanofuel Solids Loading (wt%) 

Columns based on nominal nAl wt% of: 

% nAl % Ox 1.15 2.30 3.45 4.60 

NC-bound MPs 

nAl/CuO/NC 21 74 5.6 10.6 15.0 19.1 

nAl/KIO 4 /NC 27 68 4.4 8.5 12.2 15.6 

nAl/AP/NC 41 54 2.9 5.7 8.3 10.7 

nAl/MgO/NC 34 61 3.5 6.8 9.8 12.7 

nAl/Al 2 O 3 /NC 38 57 3.2 6.1 8.9 11.5 

nAl/NC (for CuO) 81 0 1.5 3.0 4.4 5.8 

nAl/NC (for KIO 4 ) 84 0 1.4 2.8 4.2 5.5 

nAl/NC (for AP) ∗ 89 0 1.4 2.7 4.0 5.3 

nAl/NC (for MgO) ∗ 87 0 1.4 2.8 4.1 5.4 

nAl/NC (for Al 2 O 3 ) 
∗ 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 
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d  
ame expansions with disruptions and the added nAl is specifi-

ally responsible for more widespread brilliant white emission and

ore significant brilliant white termination bursts characteristic of

luminum combustion. Noted previously [10] , CuO, KIO 4 , and MgO

re all active oxides which increase kerosene burning rates when

dded as MPs compared to adding the oxides as nanoparticles.

l 2 O 3 MPs were observed to cause trivial effect as evident in

ts time-lapse, and AP MPs tested here in kerosene/TOPO also
ause little droplet disruption. While the nanofuels of Al 2 O 3 

hermite MPs still appear to burn relatively slowly evidenced by

he long flame trace, they do exhibit more emission flares and

he nanofuels of nAl/AP MPs appear to burn significantly more

isruptively than those of AP/NC MPs, more resembling nAl/NC

Ps. 

Burning rate constants estimated based on the generated

roplet size and burning times of multiple droplets per sample
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Fig. 2. Representative timelapse images of flame traces from nanofuels composed of various additive particle types including control samples (no particle additives), nAl/NC 

MPs and Oxide/NC MPs (from [10] ) with NC% to match content in respective thermite MPs, and the nAl/oxidizer/5%NC Thermite MPs. 
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provide a more quantitative basis to compare effects of the vari-

ous additives. Estimated burning rate constant changes compared

to surfactant-only droplets are plotted in Fig. 3 relative to load-

ing (on basis of oxygen concentration in the oxidizing particles,

i.e., corresponding to the four columns of Table 1 ) and shown in

two plots for illustration: one comparing all thermite MP samples,

and another comparing MP samples to physically mixed samples

(for CuO, MgO, and AP thermite systems). nAl/Al 2 O 3 MPs in the

highest loading level was not tested as it repeatedly clogged the

sample delivery capillary. Overall, thermites of CuO and KIO 4 with

nAl exhibited the highest burning rate increases which follows ob-

servations of oxide/NC MPs in [10] . nAl/AP additives showed a

positive trend between loading and burning rate increase while

nAl/MgO additives showed a generally negative trend and both

burned slower than additives with CuO or KIO 4 . Lastly, Al 2 O 3 ther-

mites have no discernible trend and hovered around zero-effect.

For the three thermites tested as both MPs and physical mixtures,

a primary finding of Guerieri et al. [10,20] is further supported:

that the MP architecture facilitates significantly higher burning

rates than unassembled particles added to kerosene with TOPO

surfactant. 
This data is further deconvoluted by considering the different

xidizers individually as shown in Fig. 4 for all except Al 2 O 3 

shown in Supplemental Information to cause minimal change

ompared to control burning rates). CuO thermites burn faster

han both nAl-only and CuO-only MPs suggesting that neither fuel

or oxidizer is individually dominant in the composite system and

nstead possibly feature a cooperative effect which follows from

heir common use as a nanothermite formulation. nAl/KIO 4 also

onstitutes an energetic nanothermite formulation [37,38] , but

Al/KIO 4 nanofuels show burning rate constants overall similar to

IO 4 -only MP nanofuels (with a slight but inconclusive benefit of

he thermite at high loadings only). As opposed to the nAl/CuO

hermite, this suggests that nAl and KIO 4 are not as inter-reactive

uring droplet combustion and instead the droplet burning is

ominated by the activity of KIO 4 . AP/NC MP nanofuels cause

 relatively low burning rate increase around 10% which does

ot appear to scale with particle loading. The burning rate im-

rovements are increased when nAl is added in the thermite MPs

owever both AP-containing MP additives cause lower burning

ate increases than nAl/NC alone suggesting that the metal fuel is

he beneficially active component which compensates for the less
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u  
ctive oxidizer particles. A contributing factor to the lower activity

f AP compared to the other proven oxidizers, CuO and KIO 4 , is

ts poor particle morphology, i.e., the significantly larger size of AP

articles which decreases their interfacial contact with fuel species

evident in Fig. 1 ). MgO thermite MPs show a fourth possible

ffect: a negative relationship between nAl/MgO MP loading in

he nanofuel and realized burning rate. MgO also features large

article sizes like AP, however, MgO is also not thermodynamically

xpected to react with the nAl fuel, unlike the other three oxidiz-

rs discussed above. As such, no possible exothermic interparticle

eaction is present to compensate for lower mass diffusion rates

aused by higher solid particle loadings and the MgO and nAl have

 cooperatively negative effect on burning rate relative to either

omponent alone in MPs. 

. Discussion 

Overall, NC-bound MP mechanisms seen in [10,20] are rein-

orced by results herein, particularly regarding behavior caused by

he nature of these composites preassembled with NC gas gener-

tor by electrospray. Based on time-lapse images of the droplet

ames, most featured the expected gas release from the liquid

roplet which perturbed the system, even with relatively inert

gO oxidizer and least so with fully inert Al 2 O 3 oxide. This is the-

rized to be a physically disruptive characteristic of NC-bound MPs

nderlying the additives studied which can incite the first system

erturbations/droplet disruptions as NC decomposes in and around

he droplet, and increased physical mixing from these events can

ause further NC decomposition and a self-acceleration of the pro-

ess [20] . 

Differences in resultant burning rates and appearance of phys-

cal droplet disruptions among the various oxidizers alone [2] and

mong nAl thermites shows that the oxidizer particle characteris-

ics play an important role in the gas-generation/disruption cycle.

or these thermite nanofuels, further diagnostic information is

equired to observe the disruptions seen in the time-lapses in

ore detail and more confidently prove that the physical disrup-

ions and nanoparticle chemical activity in the flame are strongly
oupled causing this feedback loop. However, based on the prior

xidizer-only MP study and the burning rate measurements taken

ere, likely mechanisms of the different particle compositions can

e supposed. 

nAl/CuO thermite MPs most likely cause classical thermite in-

ermetallic reaction between the Al and CuO upon ejection of the

anoparticles into the flame zone. Evidence from CuO-only MPs

uggests the CuO particles survive passage to the flame zone be-

ore heating enough to decompose and release oxygen near 10 0 0 K

10] . With the nanothermite ignition temperature of nAl/CuO also

ear 10 0 0 K (ca. 1040 K [39] ), initiation of the intermetallic reac-

ion is also likely to take place once the particles reach the flame

one during a disruption. Rapid resulting energy release from the

hermite reaction then constitutes a strong pathway to further dis-

uption events. This mechanism is consistent with the cooperative

ffect of nAl and CuO loadings supposed previously from burn-

ng rates in this study. KIO 4 alternatively is thought to thermally

ecompose before it reaches the flame zone as it undergoes rela-

ively low-rate heating (compared to faster heating if it reached the

ame zone before decomposing) [10] . Therefore, nAl/KIO 4 thermite

lusters are less likely to survive into the flame zone and reach

heir ignition temperature (ca. 950 K [37] ) before the oxidizer has

ecomposed. The effect is therefore more likely a superposition of

he increased combustion heat of nAl in the flame zone and KIO 4 

xygen release in the fuel-rich zone promoting diffusion-limited

inetics, although it is difficult to discern whether the possible in-

ermetallic reaction can also be occurring to a lesser degree during

isruptions. Both the CuO and KIO 4 thermite composite particles

eature well-mixed small primary particles in the microscopy in

ig. 1 supporting the likelihood of intermetallic thermite reactions.

Microscopy in Fig. 1 shows that nAl/AP MP additives feature

nfavorable morphologies with larger oxidizer primary particles
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Table 2 

Estimated reaction enthalpy change and Gibbs’ Free Energy change for full Al oxidation to Al 2 O 3 by CuO, MgO, or AP 

(calculated from heats of formation and standard enthalpies available in the NIST Webbook [40] ). 

Aluminum “Thermite” Reaction �H r (kJ/mol) �G r (kJ/mol) 

Al + 1.5 CuO → 0.5 Al 2 O 3 + 1.5 Cu −601 −596 

Al + 1.5 MgO → 0.5 Al 2 O 3 + 1.5 Mg 67.5 65.7 

Al + 1.5 NH4ClO4 → 0.5 Al 2 O 3 + 1.5 HCl + 0.75 N 2 + 2.25 H 2 −759 −791 
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Fig. 5. Experimentally estimated burning rate constants of CuO, KIO 4 , and MgO 

based thermite MPs with active oxides relative to theoretical enthalpy release of 

Al oxidation reaction by the particulate oxide. 
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and therefore lower interfacial contact with nAl fuel. Wang et al.

used alternate electrospray solvents to assemble nAl/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 mass) [31] ,

to overcome this otherwise poor microstructure. However, those

particles were not colloidally stable in kerosene/TOPO when

considered for this study and AP had to be added conventionally

following electrospray procedures of the other thermites stud-

ied (also evidence that NC binder presence and characteristics

significantly affect MP stability in kerosene/TOPO). Burning rate

constants of the nAl/AP MP nanofuels are relatively poor and

below those of nAl/NC MPs which dominate the burning rates at

higher loadings, suggesting the rate increasing mechanism of nAl is

the most active and that nAl/AP reaching the flame is very weak in

accelerating gas generation and disruptions. While of nAl and AP is

favorable ( Table 2 ), kinetics will suffer from the poor microstruc-

ture. In addition, the simple stoichiometry considered ubiquitously

for nAl/oxidizer compositions in this study (i.e., defined by full

conversion of nAl to Al 2 O 3 ) is not fitting for the complex AP oxi-

dizer. NASA CEA calculation of equilibrium species from the Al/AP

O/F ratio used herein (tabulated in Supporting information) sug-

gests alternate products forming towards AlCl 3 instead of complete

conversion of Al 2 O 3 rendering the nAl/AP ratio used in this study

more correctly classified as fuel-rich. The unique lack of a large

termination burst in the time-lapse images supports the observa-

tion of significant particle transport into the flame at earlier times,

possibly even due to added gas generation from the AP, but their

non-ideal microstructure and mixture ratio limits the benefit of

their early presence in the flame. While the nAl/AP system could

be promising as liquid propellant additive, the greatest burning

rate effects are evidently only realized with a proper marriage of

appropriate physical disruption behavior and additive combustion

performance, the latter of which is lacking for this additive. 

nAl/MgO thermite MPs also have unfavorably large primary

MgO particle morphology and therefore low interfacial contact

with the nAl. They show decreasing burning rates with loading

here suggesting that activity this additive in the flame zone hin-

ders acceleration of the gas-generation/physical disruption feed-

back loop. Possible redox reactions involving the MgO surfaces in

the flame zone [10] and nAl oxidation likely compete for thermal

energy since an intermetallic reaction is not thermodynamically fa-

vorable between the two ( Table 2 ), lessening the extent of either

effect. Com posite nAl/Al 2 O 3 MPs used mainly as a control group

here are unlikely to contribute any gas-generation to incite feed-

back, consistent with the largely null effect on burning rate ob-

served. 

Lastly, a loose correlation was observed between measured

burning rate increases and energy release that would result from

full redox of the nAl and oxidizer among the CuO, KIO 4 , and MgO

thermites, as plotted in Fig. 5 (excluding the AP thermite con-

sidering its poor microstructure and stoichiometry). The thermo-

dynamic energy release is calculated based on the net enthalpy

change from complete nAl oxidation to Al 2 O 3 and metal oxide re-

duction to the base metal per volume of nanofuel. Since MgO is

not thermodynamically favored to reduce to Mg by oxidation of

Al, this case is merely hypothetical and constitutes a penalty ap-
lied to this additive for its competition between MgO and nAl for

hermal energy (and surface reduced Mg versus nAl for oxygen).

he relationship observed reinforces the supposition that combus-

ion heat could be a method by which active particle additives pro-

ote or suppress the physical disruption feedback loop process to

arying degrees. Namely, the additives most thermodynamically fa-

ored to release combustion heat inside the flame radius near the

roplet are most likely to incite further disruptions, propagate the

eedback loop, and thusly increase droplet burning rates. Further

nvestigation including spectroscopic emission analysis or recovery

nd interrogation of combustion products could provide additional

aluable evidence for more detail. 

. Conclusions 

Building upon prior work which identified significant modifi-

ation of solid particle additive effects on kerosene with TOPO

urfactant when said particles are preassembled into NC-bound

Ps of nAl fuel [20] or various oxidizers [10] , this study sur-

eyed and investigated droplet combustion effects upon addition

f nAl/oxidizer/5%NC thermite MPs to kerosene/TOPO to establish

hich composite compositions incited the most beneficial com-

ustion effects and to probe the possible mechanisms of each for-

ulation. A free-droplet combustion apparatus was employed to

ssess droplet burning rate constants with direct videography of

urning droplet trajectories to qualify the disruptive combustion

ehavior. As expected, the most typically reactive and exothermic

hermite MPs, those of nAl/CuO and nAl/KIO 4 , exhibited the high-

st burning rate increases. Based on the observed activity of each

hermite tested and mechanisms proposed, droplet burning rates
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re thought to be increased most when the underlying physical

isruption cycle facilitated by the NC-bound MP structure (caused

y NC gas generation), cooperates with a chemical mechanism of

he carried particle additive, whether that is highly exothermic in-

ermetallic reaction (e.g., nAl/CuO), or relatively low temperature

xygen release (e.g., KIO 4 ). This coupling likely results in a self-

ccelerating pattern of gas generation, physical disruptions, particle

iberation into the flame, heat or diffusion benefits from the ad-

itive, and further gas generation/disruptions: a powerful physical

isruption feedback loop. Further detailed observations and diag-

ostics are necessary to confidently prove this coupling, and specif-

cally probe for nAl fuel reaction upon droplet disruptions. 
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