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a b s t r a c t 

Metallizing and gelling hydrocarbons has received attention since the 1960s, but slurry fuels utilizing mi- 

cron particles suffer from long particle burning times and problematic agglomeration. This study inves- 

tigates single droplet combustion of kerosene with oxygen-containing nanoparticle additives, assembled 

by electrospray into nitrocellulose (NC)-bound composite “mesoparticle” (MP) structures (on the order 

of 5 μm). We find significantly improved dispersion properties of these materials compared to unassem- 

bled nanoparticles. Droplet combustion is characterized with a free-falling droplet experiment utilizing 

high speed videography. The MP pre-assembly strategy demonstrated previously by this group to im- 

prove burning rate effects and suspension stability of nanoaluminum is extended to oxygen-containing 

nanoparticles of CuO, KIO 4 , MgO, and Al 2 O 3 added to kerosene as NC-bound MPs. Burning rate enhance- 

ments of up to 40% are seen for CuO and KIO 4 MPs. Direct observation of droplet combustion disruptions 

is used to propose active mechanisms for each additive. 

© 2017 Published by Elsevier Inc. on behalf of The Combustion Institute. 

1

 

o  

[  

c  

o  

e  

t  

i  

a  

e  

p  

e  

s  

r  

p

 

n  

t  

t  

b  

r  

t  

e  

u  

d

[  

h  

J  

k  

s  

b  

f

[

 

o  

o  

f  

d  

H  

f  

i  

o

h

0

. Introduction 

The application of various propulsion methods is limited by the

perating envelope of the flight vehicle and energy source utilized

1] . Air-breathing propulsion, for instance, can deliver a higher spe-

ific impulse than rockets by utilizing atmospheric oxygen instead

f an on-board oxidizer, but cannot operate outside specific flight

nvelopes without ample oxygen delivery to the engine [1–2] . Such

echnological limitations on propulsion can be mitigated by mod-

fying the combustion properties of fuels and propellants avail-

ble to vehicle engineers. Namely, increasing the volumetric en-

rgy density of liquid fuels/propellants with the addition of solid

articles has received attention since proposed in 1962 [3] . How-

ver, subsequent investigations examining slurry fuels of micron-

ized metal powders in combustible liquids demonstrated delete-

ious agglomeration effects which caused low burning rates and

oor combustion efficiencies [4] . 

Nanoscale energetic powders are known to overcome weak-

esses of their micron-scale counterparts, including reducing igni-

ion delay and increasing reaction rates by increasing the surface-

o-volume ratio of the material [5] . Nanoparticles (“NPs”) are also

etter suited to liquid incorporation wherein Brownian motion and
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epulsive electrostatic forces can prevent gravitational settling of

he additives in the fluid [3] . This has prompted increased research

fforts over the last decade on NPs suspended in combustible liq-

ids. NO x , hydrocarbon, and CO emissions can be decreased in

iesel engines with NPs of Al [6–8] , Al 2 O 3 [7] , Fe [8] , B [8] , CeO 2 

9] , Fe 3 O 4 [10] , and Carbon Nanotubes (CNT) [11] . Metal oxide NPs

ave also been employed as oxygen carriers for direct oxidation of

P-10 in an atomized flow reactor [12] . Nanoaluminum (“nAl”) is

nown to reduce the ignition delay of JP-8 [13] and increase the

pecific impulse of JP-10 [14] , and nitromethane burning rates can

e increased by the addition of various nanomaterials including

unctionalized graphene sheets [1] , silica [2 , 15] , AlOOH [1] , Al 2 O 3 

15] , or nAl [2 , 16] . 

Recent studies examining single-droplet combustion and evap-

ration of nAl-laden fuels have identified beneficial mechanisms

f these additives including radiative absorption of the particles

rom the flame, increased heat of combustion, and physical droplet

isruptions promoting mixing and secondary atomization [17–22] .

owever, particle agglomeration persists as a detrimental side ef-

ect of NPs in suspension [17 , 20 , 23–26] . Long-term stability can be

mproved with surface modification agents; e.g. trioctylphosphine

xide (TOPO), oleic acid, or sorbital oleate [14 , 5 , 27] . 

Observations show that physical droplet disruptions during

vaporation or combustion upon nAl addition are common and

hought to disrupt agglomerate formation and inhibit shell growth

26,27] . Miglani and Basu found that higher particle loadings

http://dx.doi.org/10.1016/j.combustflame.2017.08.026
http://www.ScienceDirect.com
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http://crossmark.crossref.org/dialog/?doi=10.1016/j.combustflame.2017.08.026&domain=pdf
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Table 1 

Sample mass loadings tested by mixing with 0.3 mL of kerosene includ- 

ing 50 mg/mL TOPO surfactant. Control samples (not shown) included 

neat kerosene, kerosene with TOPO surfactant, and NC nanoparticles in 

kerosene/TOPO at loadings of 2–10 mg/mL. Oxygen molarity defined by 

the oxygen content of the oxides in the final nanofuel suspensions. 

A B C D 

Oxygen molarity 0.44 0.89 1.33 1.78 

Sample Mass loadings (mg/mL) 

1 CuO NPs 35.4 70.8 106.1 141.5 

2 KIO4 NPs 25.6 51.1 76.7 102.3 

3 MgO NPs 17.9 35.9 53.8 71.7 

4 Al 2 O 3 NPs 15.1 30.2 45.3 60.5 

5 CuO/NC MPs (6.4 wt% NC) 37.8 75.5 113.3 151.1 

6 KIO 4 /NC MPs (6.7 wt% NC) 27.4 54.9 82.3 109.8 

7 MgO/NC MPs (7.7 wt% NC) 19.4 38.8 58.2 77.6 

8 Al 2 O 3 /NC MPs (8.1 wt% NC) 16.4 32.9 49.3 65.8 
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suppressed gas ejections which were observed more frequently

for low particle loadings, suggesting that a feedback loop exists

between formation of agglomerate shells and resulting droplet

disruptions that can dismantle them [26] . Including nitrocellulose

(“NC”) as a gas-generating co-additive with nAl in kerosene has

also been shown to promote droplet disruptions and increase

burning rate constants of nAl-laden droplets [27] . 

We have previously reported that nitrocellulose can be used

to assemble nanoparticles into porous agglomerate “mesoparticles”

(MPs) on the order of 1–10 μm in size which exhibit enhanced

combustion compared to nAl [28] . The strategy was extended to

thermite mixtures [29] demonstrating a three-fold increase in con-

stant volume combustion pressure rise and pressurization rate for

nAl/CuO MPs compared to physical mixtures. This effect was at-

tributed to more intimate contact of the fuel and oxidizer and gas

generation by NC decomposition dispersing the reactant particles

thereby mitigating reactive sintering [29] . The mechanism of pri-

mary particle dispersion to mitigate sintering and promote high

burning rates was supported by aerosol-based combustion obser-

vations in [30] and MPs were employed in solid rocket propel-

lant in [31] . This MP architecture has been used to preassemble

nAl for addition to kerosene, showing significantly increased sus-

pension stability, higher maximum stable loadings, and therefore

greater maximum burning rate increases versus physical mixtures

of nAl and NC nanoparticles [27] . This study evaluates effects of

oxygen-containing solid particles of CuO, KIO 4 , MgO, and Al 2 O 3 on

the single-droplet combustion of kerosene in a free-droplet con-

figuration when the same gas-generating NC co-additive and MP

preassembly strategy is employed to promote droplet disruption,

agglomerate break-up, and suspension stability. 

2. Experimental 

2.1. Nanofuel preparation 

Samples tested in this study were chosen to investigate oxide

compounds of various natures: CuO, a metal oxide commonly used

in thermite mixtures which thermally decomposes to release oxy-

gen; KIO 4 , a periodate salt more recently demonstrated as a strong

oxidizer of reactive metals which also releases oxygen by thermal

decomposition [32] ; MgO, a metal oxide expected to be more sta-

ble than CuO but which has some possibility of oxidizing combus-

tion species; and Al 2 O 3 , a stable metal oxide expected to be inert. 

Nanopowders of CuO, MgO, and Al 2 O 3 were used as-received

from Sigma-Aldrich which specified < 50 nm particle sizes for all

three materials (Sigma-Aldrich 544 86 8, 54 964 9, and 544 833, re-

spectively). SEM images shown in Fig. S1 (in Supporting informa-

tion) confirm primary particle sizes on the order of 50 nm, but

show secondary particle agglomerate sizes of 0.5–5 μm for CuO

and 1–10 μm for MgO and Al 2 O 3 within tertiary fractal aggregates

on the order of 50–100 μm. KIO 4 nanoparticles were synthesized

by spray-drying as-received KIO 4 (Sigma-Adlrich 210056) dissolved

at 4 mg/mL in deionized water from a venturi-style collision atom-

izer through a silica diffusion dryer into a tube furnace at 200 °C
and was collected with an in-line 400 μm membrane filter [33] .

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

in agglomerates of 0.5–10 μm. NC nanoparticles required for NC-

only 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 two in-line

tube furnaces at 80 °C and collecting the particles in a 400 μm

membrane filter heated to 90 °C to prevent solvent condensation. 

Nitrocellulose-bound mesoparticles were assembled using elec-

trospray particle synthesis described by Wang et al. [28] wherein

precursors of solid particles suspended in NC solutions (3:1

ethanol:ether solvent) are agitated in a sonication bath for 1 h
nd magnetically stirred for 24 h before injection via syringe

t 2.5 mL/h through a 0.43 mm ID stainless steel probe needle

harged at 10 kV. 10 cm from and perpendicular to the probe nee-

le, an aluminum foil collection substrate is charged to −10 kV to

nduce fluid breakup at the needle exit into microdroplets of pre-

ursor which dry in flight before deposition on the foil. 

Nanofuel suspensions are mixed by adding NPs or MPs to

.3 mL of kerosene (Sigma-Aldrich 329460, reagent grade) with

5 mg of trioctylphosphine oxide (TOPO) surfactant, agitating by

onication bath, and magnetically stirring for approximately 24 h

mmediately before combustion trials. Sonication bath times were

 h for NP suspensions and 5 min for MP suspensions to limit

ossible MP damage while maximizing NP aggregate disassembly

nd suspension. TOPO surfactant is required to chemically stabilize

articles in suspension and was proposed for this purpose by E et

l. to stabilize boron in JP-10 in [14] and has successfully stabi-

ized nAl/NC MPs [27] . To simplify comparison of nanofuel burn-

ng rates using one common control, constant TOPO concentration

50 mg/mL), nanofuel batch size (0.3 mL), and mixing/storage vial

ize (0.5 Dr) was maintained for all samples in this study. Each

ample was removed from stirring and sonicated for 1 min prior

o combustion experiment trials to ensure particle dispersion. The

oadings of samples tested are shown in Table 1 , which were based

n equal oxygen content of the additives, constant for each loading

ategory A–D (except for NC binder-only control samples which do

ot include oxides). NC binder mass throughout the study is five

eight percent of the theoretical reactive mixture, i.e. 5 wt% of a

toichiometric mixture of the oxygen-containing nanoparticles and

Al fuel for direct comparison with past and planned companion

tudies [27] . 

.2. Combustion characterization 

Measurements of burning rate constants were taken using a

pparatus described in previous studies [34,27] . Nanofuel droplets

pproximately 600 μm in diameter free-fall past two methane dif-

usion flame igniters within a 5 × 5 × 20-in. tower filled with

xygen gas at room temperature. A magnified shadowgraph of

roplets passing the igniters using an expanded HeNe laser is im-

ged with a high-speed camera to record initial droplet diame-

ers ( ±0.01 mm estimated uncertainty) while a second high-speed

amera captures the flame emission of the droplet over its entire

urning time. By assuming full combustion of the droplets (sup-

orted by product particle capture [34,27] ) such that the final di-

meter is taken to be zero, the burning rate constant is calculated

or each droplet using Eq. (1) , 

 = 

1 − D 

2 
Ext inct ion 

/D 

2 
0 

t Ext inct ion /D 

2 
∼= 

D 

2 
0 

t Ext inct ion 

. (1)

0 
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Fig. 1. SEM of electrospray assembled mesoparticles (A) CuO, (B) KIO 4 , (C) MgO, and (D) Al 2 O 3 . 
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Fig. 2. Nanofuel suspension photographs at various elapsed times from dispersion 

by sonication. Boxed frames indicate suspensions which have visibly gravitationally 

settled. 
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This measurement avoids distortions that solid additives cause

o classical d 2 -law based measurements, which rely on tracking

he cross-sectional area of the droplet during combustion to assess

he diameter over time, from which the burning rate constant

s calculated. In such classical measurements, the volume of the

roplet must be directly proportional to the mass of unreacted

uel remaining, which is generally true for a pure hydrocarbon

roplet. Introducing particles however is known to induce gas

eneration, droplet inflations, shape distortion, and eruptions dur-

ng combustion which uncouples droplet volume from unreacted

ass, rendering this classical analysis inapplicable. To overcome

hese limitations, the burning-time based measurement used here

acrifices per-droplet precision of the classical measurement, thus

equiring 8–12 droplets per trial and 2–4 repeated trials to assess

 for a given sample with an estimated experimental uncertainty

f ±0.1 mm 

2 /s. 

For further characterization of droplet disruptions, select sam-

les were observed with magnified high speed video at the height

f the annotation line in Fig. 3 . Point spectroscopy was also taken

sing an Ocean Optics USB20 0 0 + UV–VIS spectrometer with a

ber optic focused at the same height as the camera on the falling

roplets. The integration time of the spectrometer was longer than

he time of a droplet falling through the field of view resulting in

ne spectra per falling droplet. Representative spectra are shown in

igs. S6–S11. 

. Results and discussion 

.1. Material characterization 

Electrosprayed MPs are shown in SEM images in Fig. 1 . MP sizes

re on the order of 5 μm and generally round which, compared to

he ∼1–10 μm amorphic secondary aggregates of the source oxide

articles shown in Fig. S1, suggests that sonication and mixing of

he electrospray precursors successfully breaks secondary soft ag-

regates to intimately mix NC binder with collections of primary

articles < 5 μm in size, which reform round MPs as precursor

roplets evaporate during electrospray. 

Simultaneous thermogravimetric analysis and differential scan-

ing calorimetry (TGA/DSC) was conducted to assess the thermal
ehavior of the MP constituent materials, shown in Fig. S3. The

C binder decomposes exothermically at ∼485 K. TGA/DSC on the

pecific CuO nanoparticles used in this study under 10 K min 

−1 

eating in argon shows onset of endothermic oxygen release at

1100 K. Jian et al. showed this CuO decomposition temperature

s heating rate dependent and identified O 2 release temperatures

etween approximately 925 K and 1020 K for heating rates of

1.5 × 10 5 and ∼6 × 10 5 K s −1 , respectively [32] . TGA/DSC of

IO 4 closely matches the results of [35] with two decomposition

teps at 604 K and 830 K. Conversely, TGA/DSC of MgO nanoparti-

les revealed only a ∼2.5% weight loss near 580 K, likely decom-

osition of impurities in as-received MgO, with no obvious thermal

ecomposition of the oxide below 1200 °C. NC-bound MP samples

how superimposed activity of both the NC binder oxide particle,

xhibiting no effect of one component on the thermal behavior of

he other. 

The suspension stabilities are shown in Fig. 2 as a function of

ime after sonication. The important result here is that mesopar-

icles offer considerably greater colloidal stability than the corre-

ponding unassembled materials, consistent with our observations

or nAl/NC MPs in a previous study [27] . 
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A B C D F H I JE G K

Fig. 3. (A) Kerosene only, (B) kerosene with TOPO sufactant (base liquid for C–H), (C) NC particles only, (D) CuO only, (E) KIO 4 only, (F) MgO only, (G) Al 2 O 3 only, (H) CuO/NC 

MPs, (I) KIO 4 /NC MPs, (J) MgO/NC MPs, (K) Al 2 O 3 /NC MPs. Corresponds to the height at which the magnified videos shown in Section 3.4 (and flame emission spectra shown 

in Fig. S6) were taken: 4.5 in. below the ignition point. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this 

article.) 
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3.2. Nanofuel falling droplet combustion 

Figure 3 depicts representative time-lapse images of a single

combusting droplet for the highest loading class of each sample

(including neat kerosene without surfactant which was artificially

brightened for visibility). The droplet position is not linearly re-

lated to its burning time and the initial droplet diameters can

vary ±0.1 mm, therefore the length of the traces only loosely il-
ustrates the burning rate of each sample (more accurately quanti-

ed in Section 3.3 ). Traces A–C depict the control samples of neat

erosene, kerosene with TOPO surfactant, and NC particles added

ith surfactant. Notably, the burning rate is only marginally af-

ected by NC addition alone and visible effects of the surfactant

nd NC particles are limited to the end stage of droplet combus-
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Combustion traces D–G in Fig. 3 illustrate the effects of ox-

de addition as nanoparticles. Longer traces suggest slower burn-

ng rates but quantification in Section 3.3 shows near zero ef-

ect, with slight burning rate increases (most significant for KIO 4 ).

lightly longer traces are thought to be from small density varia-

ions with the solid additives which, with constant droplet volume,

ecreases the significance of drag compared to droplet inertia. It

s possible that such slightly higher droplet velocities near termi-

ation marginally increase burning rates when solid additives are

ncluded by promoting aerodynamic mixing compared to liquid-

nly samples. This effect is estimated to be small relative to the

ffects of MP additives and comparable to the experimental error.

he droplet combustion of all oxide-only formulations remains un-

ffected for the first approximately 50% of their lifetimes. CuO in-

ites droplet disruptions at the earliest point in the droplet life-

ime with the most widely dispersed activity and increased flame

mission. Initial disruptions of KIO 4 , while appearing to occur later

nd with less flame emission expansion, are of a similar nature to

hose of CuO, characterized by asymmetrical flame plume expan-

ions. As KIO 4 -laden droplets approach termination, they demon-

trate a more swollen emission profile. MgO also incites highly

mitting disruptions, however they typically only occur in less than

en events in the last roughly 80% of the combustion time, are

ore symmetrical, high emission, and most prevalent near droplet

ermination. This is the first indication that CuO and KIO 4 may af-

ect flame chemistry with emerging gas phase agents while MgO

ctivity may be limited to when flame and solid particles interact.

l 2 O 3 shows very small perturbations in the flame but generally

nly lengthens flame emission near droplet termination, consistent

ith emission from heated Al 2 O 3 solid particles remaining as liq-

id burnout completes. 

The last of the combustion traces, H–K, depict NC-bound ox-

de MPs added to kerosene with surfactant. The drastic shortening

f traces H–J demonstrates the significant effect of NC inclusion

ia MP assembly versus NPs-only. The onset of any droplet/flame

isruptions are significantly earlier for NC-bound MP samples in

–J, consistent with observations of nAl MPs [27] . The resulting

isruptions are also exaggerated, featuring more widely expanded

ame emission for CuO and more frequent and brighter emission

or KIO 4 and MgO compared to traces D–G. Al 2 O 3 is the notable

xception, showing little to no effect of the NC-bound structure on

he activity of the additive, except for added trajectory perturba-

ions consistent with NC-only (in trace C) wherein NC gas gener-

tion perturbs the trajectory immediately before droplet termina-

ion. 

.3. Burning rate measurements 

The kerosene/TOPO fuels with MP additives studied include

p to 1.15 wt% NC. The burning rates of NC nanoparticle-laden

amples up to this loading were assessed without oxides and

re shown in Fig. S2. All burning rate data is presented as per-

ent changes in the burning rate constant compared to surfactant-

nly kerosene ( K = 2.21 mm 

2 /s with 50 mg/mL TOPO surfactant).

C NPs increase the burning rate linearly by approximately 7%

er wt% of NC, agreeing with observations [27] which proposed

hat NC thermal decomposition, beginning below 200 °C, gener-

tes gas within the droplets since combusting liquid droplets heat

uickly to the boiling point of the fluid (approxiamtely 220 °C
or kerosene). Such generated gas inflates the droplets, thereby in-

reasing liquid surface area for evaporation, and significantly in-

reasing physical mixing of the system. Trace C in Fig. 3 shows

hese disruptions are most active near droplet termination for NC-

nly samples. This late disruption onset relative to MP samples in

art explains the relatively lower order of magnitude of the burn-

ng rate increases for NC alone. 
Burning rate effects of the oxide additives are assessed relative

o the baseline effects of NC-only and plotted relative to oxygen

ontent for the four oxides in Fig. 4 . The calibration curve of NC-

nly is overlaid on each plot to show the burning rate of NC-only,

elative to MP samples with the same amount of NC. With this

rame of reference, an obvious benefit of NC-bound MPs is evident

or CuO, KIO 4 , and MgO based formulations. Consistent with the

ombustion traces in Section 3.2 , Al 2 O 3 is the exception to this ef-

ect with little to no discernable benefit of the NC-bound MP archi-

ecture. Oxide-only NP samples without NC (solid points of Fig. 4 )

enerally increase or minimally affect burning rates. This is in stark

ontrast with observations of nAl NPs added alone [27] which de-

reased the burning rate with added nAl loading. KIO 4 stands out

ith the highest burning rate increases at and above 0.9 M oxygen

5.6 wt% KIO 4 NPs) among the oxide-only samples. 

The effect of mass loading of MPs is shown in Fig. 5 with the

arious oxygen contents of the four oxides. With respect to burning

ate, KIO 4 clearly provides the highest overall rate increase. The ox-

des with the most significant burning rate increases in MPs (KIO 4 

nd CuO) are also the two least efficient oxygen carriers by mass.

gO and Al 2 O 3 boast higher oxygen per mass ratios, however, only

gO MPs achieve significant burning rate increases. 

.4. Direct observation of droplet disruptions 

To further investigate the droplet combustion disruptions that

merge upon CuO, KIO 4 , and MgO MP addition, magnified high

peed video was taken at the height of the annotation line in

ig. 3 . A representative disruption event for CuO/NC MPs is shown

n Fig. 6 . Image gains are artificially adjusted to keep the droplet

rames visible throughout the event. The CuO/NC MP disruption

nitiates in the second frame of Fig. 6 with a small region of

ecreased emission in the flame and a spot of orange emission

xpansion. The region of lower emission behaves like low tem-

erature gaseous species released from within the droplet since

n the following frames, it expands upward through the flame

nd increases emission consistent with the combustion of gaseous

pecies. Concurrently, the initial spot of orange emission first ex-

ands outward in the direction of its ejection for 2–3 frames be-

ore veering upward, suggesting nontrivial inertia of the emitting

pecies. Predominantly orange emission plumes with faint regions

f green near the edges are observed in frames 5–17 in Fig. 6 ac-

ompanying the ejection event. Such emission is consistent with

hat of copper-containing species, confirmed by emission spec-

roscopy of a passing CuO MP-laden droplet shown in Fig. S6 to

ikely be excited CuO and CuOH (orange 608 nm and 618 nm

oublet, and green 525–555 nm band, respectively). In the fifth

rame, this presumed copper species liberation occurs again at a

econdary site on the left side of the droplet and together these

eleases overall create the widespread orange/green emission at-

ached to the droplet flame which is visible on the order of 3 ms.

 possible explanation is ejection of particulate CuO which decom-

oses and reduces near and in the flame region thereby affecting

as phase reactions causing the emission increase which lingers

round the droplet flame. 

Disruptions of KIO 4 /NC MPs, represented by Fig. 7 , contain

otable differences relative to those of CuO MPs. First, the droplet

ame in the absence of a large disruption is unsteady compared

o the flame with CuO MPs (seen steady in the first frame of

ig. 6 compared to the deformed flame shape for KIO 4 MPs shown

n the first frame of Fig. 7 ). The timescale of these small flame

erturbations for KIO 4 MPs is short, on the order of one frame

r less (166 μs), and are possibly due to heterogeneous oxygen

elease from the droplet by KIO 4 decomposing near the droplet

urface. Larger disruptions occurring concurrently are similar to

as ejections observed for CuO MPs and in [27] , exemplified in
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Fig. 4. Burning rate effects of CuO, MgO, KIO 4 , and Al 2 O 3 nanoparticles and NC-bound MPs. Dotted lines are the NC-only control fit scaled to correspond to NC content in 

the MPs at those oxygen molarities. NC oxygen content is not considered. 
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5x Gain 3x Gain 2x Gain

3x Gain

Fig. 6. Representative swelling/eruption event during combustion of CuO/NC MPs in kerosene/TOPO. Brightness is artificially increased for visibility as labeled on the first 

frame of each gain adjustment setting. 166 μs image period. 

5x Gain 4x Gain

5x Gain 6x Gain

6x Gain

Fig. 7. Combustion of KIO 4 /NC 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 and above the main droplet, which generates the orange emission detached from the main droplet flame as it combusts 

fully. 166 μs image period. 
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he seventh frame of Fig. 7 at the bottom right of the droplet.

owever, compared to those of CuO MPs these events are smaller,

ccur more frequently, and have little to no spectral effect on

he flame emission. Orange-violent emission beginning in the

inth frame is not attached to the droplet flame (like the emission

xpansion of the CuO MP disruption), but rather seems to emanate

rom a small companion droplet visible left of the main drop in

he first three frames. This companion droplet, formed from a

rior disruption, enters the flame zone near frame nine and incites

he increased emission above the flame. Two other examples of

ompanion droplet liberation and combustion are seen in frames

3 and 15. 

MgO/NC MP disruptions, such as those depicted in Fig. S4, re-

emble those of CuO MPs in that the droplet flame is steady in the
 o  
bsence of a disruption and the perturbations are characterized by

as eruptions, albeit with significantly smaller flame emission ex-

ansions. However, MgO MPs show small spots of emission consis-

ent with particle release more prevalently than CuO MPs, shown

n Fig. S5. These particle spot emissions survive in the flame zone

ignificantly longer than any particle emission observed for CuO or

IO 4 MPs. 

.5. Thermodynamic considerations 

To assess possible reduction of the oxides by reaction with

ombustion species, NASA CEA was used to generally investigate

hermodynamic equilibrium species of stoichiometric combustion 

f RP-1 and O with small amounts of CuO, MgO, or Al O added
2 2 3 
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Table 2 

Results of NASA CEA equilibrium calculations for constant enthalpy, constant temperature stoichiometric RP-1/O 2 with additives (added as 1% 

of the oxidizer by mass). 

Additive None (RP-1/O 2 ) CuO MgO Al 2 O 3 

Equil. T (K) 3110 3105 3097 3103 

Equil. mole fractions containing additive metal Cu 2.3E − 03 Mg 2.2E − 03 Al 2 O 3(L) 1.1E − 03 

CuO 3.8E − 05 MgO 1.9E − 03 AlOH 1.0E − 03 

CuOH 1.0E − 05 MgOH 3.4E − 04 AlO 3.0E − 04 

Mg(OH) 2 2.4E − 04 Al(OH) 2 3.9E − 05 

AlO 2 3.0E − 05 

HAlO 2 2.9E − 05 

Al(OH) 3 2.5E − 05 

Al 1.5E − 05 

Table 3 

Reaction thermodynamics of oxide reduction by CO and H 2 . 

�H �S �G (300 K) T ( �G = 0) 

kJ/mol kJ/mol K kJ K 

Reduction by CO 

CuO (s) + CO = Cu + CO 2 210 0.1395 169 1508 

CuO (s) + CO = Cu 2 O (l) + CO 2 −83 0.0601 −101 

MgO (s) + CO = Mg + CO 2 466 0.1378 425 3381 

Al 2 O 3(s) + CO = AlO + CO 2 1460 0.1835 1405 7954 

KIO 4(s) + CO = KIO 3(s) + CO 2 −326 −0.0081 −324 

Reduction by H 2 

CuO (s) + H 2 = Cu + H 2 O 252 0.1815 197 1386 

CuO (s) + H 2 = Cu 2 O(l) + H 2 O −42 0.1021 −72 

MgO (s) + H 2 = Mg + H 2 O 507 0.1798 453 2820 

Al2O3 (s) + H 2 = AlO + H 2 O 1501 0.2255 1433 6655 

KIO 4(s) + H 2 = KIO 3(s) + H 2 O −285 0.0339 −295 
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(KIO 4 thermodynamic properties unavailable in CEA) [36] . Results

of these calculations are given in Table 2 . Equilibrium calcula-

tions show that the addition of the metal oxides is insufficient

to appreciably impact the adiabatic flame temperature. Consider-

ing the concentration of the reduced metal vs. its parent metal ox-

ide shows that while CuO undergoes significant decomposition at

flame temperatures, alumina is relatively inert and MgO is in be-

tween. This is consistent with the observed effect on burning rate

and the visual observations of droplet combustion and disruptions.

Another way of considering this is to assess the likelihood of

redox reaction between the oxides and major reducing gases ex-

pected in the rich zone of the diffusion flame (i.e. CO and H 2 ).

For reactions with positive free energies at room temperature,

the temperature at which the free energy equals zero is listed in

Table 3 . These reduction reaction onset temperatures show that

Al 2 O 3 reduction by combustion species is not thermodynamically

favorable at reasonably physical temperatures ( < 6600 K). KIO 4 and

partial CuO reduction by combustion species is thermodynamically

favored down to room temperature, with full CuO reduction to Cu

favored above 130 0–160 0 K. MgO reduction is only thermodynam-

ically spontaneous above 2820 K for reduction by H 2 (3381 K for

CO). This is near possible flame temperatures for kerosene/oxygen

as suggested by flame spectroscopy fits to Planck’s Law in Figs. S7–

S11 and Table S1. Most reduction reactions are endothermic except

for those of KIO 4 . 

Flame emission spectroscopy results shown in Fig. S6 reveal

emission peaks attributed to CuOH/CuO, K, and MgOH/MgO/Mg for

CuO, KIO 4 , and MgO additives respectively. Peaks near 589 nm and

767 nm are strong sodium and potassium lines, the potassium in

the CuO spectra attributed to slight contamination by KIO 4 in the

droplet generation assembly. Atomic lines of CuO and MgO support

the notion that the additives reach the high temperature flame re-

gion, despite the expectation that CuO also undergoes concurrent

thermal decomposition. Mg emission is evidence of MgO reduc-

tion reactions to a small degree considering the weak intensity of

m  
he Mg peak. Both CuO and MgO form hydroxides in the flame by

eaction with H. Flame temperatures estimated by fitting Plank’s

aw to the collected spectral intensity are shown on the respective

pectral plots in Figs. S7–S11, suggesting flame temperatures in the

ange of 2900 K–3300 K. However, the uncertainty in this mea-

urement is estimated to be at least 200 K and the model does not

onsider non-blackbody emissivity of the flame species and emit-

ing particulates. The estimate does however provide evidence that

he MgO reduction reactions considered in Table 3 are possible in

he combustion of the kerosene droplets in oxygen. 

.6. Proposed mechanisms 

.6.1. Role of NC in MP additive effects 

The NC-bound mesoparticle architecture has been shown in

27] to be beneficial for burning rate enhancement by addition of

nergetic solids to kerosene. This nanoparticle preassembly con-

rols the primary particle agglomeration in a structure that is

ound by NC which itself can decompose at low temperature

 ∼200 °C) exothermically releasing gas and dissembling the ag-

lomerate. This architecture also demonstrated much improved

olloidal stability enabling longer particle settling times and higher

aximum testable loadings. In this study, CuO, KIO 4 , and MgO

dditives all exhibit drastically higher burning rate constants in

erosene when incorporated into NC-bound MPs. These observa-

ions can be explained by the notion of a positive feedback loop

rst presented in our previous study [27] . As NC within the com-

usting droplets decomposes, generated gas swells the droplet. The

esulting enlargement of liquid surface area exposed to the flame

ontributes to higher gasification rates of the droplet (and there-

ore higher burning rates) [27] . Both magnified videography in this

tudy and results of [27] show clear disruptions caused by gas re-

eases in MP samples. Once the first of these disruptions occurs,

he resulting droplet deformation and increased mixing promote

ass and thermal transfer rates. Disruptions also transport addi-
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ive particles or decomposition products to the flame region. For

uO, KIO 4 , MgO, and nAl in [27] , these additives are shown to have

ombustion promoting effects by releasing oxygen on the fuel rich

ide of the flame or adding to the calorific output (for nAl). In-

reased mass and heat transfer together with faster combustion re-

ction rates or calorific output would increase the rate at which NC

emaining within the condensed phase decomposes to repeat this

ycle. Therefore, this primary mechanism forms a self-accelerating

ositive feedback loop consistent with the earlier and more fre-

uent disruptions observed for NC-bound MP-laden droplets. 

Notably, Al 2 O 3 MPs had minimal effect on burning rates and

howed no added droplet disruptions relative to NC-only control

amples, therefore representing a physical control group. Two fac-

ors likely contribute to this lack of an apparent NC decomposition

eedback loop mechanism in this case: the high thermal stability of

l 2 O 3 and its high heat capacity, approximately twice that of CuO,

gO, or nAl (KIO 4 has a higher heat capacity than Al 2 O 3 but eas-

ly decomposes before surviving in the flame for appreciable time).

oth such characteristics of Al 2 O 3 likely slow or interrupt the chain

f events proposed necessary to form a feedback loop between a

as ejection, the resulting droplet and combustion disruption ef-

ects, and subsequent occurrences of gas ejection brought on by

hose effects. 

.6.2. Oxide-specific activity 

With an oxygen release temperature ( ∼10 0 0 K depending on

eating rate) significantly below the flame temperature, CuO will

ct as an oxygen donor. Furthermore, reduction of CuO to Cu by

O and H 2 is thermodynamically favored in the flame. Therefore,

uO likely undergoes both thermal decomposition and direct re-

uction once it enters the flame region upon droplet disruptions.

uch decomposition effectively delivers gas phase oxygen to the

uel rich side of the flame. These two pathways fit droplet dis-

uption observations discussed in Section 3.4 wherein evidence of

oth gas phase reaction (suggested by emission attached to the

roplet flame) and particle existence within the flame at disrup-

ion onset are attributed to the CuO additive. 

While onset of KIO 4 /NC MP disruptions are consistent with gas

jections caused by phase change and/or NC decomposition within

he droplet, the KIO 4 seems most active either in the absence of

uch an event (likely by perturbing the droplet flame upon releas-

ng decomposition products) or by entering the flame in a com-

anion droplet generated by secondary atomization during a gas

jection. Such companion droplets combust quickly due to their

mall size and add to the surface area of condensed species ex-

osed to flame, thereby increasing burning rates. Overall, these dis-

uption characteristics suggest that solid KIO 4 particles likely don’t

urvive decomposition as long as those of CuO. TGA results con-

rm a lower oxygen release temperature for KIO 4 relative to CuO,

n two decomposition steps at 604 K and 830 K. This first oxy-

en release step would occur in lower temperature regions of the

ystem compared to CuO i.e. closer to the droplet surface, which

an explain the steady flame perturbations observed. The second

ecomposition step can account for the added emission from com-

usting companion droplets, as any remaining KIO 4 or KIO 3 in such

roplets decomposes rapidly upon liquid burn-off releasing excited

I species and O 2 . 

MgO is unlikely to thermally decompose to release any oxy-

en at the temperatures reached in this system and instead is

hought to only be partially reduced in the flame by high tempera-

ure reducing species such as H 2 , as supported by CEA calculations

nd thermodynamic consideration of redox reactions considered in

ection 3.5 . This activity agrees with the observations of MgO MP

isruptions in that the emission increase around the flame is sig-

ificantly smaller and lower intensity than that of CuO, which both

hermally decomposes and reduces in the flame. The significant
resence of emitting point sources during such disruptions can be

xplained by condensed phase MgO undergoing reduction in the

ame followed by any resulting Mg reoxidizing in the oxygen rich

tmosphere outside of the flame while it sustains enough thermal

nergy to do so from the exothermicity of Mg oxidation. 

. Conclusions 

CuO/NC, KIO 4 /NC, and MgO/NC mesoparticles loaded up to

4.9%, 11.3%, and 8.3% by weight in kerosene fuel with TOPO sur-

actant have been shown to increase burning rates 40%, 44%, and

1% respectively compared to the surfactant-only control, while in-

ctive Al 2 O 3 /NC MPs were shown to have minimal effects. These

aterials also show significant improvement in colloidal stabil-

ty compared to unassembled nanoparticles. The mechanism by

hich the NC-bound MP architecture facilitates these effects, pre-

ented first in a previous study [27] , is supported by these re-

ults, in which NC binder decomposes within the droplet to gener-

te droplet-deforming gas ejections, increasing mass and thermal

ransfer rates, promoting gasification rates, and transporting addi-

ive to the flame. 
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