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Abstract

Combusting metal precursor-laden droplets, required in spray-flame synthesis of nanomaterials, are known to undergo a rapid
and disruptive disintegration, i.e., puffing and micro-explosion. In this work, imaging with high spatiotemporal resolution and
image-analysis routines were developed to investigate droplet disruption in spray-flame synthesis of metal oxides. Droplet
shadowgraphs were imaged on a high-speed camera. The solvent was a mixture of 35 vol% ethanol and 65 vol% 2-ethyl-
hexanoic acid which (in some cases) was mixed with a 0.2 mol/l iron(IIl) nitrate nonahydrate precursor. Photometric and
morphological processing identified in-focus features, estimated their size, velocity, and circularity, and discriminated regular,
spherical droplets from disrupting ones. While solely regular droplets were found in the spray flame of pure solvent, with
the precursor/solvent mixture, disrupting droplets were found in addition to the regular droplets. Disruption events were
phenomenologically classified into puffing, comprising droplet deformation and local eruption, and micro-explosion, the
violent disintegration of the droplet into multiple fragments. Puffing was found to occur much more frequently than micro-
explosions. Disrupting droplets had a 32% smaller Sauter mean diameter than regular droplets, indicating that disruptions
are beneficial for rapid spray evaporation. At 40 and 50 mm heights above the burner, about 8 and 6%, respectively, of the
in-focus droplets are disrupting per millimeter axial distance. Thus, throughout their lifetime in the spray flame, all precursor-
laden droplets are expected to experience disruption.
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1 Introduction

Advanced materials with novel or enhanced properties are
often nanomaterials, and spray-flame synthesis (SFS), also
known as flame spray pyrolysis (FSP), is a promising tech-
nique for creating nanomaterials (Médler et al. 2002; Sch-
neider et al. 2019). Metal-oxide nanoparticles are of interest
in fields such as catalysis, batteries, and sensors (Teoh et al.
2010). The advantage in SFS compared to gas-phase-only
synthesis is that inexpensive, low-volatility metal-precursors
can be used (Strobel and Pratsinis 2011). Two major routes
to particle formation in SFS can be distinguished. The drop-
let-to-particle route involves the precipitation of the metal
precursor and its intermediates within the droplet, yielding
large or hollow particles. In contrast to that in the gas-to-
particle route the relevant portion of the spray is completely
evaporated before particle nucleation and coagulation are
initiated. The latter is usually the desired mechanism since it
results in homogeneous nanopowders (Strobel and Pratsinis
2011). Thus, the evaporation of precursor-laden droplets is
a key step in SFS. Optimizing the process requires in-depth
understanding of droplet chemistry and physics, as well as
of droplet-flow interaction.

In this context, single combusting droplets of precursor
solutions have been investigated extensively. For certain pre-
cursor/solvent combinations, such as tin-2-ethylhexanoate/
xylene (Rosebrock et al. 2013) and zinc-naphthenate/ethanol
(EtOH) (Rosebrock et al. 2016), a rapid non-aerodynamic
disruptive disintegration of the droplets with the ejection of
liquid fragments was found; this is known as droplet “puff-
ing” or “micro-explosion”. In puffing, the droplet deforms
or erupts locally with the ejection of secondary droplets
and vapor while droplet micro-explosion is the violent and
(near-) complete disintegration of a single droplet into many
fragments (Shinjo et al. 2014).

Much of the literature on non-aerodynamic droplet
disruption is related to combusting droplets of fuel/water
emulsions that can improve the efficiency and reduce harm-
ful emission in internal combustion engines (Kadota and
Yamasaki 2002). Also in this context, droplet disruption has
been studied in single-droplet experiments (Avedisian and
Andres 1978; Califano et al. 2014; Lasheras et al. 1979;
Law et al. 1980; Moussa et al. 2019, 2020; Mura et al. 2014,
2010, 2012; Namba and Kimoto 2000; Suzuki et al. 2011;
Watanabe et al. 2009, 2010) and simulations (Bar-Kohani
et al. 2021; Fu et al. 2002; Sazhin et al. 2019, 2021, 2020;
Shinjo et al. 2014; Zeng and Lee 2007). In such emulsi-
fied fuels, typically, a surfactant is added to the mixture to
disperse the volatile phase (e.g., water). Single combust-
ing droplets of binary fuel mixtures, being either solutions
or blends with limited miscibility, with the components
having different boiling points, were observed to undergo
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swelling and fragmentation (Lasheras et al. 1980, 1985;
Lasheras et al. 1981a, b; Lasheras et al. 1981a, b; Mikami
and Kojima 2002; Mikami et al. 1998; Wang et al. 1984;
Wood et al. 1960; Yap et al. 1984). It is thought that the
intense heat transfer from the flame causes the preferential
and rapid vaporization of the high-volatile component from
the droplet surface (Wood et al. 1960). The remaining low-
volatile component, which might additionally pyrolytically
decompose, increases the mixture’s viscosity. That decreases
the diffusion coefficient D of the mixture thereby increasing
the Lewis number Le = <, where a is the thermal diffusivity
of the mixture. This can result in superheating of the remain-
ing high-volatile component in the interior of the droplet
with subsequent nucleation, bubble growth, and disruption
(Wornat et al. 1994). It was found that fuel/water emulsions
burn more disruptively than blends with limited miscibility
or solutions (Lasheras et al. 1981a, b; Lasheras et al. 1985).
Swelling of droplets before disruption was observed for
solutions rather than for emulsions (Lasheras et al. 1981a,
b; Wornat et al. 1994). The frequency and temporal onset
of the disruption strongly depends on the difference in boil-
ing points of the components and the concentration of the
high-volatile component (Lasheras et al. 1981a, b). In the
presence of convective mixing (relative gas-droplet veloci-
ties of 15-20 m/s), where mass and heat transport within
the droplet are not expected to be diffusion-limited, disrup-
tive burning was observed in single-droplet combustion of
n-hexane/n-hexadecane mixtures and n-hexadecane/water
emulsions (Yap et al. 1984). Even combusting droplets of
pure n-decane were observed to undergo puffing (Jeong et al.
2008).

Fewer studies investigated droplet disruptions in spray
flames (Fuchihata et al. 2003; Huo et al. 2014; Ismael
et al. 2018; Liu et al. 2011; Mizutani and Muraoka 2001;
Ochoterena et al. 2010; Sheng et al. 1994; Stodt et al. 2021,
2020; Watanabe and Okazaki 2013; Watanabe et al. 2014)
where the experimental conditions are more challenging,
with smaller initial droplet diameters on the order of 20 pm,
droplet velocities of 100 m/s, and sometimes at high ambient
pressure and temperature. High magnification is required to
visualize very small liquid features, but this reduces the field
of view (FOV), which in turn makes it challenging to capture
the entire disruption before the droplet has left the FOV.
In spray combustion of diesel/water emulsions in constant-
volume vessels, small short-lived high intensity spots in the
natural flame luminosity were observed and attributed to
disruptive burning of single droplets (Huo et al. 2014; Ocho-
terena et al. 2010). Recently, isolated spots of brighter flame
luminosity were also found in the outer regions of a spray
flame burning iron(IIl) nitrate nonahydrate (INN) in EtOH
and 2-ethylhexanoic acid (EHA), the flow and material sys-
tem also used in this work (Stodt et al. 2020). Shadowgraphs
of combusting sprays of diesel/butanol, diesel/ethanol (Liu
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etal. 2011), and diesel/water emulsions (Sheng et al. 1994)
indicate vapor plumes erupting from the spray, an expansion
of the spray or spray tip, and large-scale irregularities in the
spray shape. All these features were indirectly attributed to
droplet disruptions.

But only a few studies report the direct visualization of
disrupting droplets in sprays (Fuchihata et al. 2003; Ismael
et al. 2018; Mizutani and Muraoka 2001; Stodt et al. 2021;
Watanabe and Okazaki 2013; Watanabe et al. 2014). Using
dark-field schlieren imaging to visualize disrupting droplets
in a spray flame of emulsified fuel, the frequency of micro-
explosions was found to increase with increasing fraction of
the high-volatile disperse component, i.e., water (Mizutani
and Muraoka 2001). Quasi-forward Mie-scatter imaging
showed disruptions in a spray flame of oil/water emulsions
where a typical micro-explosion event was found to be as
short as 10 ps (Fuchihata et al. 2003). Shadowgraph images
of n-dodecane/water droplets in high-temperature inert gas
indicated puffing and partial micro-explosions but rarely
complete micro-explosions (Watanabe and Okazaki 2013).
Here, events of puffing and partial micro-explosions lasted
25-80 ps and significantly reduced the droplet diameter by
ejecting vapor or secondary droplets. In a spray flame of oil/
water emulsion, puffing and micro-explosion were found,
and they were thought to contribute to rapid evaporation
and spread of fuel vapor (Watanabe et al. 2014). Recently,
micro-explosions and puffing were visualized in a spray
flame burning a mixture of EtOH/EHA + 0.5 mol/l INN
(Stodt et al. 2021). An important outcome was that the size,
shape, intensity, and number of typical ejected fragments of
the disruption varied spatially throughout the flame.

Potential techniques for measuring droplet sizes and
velocities include interferometric techniques such as phase
Doppler interferometry (PDI) or interferometric particle
imaging (IPT) (Damaschke et al. 2002; Kashdan et al. 2003).
Despite its high cost and accurate-alignment requirements
PDI is a widely used technique. However, PDI cannot accu-
rately measure metrics of non-spherical particles or droplets
(Damaschke et al. 1998). Thus, alternative techniques, such
as particle/droplet image analysis (PDIA), are needed to
directly visualize regular and disrupting droplets, character-
ize the degree of secondary atomization, and infer statistical
data on, e.g., frequency, shape, size, and velocity (Jiang et al.
2010; Kashdan et al. 2003, 2004, 2007; Kim and Kim 1994,
Koh et al. 2001; Kumar and Sahu 2020; Lecuona et al. 2000;
Lee and Kim 2004; Malot and Blaisot 2000). Shadowgraphy
is a suitable technique to visualize droplets in regions where
the overall optical density is moderate (down to on the order
of 10% transmission), as in the downstream region of sprays
(Linne 2013).

This work expands on previous studies by developing
imaging and post-processing techniques to visualize and
discriminate regular and disrupting droplets in SFS and

statistically aggregate their geometric properties for better
understanding of droplet disruption. A microscope was used
for high-magnification imaging with a high-speed camera
and LED burst illumination to capture the small and rapid
events. A robust algorithm was developed to perform auto-
mated photometric processing, identification of in-focus fea-
tures, and morphological classification to infer feature size,
velocity, and shape/circularity, to discriminate between regu-
lar and disrupting droplets. Example in-focus events were
classified by visual inspection into puffing (droplet deforma-
tion or eruption) and complete micro-explosion. An initial
statistical analysis is presented at the end of this work.

2 Methods
2.1 Spray-flame burner

Figure 1 shows a sketch of the “SpraySyn” burner, a stand-
ardized spray-flame burner for nanoparticle synthesis (Sch-
neider et al. 2019). The liquid precursor/solvent mixture is
provided through a central capillary by a syringe pump at
2 ml/min (0.26 m/s nominal exit velocity). The solvent in this
study was a mixture of 35 vol% EtOH and 65 vol% 2-EHA.
For the synthesis of iron oxide nanoparticles, INN was dis-
solved in the solvent yielding a solution with 0.2 mol/l INN.
Oxygen flows at a velocity of 120 m/s [VOZ,d = 10slm, Mach
number 0.35, nozzle-exit Reynolds number 7160 (Stodt
et al. 2020)] through a coaxial gap and atomizes the sol-
vent flowing out of the capillary. A mixture of methane
(VCHM = 2slm) and oxygen (VOZ,[) = 16slm) with an equiv-
alence ratio of 0.25 flows with 2.3 m/s through a porous
sintered bronze matrix surrounding the atomization zone,
forming a flat pilot flame that stabilizes the spray flame. The

Field of view

Detection ‘ .

optics !

Droplet

Illumination
optics

s

mim |
N, h EtOH/EHA + INN
0.26 m/s

Fig. 1 Sketch of SpraySyn burner, optics, and probe volume
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entire process is shielded from the surrounding environment
by a nitrogen co-flow at a velocity of 0.6 m/s (VN2 = 120slm
).

The high velocity of the oxygen dispersion-flow produces
a strong shear zone at the base of the spray, yielding small
and fast droplets after the shear-induced secondary atomi-
zation. At the heights above burner (HAB) considered in
this work, 40 and 50 mm, PDI measurements yielded mean
axial velocities of 91 and 82 m/s, and Sauter mean droplet
diameters of 22.5 and 23.6 pm, respectively (Bieber et al.
2021). This poses significant experimental challenges, since
the imaging not only must have high resolution in space
(implying high magnification) and time (to avoid blurring),
but also cover sufficient streamwise distance to observe an
entire droplet-disruption event. The latter was anticipated to
occur in about 20 ps, which may seem very rapid, but is a
practical limit for this experiment as the droplets travel about
1.7 mm in that time.

Under the same flow conditions but with an ethanol spray
flame, the average aerodynamic Weber number was found
to be 0.0001 and 0.01 at 40 and 50 mm HAB, respectively
(Stodt et al. 2020). These values are far below the critical
Weber number of 1.04-1.18, such that secondary aerody-
namic breakup of droplets is very unlikely. This is essen-
tially because in this region of the flame both droplets and
gas phase have nearly the same velocity, with insufficient
shear to produce aerodynamic breakup.

(a) o
LED illumination
Auxiliary

Collector lens

[llumination
aperture

Field

2.2 High-speed high-magnification shadowgraphy

Figure 2a, b shows the optical layout and the beam path of
illumination and detection. A red LED (Nichia NCSR219B-
V1, peak emission wavelength 630 nm, emission-intensity
full width at half maximum (FWHM) 16 nm, 1 W power at
4 V constant voltage) was pulsed with a homebuilt driver
inspired by (Willert et al. 2010), and emitted light pulses of
around 200 ns duration. For Kéhler-type illumination, light
from the LED is (nearly) collimated by an aspheric collec-
tor lens (f=16 mm). An auxiliary lens (f=200 mm) images
the LED into the illumination-aperture plane. A bi-convex
“best-form” condenser lens (f=40 mm) then demagnifies the
field aperture and illuminates the FOV homogeneously. The
shadowgraphs of the droplets are imaged by a combination
of a microscope lens (Mitutoyo M Plan APO 10x) and an
achromatic tube lens (f=208 mm) onto the sensor of a high-
speed camera (Photron Fastcam SA-Z, 20 pm pixel size).
This yields a magnification of 11.1 and a projected pixel
size in the object plane of 1.8 um/pixel. At the numerical
aperture of the microscope lens of 0.28 and the LED peak
intensity wavelength of 630 nm, the Abbe diffraction limit is
1.1 um. From measurements of the modulation transfer func-
tion (MTF), we found that the imaging system’s resolution
is primarily limited by the sensor’s pixel pitch and not by
the imaging optics. The MTF-50% value in the object plane
was measured to be at a spatial frequency of 400 line pairs
per millimeter.

The full sensor of the Photron SA-Z has 1024 x 1024
pixels on a 20.48 X20.48 mm sensor. This corresponds to
a FOV of 1.8 mm « 1.8 mm with the magnification of the

11x microscope

Condenser

, Aperture

e
> e
Cn

Sensor

Objective Tube lens

Fig.2 a Sketch and b photograph of the optical layout for illumination and detection. The photograph shows the optics on an optical table from

which they were then transferred to the flow facility
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imaging optics employed. The maximum frame rate at full
sensor read-out is 20,000 frames/second (fps). An LED burst
of three pulses at very high repetition rate was triggered dur-
ing each frame’s exposure time, essentially “stacking” the
shadowgraphs of the burst of three light pulses in one expo-
sure. This increases the temporal resolution but decreases
the contrast of the (dark) shadow to the (bright) background.
Three pulses were found to yield a reasonable compromise
between temporal resolution and contrast. In the measure-
ments with precursor/solvent mixtures, each LED burst was
triggered with 360 kHz while the repetition rate of the cam-
era was 120 000 fps reading out a region of interest (ROI) of
1024 «128 pixels (height » width). This yielded a continuous
sequence of temporally equally spaced droplet shadows. In
some measurements the full sensor was read at 20 000 fps,
but the LED pulse rate was kept at 360 kHz, yielding discon-
tinuous three-shadow sequences over a horizontally wider
FOV. In measurements with only the solvent the frame rate
of the camera was 75,000 fps with an ROI of 1024 « 256 pix-
els while the LED was triggered with 333 kHz.

The ensemble average of many dark (background) images
Iy was subtracted from ensemble-averaged bright-field
images [y—images without spray—and from each raw image
I of the spray. The bright-field image was then divided by
the spray image such that shadowgraphs of droplets appear
bright in the processed images I*:

_ (o) = (Igg)

I' =
1 = (Ipg) M

Fig.3 Images of regular
droplets from EtOH/EHA

and EtOH/EHA +INN and
disrupting droplets from EtOH/
EHA +INN

3 Results
3.1 Disruptive evaporation events

Figure 3 shows images, obtained in the SpraySyn burner,
of droplets for the solvent EtOH/EHA only and the precur-
sor INN dissolved in EtOH/EHA. Raw images show drop-
lets as dark shadows. However, the processing according to
Eq. (1) corresponds to a signal inversion, such that droplets
appear bright while the background is dark. In Fig. 3, the
images with EtOH/EHA show regular droplets with diam-
eters between 14 and 21 pm. Within one image, the spacings
between the three droplet shadowgraphs are very similar,
indicating very little acceleration. There is slight “smear-
ing” in the vertical direction, indicating that the 200 ns LED
pulse duration is still not quite short enough to completely
“freeze” the image of the moving droplet. In the droplets’
center, most images show a dark spot, which in fact in the
raw images is a bright spot. This results from the droplets
acting as micro lenses that focus some of the incident light to
near the center of the droplet. Sometimes the spot is faint or
not visible, which we attribute to the droplet being so small
that the even smaller center region cannot be resolved, or
that the droplet is slightly defocused. The toroidal symme-
try of the droplet shadowgraph implies that the solvent-only
droplets are nearly perfectly spherical.

In contrast to this, images of droplets with EtOH/
EHA +INN not only show regular, spherical droplets but
also morphologies that clearly deviate from that spheri-
cal shape. The regular droplets are visually very similar
to the ones from EtOH/EHA, with diameters between 13
and 20 um and slightly lower velocities (a more quantita-
tive analysis is presented below). The irregular droplets are

EtOH/EHA

EtOH/EHA + INN
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sometimes stretched asymmetrically, appear as several frag-
ments, or the images indicate the ejection of jets of liquid
and possibly gaseous solvent. We attribute these irregulari-
ties to puffing and micro-explosion events. Consistent with
Stodt et al. (2021), a disrupting droplet tends to appear larger
than it was before the onset of disruption. However, even
the smaller droplets before disruption are spatially resolved
(typical examples are the two rightmost images), such that
we will be able to determine their size.

The fact that micro-explosions are observed only when
adding INN to the solvent EtOH/EHA might result from
different causes. First, adding INN to EtOH is known to
increase the liquid’s viscosity (Keller et al. 2020) which
in turn lowers the mass diffusion coefficient, increases
the Lewis number, and results in an increased potential
for superheating the volatile components (Wornat et al.
1994). Second, internally suspended solid filaments might
increase the tendency for disruption by heterogeneous
nucleation (Lasheras et al. 1980). Such filaments could
stem from not completely dissolved INN salt or from pre-
cipitated intermediates from decomposing INN or INN
reacting with EtOH/EHA. Third, INN is a hydrate, and dis-
solving 0.2 mol/l INN in the solvent adds around 3.4 wt%
of water which then together with EtOH may form the
dispersed phase in an emulsion with the EHA. Consist-
ent with Stodt et al. (2019), photographs of such samples
(0.2 mol/l INN in EtOH/EHA) at ambient temperature do
not provide evidence of a phase separation or an emulsion,
i.e., a disperse phase in the sample. However, the miscibil-
ity of the liquid mixture might decrease with increasing
temperature, potentially resulting in liquid-liquid sepa-
ration. As discussed in the Introduction, such emulsions
are known to favor droplet disruption, because the high-
volatile components (water + EtOH) are already spatially
concentrated, increasing the likelihood for disruptive burn-
ing and disintegration.

Localized flame luminosity is observed in only very
few of the images, while in the vast majority there is nei-
ther a dark (because of the color inversion) trail along the
droplet path, as would be expected from a continuously
burning droplet, nor dark spots that would be attributable
to a flash-like sudden increase in luminosity. There are,
however, image-wide variations in the background inten-
sity. (These variations happen to be slight in the exam-
ples in Fig. 3, but Fig. 5 illustrates them more clearly.)
This may indicate that as opposed to the single-droplet
experiments, where necessarily each droplet is burning
singly, the dominant spray combustion mode here is group
combustion. (The droplet concentrations are about 1.6 and
0.5 mm~> resulting in average interdroplet spacings of 0.6
and 2 mm at 40 and 50 mm HAB, respectively.) It is also
possible that our detection with its exposure time on the

@ Springer

order of 10 ps is not sensitive enough, despite the efficient
light collection afforded by the numerical aperture of 0.28.

The fact that regular and disrupting droplets are both
found within the probe volume suggests that it would be
useful to be able to discriminate the two. Also, the few
example images in Fig. 3 were selected as “in-focus” by
visual inspection of many candidate images. However, for
a systematic analysis of thousands of images such visual
(i.e., human) confirmation of focus is not reasonable.
Therefore, image processing was developed that identi-
fies in-focus features, estimates the geometric properties of
the features, and determines whether a feature is a regular
or disrupting droplet.

3.2 Image analysis

Figure 4 shows the flowchart for the image processing and
analysis algorithm. Raw images are background-corrected
and flat-field corrected according to Eq. (1). In a second step
a Sobel operator is applied to the images to find sharp edges
associated with in-focus features. This operator determines
the magnitude of the intensity gradient at each pixel. Then,
the image is binarized by thresholding at a gradient mag-
nitude value of 0.03, which visually yielded good results.
(There is some interdependence of depth of field, threshold
value, and detection sensitivity, as described below.) These
high-gradient edge features are then dilated and filled (MAT-
LAB R2021b functions imdilate and imfill with the binarized
image as input) in the next step.

The exterior boundaries of filled objects then define a
single in-focus feature. All individual in-focus features in
an image are then labeled (MATLAB functions bwbounda-
ries and regionprops) for further processing in the shape
classification. Within the smallest rectangle enclosing the
thresholded pixels of each labeled feature, intensity-based
thresholding according to Otsu’s method (Otsu 1979) is
applied to the flat-field corrected images I*. This yields the
actual area of each feature more accurately than the gradient-
based thresholding that was used to find it. From the area, A,
the area-equivalent diameter, d, is calculated:

d=4/% @)
T
Since the contrast-transfer function deteriorates with
increasing spatial frequency, small droplets are expected to
have over-proportionally less Sobel-edge pixels than larger
ones. A constant threshold on the number of edge pixels
would thus bias the in-focus features toward larger drop-
lets. To counter this bias, features in which the number of
Sobel-edge pixels are below a size-dependent minimum are
discarded. The size-dependent minimum number of edge
pixels was determined in separate bench-top measurements
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Photometric processing Identification of in-focus features
Background and Gradient-based edge Dilate edges and
flat-field correct detection (Sobel) fill dilated

raw images and thresholding features

Shape classification and extraction of morphologic metrics

Determine area A,
perimeter P, velocity
v, and circularity S

Label individual Intensity-based Discard non-valid
focused features thresholding features

Discrimination of regular and disrupting droplets

Yes
Yes
N =37 Similar distances Regular droplet
L e Disrupting droplet
areas?
No
Yes
Yes
Group N =2? Very short distance?
features No L <25 px
that are N<3and(S>0.7
< 50 columns or AA/A < 15%)? No Yes No
away from
each other Regular Disrupting Regular
No droplet droplet droplet
Disrupting
droplet

Fig.4 Flowchart of image processing and analysis algorithm: photometric processing and gradient- and intensity-based thresholding to identify
in-focus features and estimate morphologic metrics. Discrimination of regular and disrupting droplets based on their morphology
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Fig.5 Images of puffing and
micro-explosion from combust-
ing EtOH/EHA +INN at 50 mm
HAB
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(c) Micro-explosion and
fragments
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in which images of a microscope slide with opaque circular
dots (NGI1 Patterson Globes and Circles) were acquired at
different distances from the focal plane (results not shown
here), as described in (Kashdan et al. 2003, 2007; Kim and
Kim 1994). The dot images were processed according to the
flowchart in Fig. 4 until the intensity-based thresholding.
For each dot size, ranging from 10 to 144 um in diameter,
and each distance from the focal plane, the number of edge
pixels was determined. With that information a fit was found
that approximates the minimum number of edge pixels as
a function of the droplet diameter. The function was found
to validate features +42.5 pm from the focal plane as “in-
focus”. Features with less than the minimum number of edge
pixels are discarded as “out-of-focus”. Features covering less
than two pixels (corresponding to an area-equivalent diame-
ter of 2.8 um) are also discarded. Then, area, A, perimeter, P,
velocity, v, and circularity, S of each feature are determined.
The circularity is defined as

4rA
S=—7r 3)
In the next part, features are discriminated into regular
and disrupting droplets. Since the convection of the flow is
mostly vertical, it is likely that single features, illuminated
three times, are found within a small horizontal distance.
Thus, in a first step, features that are less than 50 columns
away from each other are grouped. Further classification is
based on four metrics, the number of features N, the circular-
ity S, the pairwise distance between two features L, and the
feature area A. If exactly three features are in such a group,
the circularity of all features is above 0.7 (a circle has a cir-
cularity of S=1, and, for example, a square has a circularity
of §=0.78) or the difference in area is less than 15%, and
the difference between the pairwise vertical distances is less
than 15%, the group is classified as a regular droplet illumi-
nated three times. If the pairwise distances are not similar,
it is a disrupting droplet (potentially showing the ejection
of two secondary droplets). If more than three features are
found or the requirements on circularity and area difference
are not fulfilled, the group is classified to show a disruption.
If exactly two features are found in a group, the circularity
of both is above 0.7 or the difference in area less than 15%,
the features represent a regular droplet. If their separation
is less than 25 pixels, it is a disrupting droplet (ejection of
one secondary droplet). A single feature with a circularity
above 0.7 is a regular droplet. If the pairwise distances (of
exactly three features in a group) or the features’ areas (of
two or three features in a group) are similar (within 15%
difference), these distances and LED pulse rate are used to
calculate the velocity. Judged against visual inspection of
the images, accuracies of 93 and 87% were determined for
the algorithm in identifying regular and disrupting droplets,
respectively.

At 40 and 50 mm HAB the processing classifies around
13.8 and 11.1% of the in-focus features as disrupting drop-
lets, respectively. Since the FOV is 1.8 mm tall, this means
that 7.7 and 6.2% of the in-focus droplets undergo puffing
or micro-explosion per millimeter axial distance. Therefore,
a first important statistical result from the image analysis
is that along the 80 mm length of the flame all droplets are
expected to undergo puffing or micro-explosion.

3.3 Classification of droplet-disruption events

After this algorithmic discrimination between regular and
disrupting droplets, in some of the images the latter were
further classified by visual inspection into puffing and
micro-explosion. Puffing was further sub-divided into the
phenomena of “droplet deformation™ and “droplet eruption”.
The former describes an obvious deviation from spheric-
ity of the droplets, while the latter refers to the local rup-
ture of the droplet surface and thus the apparent ejection
of secondary droplets and/or vapor. Figure 5 shows a set of
images for each class of droplet deformation, eruption, and
micro-explosion. The variation in brightness throughout the
images in Fig. 5a results from the large-scale variations in
background flame luminosity discussed in Sect. 3.1.

Figure 5a shows 13 puffing events of the first class, drop-
let deformation. The images show strong perturbations in the
droplet shape throughout the three-illumination sequence,
comprising a time of only 5.6 us. Images 3, 7, 10, 11, and 12
show droplets either elongating or “bending”. The bent
droplet in the center of image 12 shows a surface rupture in
the bottom left and the apparent ejection of fine secondary
droplets and potentially vapor followed by the ejection of
secondary droplets toward the left and right in the subse-
quent third illumination. Images 5, 6, 8, and 13 show the
sudden swelling of the droplets, most likely from the rapid
growth of a gas bubble within the droplet’s interior. Image
13 indicates an expansion of the droplet diameter from about
11 pm in the second to 20 um in the third illumination (i.e.,
within 2.8 ps), corresponding to a rate of expansion in the
radius of 1.6 m/s and an increase of the volume by a factor
of six. In images 6 and 8 the droplet strongly deforms into
what appears to be a flattened structure after swelling. Most
likely, whether a droplet swells and remains mostly spheri-
cal, or deforms to a highly non-spherical shape depends on
the position of the bubble nucleation sites within the droplet.
While nucleation and growth of a bubble near the droplet’s
center cause an isotropic expansion of the droplet, nucleation
and growth near the surface result in strong deformation and
potentially local surface rupture (Shinjo et al. 2014).

Figure 5b shows 10 images of droplet eruption. In this
class of events, the droplet surface locally bursts, and one
or more secondary droplets are ejected. Potentially, drop-
let deformation precedes droplet eruption. The blue arrows
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label the ejection of secondary droplets that move away from
the parent droplet with time. Most images, like 2, 6, and 9,
show a significant deformation of the droplet before the ejec-
tion of one or more secondary droplets. Image 2 shows a
partial micro-explosion in which large parts of the droplet’s
surface burst into multiple droplets. From images 4, 5, 7, 8,
and 11, the velocity of the secondary droplets relative to the
parent droplet’s velocity can be estimated to about 2—3 m/s.
Figure 5c mostly shows fragments of droplets which
remain after a micro-explosion, while only image 3 shows
the event itself. The first illumination in image 3 shows a
large swollen droplet and the second illumination secondary
droplets after micro-explosion. The fact that we mostly see
fragments of micro-explosions at 50 mm HAB indicates that
the event of a micro-explosion is very short and potentially
happens further upstream in the spray flame. Micro-explo-
sion fragments were found much less frequently than puff-
ing, consistent with the findings of Watanabe and Okazaki
(Watanabe and Okazaki 2013). In contrast, qualitative results
from single-droplet experiments (Li et al. 2019; Rosebrock
et al. 2013, 2016) suggest the more violent micro-explosion
is the dominant disintegration mechanism. Such single-
droplet experiments typically use larger initial droplets (on
the order of 100 um diameter) (Rosebrock et al. 2016) than
found in our spray. Also, residence times before disruption
are significantly longer (on the order of 1.5-5 ms) for these
idealized experiments than in the spray (on the order of
500 ps) (Rosebrock et al. 2016). In a theoretical model of
precursor-laden vaporizing single droplets, Ren et al. (2021)
determine the ratio of the precursor-evaporation rate and the
decomposition rate. They find that this ratio significantly
increases with decreasing droplet size due to increasing time
scales of thermal and mass diffusion. Thus, in small droplets
less precursor decomposing could theoretically yield a less
viscous shell, thus a lower Lewis number, as well as less
precipitate, and potentially a more moderate disruption.
Finally, Fig. 6 shows puffing and micro-explosion at 40
and 50 mm HAB from multiple consecutive images. Image
series 1 at 40 mm HAB shows an initially regular drop-
let that undergoes a puffing event with droplet deformation
between 0 and 8.4 ps. At 11.2 ps, the droplet appears to have
reformed into a spherical shape, before undergoing a weak
micro-explosion starting at 14 ps that ends in the fragmen-
tation of the parent droplet into two droplets of similar size
between 19.6 and 22.4 ps, and the ejection of a secondary
droplet to the left at 25.2 ps. The image series 2 shows a
spherical droplet until 5.6 ps that then rapidly swells and
bursts first near the top, then forming a pointed tip in the
bottom that may indicate the ejection of fine droplets and
presumably vapor. In image series 3, the droplet bends at
5.6 us and swells before it disintegrates into two fragments
between 8.4 and 11.2 ps. In series 4, the droplet shows a
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Fig.6 Images series from multiple consecutive frames showing puff-
ing and micro-explosions from combusting EtOH/EHA +INN at
40 mm and 50 mm HAB

local surface rupture and the ejection of fine droplets at
2.8 us before it first horizontally flattens, then swells (by
about a factor of three in volume) and micro-explodes
between 8.4 and 11.2 ps. These timescales are generally con-
sistent with Fuchihata et al. (2003) who found a 25 pm diam-
eter droplet of oil/water emulsion completely disintegrating
in a micro-explosion lasting 10 ps. Similarly, Watanabe et al.
(2014) observed multiple puffing and micro-explosions for a
single droplet of water/oil emulsions with a diameter around
20 pm. Recently, Stodt et al. (2021) also observed multi-
ple disintegration phenomena of a single droplet of EtOH/
EHA +INN in the SpraySyn burner, lasting for about 32 ps.

Image series 1 at 50 mm HAB shows multiple puffing
events of a droplet. Between 2.8 and 11.2 s, single second-
ary droplets are ejected to different sides by the parent drop-
let. At 5.6 and 14 ps the droplet appears significantly swollen
but does not micro-explode, most likely due to some local
surface rupture. The second series at 50 mm HAB indicates
slower puffing with the ejection of a secondary droplet to the
left. Consistent with the results from Stodt et al. (2021), the
parent droplet undergoes a rotation, here counterclockwise,
which might result from radial momentum induced by puff-
ing and shear stress.
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Fig.7 Frequency histograms 40 mm HAB 50 mm HAB
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3.4 Statistical analysis

Figure 7 shows frequency histograms of the area-equiv-
alent diameters of regular and disrupting droplets at
40 and 50 mm HAB. Also indicated are Sauter mean diam-
eters (SMD, d5,), velocities, as well as log-normal fits to
the data. At 40 mm HAB, the histograms comprise data
from 1122 and 225 regular and disrupting droplets, respec-
tively, and at 50 mm HAB from 3999 and 813 regular and
disrupting droplets, respectively. The histograms show that
disrupting droplets are significantly smaller than regular
droplets and have a 36 and 28% lower SMD than regular
droplets at 40 and 50 mm HAB, respectively. Note that this
does not imply that a certain size class of droplets predom-
inantly experiences disruption. To clarify that individual
droplets must be followed throughout their evaporation
history to assess whether they are disrupting, as shown in
Fig. 6. However, the current sample size of these images is
not sufficient for reliable, more detailed statistics.

The size distributions for both regular and disrupting
droplets are well-approximated by a log-normal distribu-
tion, i.e., the disruptions qualitatively maintain the ini-
tial distribution characteristics. As opposed to that Stodt
et al. (2020) found a bimodal frequency distribution of the
droplet diameter at 50 mm HAB, which they attributed to
droplet disruptions. Their measurements were in a very
similar flame on the SpraySyn burner (but their precursor
concentration, 0.5 mol/l INN in EtOH/EHA, was 2.5 times
higher than ours). However, they measured droplet sizes
with PDI where aspherical droplets either are not meas-
ured accurately or rejected in automatic signal processing.
Better statistics from our droplet imaging will be needed to
clarify these differences in the size distributions.

The mean axial velocity is about 7.7% higher and
5.5% lower for disrupting than for regular droplets at
40 and 50 mm HAB, respectively. Therefore, the droplet

Diameter / um

velocity and thus their past residence time in the high-
temperature region appears not to be clearly correlated to
droplet disruptions in the probe volume. However, since
droplet disruption creates smaller droplets, it reduces the
downstream survival time of the droplets due to evapora-
tion. In the mean over both regular and disrupting droplets,
the axial velocities are 92 and 81 m/s at 40 and 50 mm,
respectively. This is in very good agreement with the
PDI-based values of 91 and 82 m/s from Bieber et al.
(2021). At the two HAB, our overall mean droplet SMDs
are 19 and 19.8 um and these are also consistent with the
22.5 and 23.6 um from Bieber et al. (2021). Our overall
arithmetic mean diameters are 14.7 and 15.4 pm, consist-
ent with the 12.5 and 16 pm reported by Stodt et al. (2020)
at these two heights.

4 Conclusions and future work

Shadowgraphy imaging with high spatiotemporal resolu-
tion was used to visualize regular and disrupting drop-
lets in spray flames burning mixtures of 35% ethanol
(EtOH) and 65% 2-ethylhexanoic acid (EHA) as well
as mixtures of EtOH/EHA + 0.2 mol/l iron(IIl) nitrate
nonahydrate (INN). With EtOH/EHA only, solely regu-
lar, spherical, droplets were found, while with EtOH/
EHA + 0.2 mol/l INN at 40 and 50 mm height above
burner (HAB) droplet puffing and micro-explosion were
observed along with regular droplets.

An algorithm was developed to automatically find in-
focus features (the depth of field, which is 85 um here, and
the field of view then constitute the probe volume), infer
morphologic metrics such as size, velocity, and shape, and
discriminate regular droplets from disrupting droplets,
the latter undergoing puffing or micro-explosions. It was
found that in the probe volume between 11 and 14% of
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the in-focus droplets are undergoing disruption while the
rest are regular spherical droplets. Extrapolated from the
admittedly limited database, we conclude that in this flame
droplet disruption is not an exception but the rule. Most
disruption events are “puffing”, where the droplet deforms
or swells due to bubble growth and then bursts locally with
or without the visible ejection of secondary droplets and
vapor. Other images show a more violent disintegration
of the droplet into many secondary drops, a “micro-explo-
sion”, which is sometimes only a few microseconds short.
Consecutive images indicate that a single droplet can be
subject to several puffing and micro-explosion phenom-
ena, each significantly reducing the droplet diameter. The
area-equivalent diameter of disrupting droplets was found
to follow a log-normal probability distribution, as did the
diameter of regular droplets. But the distribution of the
former is shifted toward smaller diameters with respect to
the latter, the Sauter mean diameter of disrupting droplets
being 32% smaller than that of regular droplets. Regular
and disrupting droplets’ axial velocities were found to be
very similar and consistent with phase Doppler interfer-
ometry results from the literature.

This work has established a method to investigate puffing
and micro-explosion phenomena in spray-flame synthesis of
nanomaterials. In future work, the diagnostics and process-
ing tools developed here will be applied to the entire spray
flame to statistically investigate the occurrence of puffing
and micro-explosion along the axial and radial dimensions
of the spray flame. Also, the influence of different solvents
and precursors on puffing and micro-explosion will be stud-
ied. The existing image-analysis routines will be extended
to also classify the disruption event (micro-explosion of
puffing) and infer further parameters such as number and
relative velocity of secondary droplets and the evaporation
rate during disruption. The existing imaging technique can
be complemented by different schemes, such as dark-field
or scattering techniques which may yield better contrast in
some situations. One may infer from this work that droplet
size has a role in the probability of a droplet disruption—this
is also a topic for further investigation.
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