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Abstract
We demonstrate the optical diagnosis of air–liquid mixed sprays in the near-nozzle region using
the supercontinuum (SC)-illumination long-working-distance microscopic imaging method,
enabling the imaging of microdroplets, ligament structures, and cavities. In addition,
SC-illumination long-working-distance microscopic imaging effectively suppresses speckles
and reveals the ligament structures in the sprays more accurately. Finally, analysis of the droplet
size distribution of the sprays under different air and liquid flow rates indicates that
SC-illumination long-working-distance microscopic imaging offers several advantages for
studying spray dynamics at the small structure level.
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1. Introduction

The use of liquid fuels has become the default in many kinds
of engines owing to their higher volumetric energy density and
advantages they offer with respect to storage and transporta-
tion [1–3]. The growing demand for increased fuel efficiency
and vehicle emission reductions is driving efforts to improve
the combustion process in engines. The injection and mixing
of fuel to create an efficient air phase reaction are the crucial
steps of the combustion process upon which research is being
focused [4–6]. To understand the factors influencing this pro-
cess, lots of noninvasive optical imaging approaches have been
proposed to study fuel sprays naturally, such as laser-induced
fluorescence [7], laser Doppler velocimetry [8], and Raman
spectroscopy [9].
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However, these techniques are not always available for
imaging certain dense fuel sprays, especially the near-nozzle
region of the sprays, because dense fuel sprays involve a high-
speed optically impenetrable two-phase flow. Many droplets,
cavities, ligaments, and high-velocity bridges exist in fuel
sprays at high velocities. Because of the extremely high-speed
structures of the fuel sprays, images captured by diagnostic
systems that use high-speed cameras to record these moving
targets are affected by blurring owing to insufficiently fast
exposure times. To resolve this problem, the use of ultrafast
lasers as lighting sources has been suggested [10–13]. How-
ever, the incident imaging photons are susceptible to strong
scattering by the dense droplet cloud, leading to the forma-
tion of speckles. These speckles corrupt the identifiability of
spray features [14]. To mitigate speckle artifacts, a simple and
useful approach is to use an incoherent light source to pre-
clude speckle formation. Several studies have been devoted
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to this issue. For example, Redding et al succeeded in sup-
pressing speckle using a low-spatial-coherence electrically-
pumped semiconductor laser [15]. Similarly, Cao et al used
random lasers with low spatial coherences to produce speckle-
free images and were able to identify objects hidden under
intense optical scattering conditions [16]. Barredo-Zuriarrain
et al also proved the Nd doped random laser sources hav-
ing the reliability for speckle-free transmission and reflec-
tion infrared imaging [17]. Some traditional incoherent light
sources, such as thermal sources and light-emitting diodes,
can also provide speckle-free imaging. Nevertheless, they lack
sufficient intensity for imaging dense fuel sprays. Recently,
Purwar et al proposed a collinear optical Kerr gate using
supercontinuum (SC) to suppress the artifacts because of its
coherence degeneration short pulse duration [18]. In addition,
SC-illumination-based direct imaging was used to study the
structures in the spray [19, 20].

However, SC-illumination-based direct imaging system
could only resolve macroscopic objects with sizes greater than
tens of micrometers [19]. However, the small structures with
sizes of several micrometers present during early spray devel-
opment, such as the air–liquid interface, ligament size, and
small voids in the near-nozzle region, are crucial in determ-
ining the characteristics of the final spray. In order to elucid-
ate spray dynamics at the small structure level, we designed
an SC-illumination long-working-distance microscopic ima-
ging system with an imaging resolution of several microns
[21]. Moreover, this imaging system provides a long work-
ing distance of tens of centimeters to avoid contaminating
or damaging optical elements as a result of the high tem-
perature and pressure of the fuel sprays in the near-nozzle
region [22].

In this paper, we demonstrate the optical diagnosis of
air–liquid mixed sprays in the near-nozzle region using the
SC-illumination long-working-distance microscopic imaging
method. The results show that an 800 nm femtosecond-laser-
illumination microscopic imaging system can indeed observe
structures with dimensions measuring several microns, such as
cavities and ligaments, without incurring the blurring effects
typically associated with imaging these high-speed structures.
However, there are some false results in these imaging results
due to the influence of speckle, such as indistinguishable liga-
ment structures, eroded droplet boundaries, and undetectable
cavities within larger liquid structures. In addition, although
the SC-illumination direct imaging system can obtain low-
speckle results, there are some indistinguishable blurry spray
structure boundaries and some smaller ligaments and cavit-
ies in the liquid structures because of the low spatial res-
olution. Nevertheless, SC-illumination long-working-distance
microscopic imaging can effectively suppress speckles and
distinguish ligament structures, such as cavities and droplets,
with enhanced accuracy, which is very useful for ana-
lyzing spray macrodynamics. Furthermore, our analysis of
droplet size distributions for sprays under different air:liquid
ratios demonstrates the ability of the system to reveal spray
microdynamics.

Figure 1. Experimental setup of the SC-illumination microscopic
imaging system. M1, M2: reflectors; L1, L2, L3: lenses;
A: aperture; LMIU: long-working-distance microscopic imaging
module; BS1, BS2: beam splitters; BPF: band-pass filter;
IRT: imitative rocket injector.

2. Experimental details

The experimental setup is shown in figure 1. A femtosecond
laser system producing 800 nm, 3.5 mJ, 50 fs pulses at a repe-
tition rate of 1 kHz served as the light source in the experi-
ments. The femtosecond laser pulses were focused by lens L1
(focal length: f 1 = 15 cm) into a 5 cm thick quartz cuvette
filled with distilled water. The SC was generated in the water
upon irradiation by the femtosecond laser pulses. The intens-
ity of the SC should be large enough to illuminate the sprays
and carry the property information of these structures. Mean-
while, some neutral-density filters were introduced in front of
the cameras to avoid overexposure. An aperture was used to
filter the conical emission of the SC. Lens L2 (focal length:
f 2 = 15 cm) was used to collect and collimate the SC. The col-
limated SC was transmitted through the near-nozzle region of
the sprays to provide the imaging light. Two imaging modules
were then used to study the differences in spray diagnostics for
different imaging methods. Four charge-coupled device cam-
eras (CCDs, INFINITY3-1M-NS-TPM, Lumenera Corpora-
tion, Ottawa, Canada) were used to record the images.

In imaging module I, SC-illumination long-working-
distance microscopic imaging and SC-illumination direct ima-
ging were compared. Here, the SC was divided into two parts.
The transmitted part passed through lens L3 and was imaged
onto CCD1 to obtain the direct images. In contrast, the reflect-
ive part was introduced into the long-working-distance micro-
scopic imaging unit (LMIU) and imaged onto CCD2 to obtain
the microscopic images. Here, we do not get rid of the funda-
mental laser wavelength of 800 nm. Because the low coher-
ence of the SC containing the fundamental laser has been con-
firmed by our previous work [20]. On the other hand, our
imaging system has a better ability to apply in highly turbid
medium because of more intense incident probe light. Ima-
ging module II was used to compare the microscopic imaging
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performances using the SC and the 800 nm femtosecond laser
as illumination sources. After passing through the sprays,
the SC entered the LMIU and was split by a beam splitter.
The transmitted part was filtered by a BPF, producing an
800 nm fundamental femtosecond laser beam. This 800 nm
femtosecond laser provided the illumination for microscopic
images, which were recorded by CCD3. The reflective part
was imaged directly onto CCD4 to obtain SC-illumination
long-working-distancemicroscopic images. All CCDs used an
exposure time of 0.5 ms to ensure single-shot imaging in our
experiment.

The sprays were generated by a home-built IRT. The
schematic diagram of the IRT is show in figure 1. The liquid
flow settings ranged from 0.2 to 6 l min−1 with ±2.5%
full-scale accuracy. The air flow settings ranged from 10 to
200 l min−1 with ±2% full-scale accuracy. The nozzle was
modified from an air-centered swirl coaxial injector [23]. After
filling the chamber with water, water was injected via four
small passages, which were at tangents to the central axis of
the cavity, into an internal cavity along the inner diameter of
the nozzle. The air was pressed into the center of the nozzle
by an air compressor, then flowed through the center of the
nozzle and forced the liquid layer along the wall to exit the
nozzle. The liquid sheet began to break up and formed air–
liquid mixed sprays at the exit lip of the injector. The acquisi-
tion time of each image is about 1 s. We can get three or four
images in each spray process, which is limited by the holding
time of constant air pressure and liquid pressure of our exper-
imental setup.

3. Results and discussion

First, a resolution test target (RT, RT-MIL-TP2001, Beijing
RealLight Technology Co., Ltd, China) was imaged to evalu-
ate the performance of our imaging system. The contrast-to-
noise ratio (CNR) curves of each experimental configuration
were calculated and are shown in figure 2. The CNR represents
the identifiability of a feature of interest against a given back-
ground, as shown in figure 2. The CNR value was calculated
using equation (1):

CNR= (⟨IA⟩− ⟨IB⟩)/ [(σA +σB)/2] (1)

where IA and IB are the intensities of signal-producing struc-
tures A and B, respectively, in the region of interest. In
our results, A and B are the bars in a test pattern and the
surrounding background, respectively, and σ is the standard
deviation of the pixel intensity. The structures are uniden-
tifiable when the CNR is <1. We calculated each data
point in the CNR curves five times to get the mean val-
ues and the corresponding standard errors. The results were
shown in figure 2. Figure 2 shows the spatial resolutions
of the different imaging methods. We can see that the spa-
tial resolutions are approximately 10.8, 4.1, and 4.1 µm for
the SC-illumination direct imaging, 800 nm femtosecond-
laser-illumination microscopic imaging, and SC-illumination
microscopic imaging systems, respectively, in the absence of
scattering disturbance. However, the spatial resolution of the

Figure 2. CNR results for the SC-illumination direct imaging,
800 nm femtosecond-laser-illumination microscopic imaging, and
SC-illumination microscopic imaging systems in different scattering
conditions (i.e. for OD = 0 and OD = 10). The horizontal dashed
black line represents a CNR value of 1, with the gray-shaded region
indicates the structures are unidentifiable. The unit of x-axis is line
pairs per millimeter (lp mm−1).

800 nm femtosecond-laser-illumination microscopic imaging
system seriously degrades when the imaging target is hidden in
environments with strong scattering. As shown in figure 2, the
CNR of this imaging system decreases to approximately 0.8
at OD ≈ 10. Here, OD is defined as OD = −ln(I/I0), where
I is the irradiance of light exiting the scattering medium and
I0 is the irradiance of light entering the scattering medium. By
contrast, the spatial resolution of the SC-illumination micro-
scopic images decreased to approximately 6.1 µm at OD≈ 10.
In fact, our main goal is suppressing the speckle using SC,
the image resolution and contrast of images obtained through
SC-illumination long-working-distance microscopic imaging
are both significantly improved. However, the chromatic aber-
ration was also introduced when we used the SC to image
the spray in our experiment. The imaging resolution might be
improved further if the achromatic lens was used.

Next, we compared the performance of the two SC-
illumination imaging methods with respect to diagnosing
the air–liquid mixed sprays. The air and liquid flow rates
were 190 and 0.4 l min−1, respectively. Figures 3(a) and (b)
show images of the air–liquid mixed sprays captured using
SC-illumination direct imaging and SC-illumination micro-
scopic imaging, respectively. The image labels I, II, and III
in figure 3 represent images captured at the same position
at different intervals. In figure 3(a), we can see some small
spray structures, including ligaments, cavities, and droplets,
are captured in the SC-illumination direct images as a res-
ult of freezing the motion of the spray structure. However,
in the magnified insets, we can see that boundaries of the
spray structures, including some smaller ligaments and cav-
ities, are blurred and indistinguishable because of the low spa-
tial resolution. Figure 3(b) shows the same structures captured
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Figure 3. Images of air–liquid sprays obtained by
(a) SC-illumination direct imaging and (b) SC-illumination
microscopic imaging with enlargements of the red-bounded regions.
The air and liquid flow rates were 190 and 0.4 l min−1, respectively.

by SC-illumination long-working-distance microscopic ima-
ging revealing conspicuously sharper structure edges, with the
structures enlarged in the insets far easier to discern than in
figure 3(a). For example, in figure 3(b)-I we can identify a
6.5 µm ligament structure and an authentic cavity near the lig-
ament, which cannot be distinguished in figure 3(a)-I. Sim-
ilar observations are evident from comparing images II and
III acquired via the two methods. These results indicate that
many smaller structures can be imaged at a useful resolution
via SC-illumination long-working-distance microscopic ima-
ging, which will be beneficial for studying spray dynamics.

Then, two microscopic imaging methods using the 800 nm
femtosecond laser and the SC were compared. The air and
liquid flow rates are 160 and 0.4 l min−1, respectively.
Figures 4(a) and (b) show the images of the air–liquid mixed
sprays captured by 800 nm femtosecond-laser-illumination
microscopic imaging and SC-illumination long-working-
distance microscopic imaging, respectively. In each case,
images I, II, and III represent images captured at the same
position at different intervals. In figure 4(a), we can dis-
tinguish some small structures, such as small droplets, lig-
aments, and cavities in the liquid structure, owing to the
high imaging resolution and the spray structures being frozen
by using 800 nm femtosecond-laser-illumination microscopic
imaging. However, from the magnified regions in figure 4(a),
it is clear that the boundaries of the droplets and liga-
ments are blurred because of speckle erosion. In addition,
some finer cavities in the liquid structures are also uniden-
tifiable. Figure 4(b) shows the same structures captured by
SC-illumination long-working-distance microscopic imaging.
In this case, we can see that the boundaries of the droplets
and ligaments with greater clarity, while speckle suppression
enhances the accurate identification of small cavities in the
liquid structure. For example, we can see that the boundaries of
the droplets are sharper in figure 4(b)-I relative to figure 4(a)-I.

Figure 4. Images of air–liquid sprays obtained by (a) 800 nm
femtosecond-laser-illumination microscopic imaging and
(b) SC-illumination microscopic imaging with enlargements of the
red-bounded regions. The air and liquid flow rates were 160 and
0.4 l min−1, respectively.

Moreover, some of the small droplets and cavities observed
in figures 4(b)-II and III are indistinguishable in figures 4(a)-
II and III. Because SC-illumination long-working-distance
microscopic imaging can suppress speckles effectively and
identify small structures with greater reliability, it provides
more information-rich images for the study of spray dynamics
at the micrometer scale.

Finally, we applied the SC-illumination long-working-
distance microscopic imaging method to study the droplet size
distribution in the near-nozzle region of the air–liquid mixed
sprays for different air and liquid flow rates. The liquid flow
rate was varied from 0.2 to 0.6 l min−1, while the air flow
rate was varied from 100 to 190 l min−1. To reveal the statist-
ical characteristics of the droplet size distribution for different
operating conditions, In order to reveal the statistical charac-
teristics of the droplet size distribution for different operating
conditions, 40 spray images with five groups were captured
for one operating condition. The percentage of droplets was
calculated by the ratio of the droplet number in a fixed particle
size range and the total droplet number in each group. Here, we
set the fixed particle size range into 3 µm. Finally, we got five
independent droplet size distributions data for each condition.
We found that the droplet size distribution is almost unchanged
for different groups of spray image in one operating condi-
tion. So an average droplet size distribution curve was calcu-
lated to represent the statistical characteristics of sprays. The
errors were also calculated form the five independent groups
of data. The results were shown in figure 5. A resolution test
target (RT, RT-MIL-TP2001, Beijing RealLight Technology
Co., Ltd, China) was imaged to obtain the scale for all the
spray images. Then the droplet size in each image was obtain
manually. Finally, the mean values and standard errors were
calculated form the five independent droplet size distributions
data for each condition. The results were shown in figure 5.
From the results, we can see that the droplet size ranges from
a few microns to more than 70 microns in our experiments.
In addition, the median droplet size became smaller as the
air flow rate was increased, while maintaining a fixed liquid
flow rate. For example, when the liquid flow rate was set at
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Figure 5. Droplet size distributions for different air–liquid ratios.
Fliquid—liquid flow rate; Fair—air flow rate.

0.6 l min−1, as shown in figure 5(a), the median droplet size
changed from approximately 36 µm to sizes of 30, 20, and
15 µm as the air flow rate changed from 100 to 130, 160, and
190 l min−1, respectively. Moreover, the distribution range of
droplet sizes also decreased as the air flow rate was increased
for a fixed liquid flow rate. This is because the atomization
of sprays is more sufficient with a higher air flow rate at a
fixed liquid flow rate. Nevertheless, we also see that the range
of the diameter of the droplets remains approximately invari-
ant to decreasing liquid flow rate for a fixed air flow rate.
We attribute this phenomenon to the fact that the air flow
rate is much higher than the liquid flow rate and, therefore,
exerts more influence on the atomization of the sprays in our
experiment. These results demonstrate the ability of our SC-
illumination microscopic imaging system to elucidate spray
microdynamics.

4. Conclusion

In conclusion, SC-illumination long-working-distance micro-
scopic imaging, 800 nm femtosecond-laser-illumination
microscopic imaging, and SC-illumination direct imaging
were compared for the imaging of air–liquid mixed sprays.
The results show that small structures were captured with
conspicuously sharper edges owing to the improved resol-
ution provided by SC-illumination long-working-distance
microscopic imaging compared to SC-illumination direct ima-
ging. Consequently, SC-illumination long-working-distance
microscopic imaging enabled small spray structures to be
identified with greater confidence owing to the suppression
of speckles and an improved spatial resolution compared to
800 nm femtosecond-laser-illumination microscopic imaging.
Moreover, we applied the SC-illumination long-working-
distance microscopic imaging method to analyze the droplet
size distribution in the near-nozzle region of the air–liquid

mixed sprays for different air and liquid flow rates. Droplets
with sizes ranging from several microns to tens of microns
were imaged. In addition, the median droplet size decreased
with increasing air flow rate when the liquid flow rate was
maintained at a fixed value. The results demonstrate the ability
of SC-illumination long-working-distance microscopic ima-
ging to provide important information to provide new insights
into spray dynamics at the micrometer scale.
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