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A B S T R A C T   

In this study, droplet size and velocity of an intermittent air-assisted n-octane spray were measured using a Phase 
Doppler Particle Analyzer, focusing on the effect of operating parameters on time-resolved droplet behavior and 
local gas flow characteristics. An electro-magnetically actuated air-assisted injector, which features internal gas- 
liquid premixing upstream and releasing through an annular nozzle, was used to generate intermittent sprays. 
The sampling time equalization method is employed to examine the time-resolved spray microscopic charac
teristics with various injection control parameters and spatial sampling positions. The droplet diameter range is 
found to be generally independent of air injection duration and sampling time while droplet velocity is correlated 
with these two parameters. A large air injection duration tends to accelerate droplets in the late spray period and 
leads to an increasing normalized gas flow velocity. Estimation of local gas flow turbulence intensity indicates a 
prominent radial sampling position dependence due to the rapid attenuation of the gas flow velocity away from 
the spray axis. A noteworthy finding for this intermittent air-assisted spray is that at 30 mm from the nozzle 
outlet, the zero point of droplet-gas mean slip velocity shifts toward the nozzle with sampling time. The time bin 
size employed to divide the sampling time has been proved to exert no influence on the statistical results of 
transient spray microscopic characteristics.   

1. Introduction 

Liquid atomization can generally be classified into single-fluid types 
and twin-fluid types depending on the type of fluids involved [1,2]. The 
single-fluid atomization method is simple in terms of the implementa
tion principle and has been widely adopted in automotive fuel injection 
systems. However, the improvement of single-fluid atomization depends 
much on the establishment of the sufficiently high fluid potential or 
nozzle configuration optimization [3–5]. For twin-fluid atomization, an 
additional medium (pressurized gas) is usually employed to assist the 
liquid atomization [6]. This atomization method and resultant sprays 
essentially involve relatively complex multi-phase flow issues, espe
cially considering the stochastic nature of carrier-phase (normally gas) 
turbulence and polydispersity of dispersed-phase (normally liquid) dis
tribution [7,8]. The twin-fluid atomization can be further subdivided 
into internal mixing and external mixing types according to the position 

where the liquid and atomizing gas get contacted [6,9]. 
Featured design of internal mixing twin-fluid atomization is 

embodied in the fact that the gas and liquid come into contact and 
premix within the nozzle upstream before released [10]. This type of 
atomization method is characterized by the diversity of atomization 
implementation, the complexity of atomization mechanism due to 
multiscale and multiple instabilities, as well as its insensitivity to fluid 
properties [11–14]. With the participation of additional gas, the twin- 
fluid atomization inherently provides significant design flexibility in 
terms of fluid supply, inner flow, gas-liquid mixing, and injection or
ganization [15]. Therefore, the practical atomization of a twin-fluid 
spray can be influenced by a variety of factors, including the size, con
struction, and number of liquid (gas) nozzles, the properties of the fluids 
involved, the operating conditions, and injection pressure of the liquid 
and gas [16]. As a result, numerous prior investigations related to the 
twin-fluid atomization physics can be found to focus on the effects of 
nozzle geometry [6], effects of liquid properties [17], effects of system 
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pressure and fluid velocity [18,19], effects of liquid and gas mass flow 
rate [20,21], etc. 

Owing to recent advances in high-performance imaging as well as 
laser diagnostic technology, many ongoing attempts have been con
ducted to investigate the atomization mechanism, spray performance, 
and spray droplet behaviors in the areas involving both continuous and 
intermittent sprays [22]. When the operating conditions are fixed, 
steady atomization normally creates a continuous spray where the spray 
geometry, the spatial distribution of droplets, the droplet size and ve
locity hardly change over time [23]. Unlike continuous sprays which are 
commonly used in industrial and aerospace propulsion, piston-type in
ternal combustion engines typically require injectors to operate inter
mittently to achieve pulsed injection, such as direct injectors in gasoline 
engines and common rail injectors in diesel engines [24–27]. At present, 
the principal approach for pulsed injection is to drive the needle valve 
inside the injector by electromagnetic force, thus performing quick and 
periodic switching between nozzle opening and closing [28,29]. Pulsed 
injection and resultant intermittent sprays typically operate for a dura
tion less than 10 ms and are characterized by prominent transient and 
unsteady features [30]. These properties further complicate the atomi
zation process and impose more stringent requirements for experimental 
measurements. 

Extensive studies have been carried out to investigate pulsed injec
tion and intermittent spray. Wang and his co-worker [31] investigated 
the macroscopic and microscopic characteristics of diesel spray using 
high-speed imaging and a Phase Doppler Particle Analyzer (PDPA) 
under both single injection and split-injection strategies. The results 
indicated that the split-injection strategy resulted in significant varia
tions in spray characteristics under low temperature conditions and a 
strong droplet collision led to larger droplets. Moon et al. [32] charac
terized the velocity and turbulence intensity fields of the high-speed 
diesel sprays in the near-field using novel multi-exposed X-ray phase- 
contrast images (XPCI). They found spray deceleration is associated 
with the transfer of spray momentum to turbulence energy since the 
spray deceleration is coupled with the increase of the turbulence in
tensity. Their further investigation concerning the effects of governing 
parameters on the dynamics of turbulent spray atomization revealed 
that fuel and injection pressure promoted spray atomization but did not 
alter the spray dynamic structure [33]. Feng et al. [34] used particle/ 

droplet image analysis (PDIA) to measure the droplet velocity and 
diameter distribution in the dilute region downstream of the pulsed 
diesel spray and obtained the statistical distribution. Analysis of droplet 
Stokes number and Weber number suggests that spray droplets are not 
intensely drifted by the gas flow that is induced by the momentum ex
change with the droplets. Wu et al. [35] performed an experimental 
observation of pulsed hollow-cone sprays issuing from a voice coil motor 
injector and the results indicated the presence of a vortex-ring structure 
generated by flash boiling at the nozzle exit. 

As a twin-fluid atomization method, air-assisted spray has attracted 
much attention in recent spray studies. Kourmatzis et al. [36] carried out 
extensive measurements on the momentum decay and droplet size of air- 
assisted liquid fuel sprays as a function of Reynolds number, mass 
loading, and spatial position. The results indicated that liquid break-up 
occurs in the near nozzle exit region, with minimal secondary atomi
zation occurring further downstream. Manish and Sahu [37] paid more 
attention on the droplet clustering within air-assisted sprays. Their 
measurements were conducted based on the combination of the PIV 
(Particle Image Velocimetry) technique and the ILIDS (Interferometric 
Laser Imaging for Droplet Sizing) technique. The result showed that the 
clustering of droplets occurs over a range of length scales. An experi
mental investigation of air-assisted spray by Gao et al. [38] showed that 
the increasing of the ambient temperature led to the deviation in jet 
trajectory that occurs at the margin of the jet due to the increased 
vaporization of liquid fuel droplets. In addition, Wu et al. [39] pointed 
out that the equilibrium position of droplet breakup and coalescence in 
the air-assisted spray is quite close to the nozzle exit, while the droplet 
size in the far field is mainly determined by droplet collision. 

Currently, the time-resolved characteristics of intermittent air- 
assisted spray have been rarely concerned. In this study, we focus on 
the droplet and gas flow behaviors of an air-assisted spray emerging 
from a pulse-working twin-fluid atomizer. The paper is organized as 
follows: first, the experimental setup and test conditions are detailed, 
followed by the outlined data processing method. The main results and 
discussion including droplet size-velocity statistics, droplet Sauter Mean 
Diameter (SMD), mass-averaged velocity, local gas flow characteristics 
and droplet-gas slip velocity will be elaborated in Section 4. This paper 
closes with a summary and conclusions in Section 5. 

Nomenclature 

Cd drag coefficient 
Cv coefficients of variation, dimensionless 
D droplet diameter, μm 
Ex measurement uncertainty, dimensionless 
L turbulence length scale 
L1/2 half width of jet/spray, mm 
P supply pressure, MPa 
r radial position, mm 
SE standard error of droplet data 
Stk Stokes number, dimensionless 
t sampling time, ms 
Ta air injection duration, ms 
Tarrive time to reach measurement volume, ms 
Tf fuel injection duration, ms 
Ti fuel-air injection interval, ms 
To peak duration, ms 
U droplet velocity, m/s 
UT droplet terminal velocity, m/s 
Um mass-averaged velocity, m/s 
Uslip droplet-gas slip velocity, m/s 
Ut velocity of tracer droplet, m/s 

u′ fluctuating velocity, m/s 
ur standard deviation of carrier phase fluctuating velocity, m/ 

s 
x axial position, mm 
x arithmetic mean of droplet data rate 
ΔTbin time bin size, ms 

Greek symbols 
μ dynamic viscosity, kg/(m ∙ s) 
ν kinematic viscosity, m2/s 
ρ density, kg/m3 

σ surface tension, N/m 
σx standard deviation of droplet data rate 
τ turbulence intensity, dimensionless 
τ0 droplet relaxation time 
τt turbulent time scale 

Subscripts 
g atomizing gas (air) 
i index number of a droplet 
l atomized liquid (n-octane) 
r. m. s. root mean square  
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2. Experimental setup and test conditions 

The operating principle of the air-assisted injection system as well as 
fluid supply method has been described in sufficient detail in our pre
vious publications [40,41]. A brief summary of air-assisted injector is 
outlined here for completeness. The internal geometry and dimensions 
of the air-assisted injector are depicted in Fig. 1. In general, the air- 
assisted injector is composed of a magnetic yoke, a coil, a shell, a nee
dle plug, a spring, and a deflector. As the principal moving part, the 
needle plug is designed with a hemispherical head thus an annular 
diverging flow path between needle plug head and shell is formed. The 
upstream of the needle plug is made of magnetic material, which will 
shift by quickly reacting to the electromagnetic force in the magnetic 
field established by the energized coil. The spring will push the needle 
plug to return to its primal position after the magnetic field collapses. 
The working clearance, which determines the maximum displacement 
of the needle plug and directly dictates the cross-sectional area of the 
nozzle exit, was maintained at 0.15 mm. Two passages that formed 
between the middle part of the deflector and the atomizer shell are used 
for air inlet (see component 6). The liquid fuel is delivered to the injector 
through the middle hole of the deflector, i.e., component 5. The liquid 
fuel and air come into contact after passing the deflector and are thor
oughly mixed within the hollow chamber (diameter of db = 3.0 mm) of 
the needle plug. 

The liquid fuel was supplied by an electric fuel pump (12 V and the 
max. Pressure of 0.9 ± 0.05 MPa), and the air was supplied by a com
pressed air cylinder (40 L, max. Pressure of 15 ± 0.1 MPa). The com
pressed air supplied by air cylinder was output with a primary pressure 
of 0.6 MPa after a relief valve (Seatcio G11-25-1.0). In addition, a 
combined pair of mechanical differential pressure valves (uncertainty is 
approximately ±0.005 MPa) was used to precisely stabilize air pressure 
(referenced to ambient pressure) and fuel pressure (referenced to air 
pressure) to Pg = 0.6 MPa and Pl = 0.7 MPa respectively. With the 
continuous supply of liquid fuel and compressed air, as well as reliable 
differential pressure valves, constant pressure of liquid fuel and com
pressed air can be guaranteed and delivered to the atomizer. Please note 
that the above pressures are all gauge pressures. 

The acquisition of spray macroscopic images is carried out based on 
our high-speed spray visualization test bench. A high-speed (Phantom 
V7.3) was used to capture transient spray morphology which was illu
minated by a backlight of an LED light source. The recording rate was set 
to 10,000 frames per second (fps) with an exposure time of 2.0 μs and a 
resolution of 512 × 512 pixels. The corresponding physical image res
olution was approximately 0.182 mm/pixel. 

A phase Doppler Particle Analyzer from Dantec Dynamics Inc. was 
used to measure the droplet velocity, droplet size, as well as droplet 
number flux synchronously. A schematic of the experimental facilities 
and PDPA setup is shown in Fig. 2. The experimental system mainly 

Fig. 1. (a) Section view of the air-assisted injector; (b) side view of fuel and air inlet. Dimensions: da = 3.2 mm, db = 3.0 mm, dl = 6.6 mm, ds = 6.0 mm, lo = 3.0 mm. 
Component name: 1. orifice, 2. spring, 3. coil, 4. yoke, 5. fuel inlet, 6. air inlet, 7. needle plug, 8. shell, 9. working clearance, 10. deflector. 

Fig. 2. Schematic diagram of experimental facilities and setup.  
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consists of PDPA, air-assisted injection system, constant volume cham
ber (CVC), control and data acquisition system (BSA software). The 
PDPA is a single-point optical measurement method that enables 
simultaneous measurement of droplet velocity and size. The optical 
parameters of the PDPA system are listed in Table 1. The laser beam was 
emitted from an argon-ion laser and then traveled through a Bragg cell 
to be separated into three pairs of laser beams. The laser of the selected 
wavelength (514.5 nm) was transferred to the transmitter through an 
optical fiber and passed through the lens and the quartz window to form 
an ellipsoidal measurement volume (focus point) inside the CVC [38]. 
The optical signal receiver was located in the same horizontal plane as 
the measurement volume and at 110◦ to the axis of transmitter to 
effectively capture the first-order scattered signal. The spatial position of 
measurement volume was adjusted by the traverse system, which en
ables a minimum displacement of 0.1 mm. 

In the PDPA measurements, both subrange and coincidence config
urations were set to acquire droplet data. In this case, the subrange 
configuration set bound for the variables we are examining while the 
coincidence configuration sorted out all the other data so that only those 

associated with the data in the subrange remain. The subrange for 
droplet diameter was set with the maximum value of 45 μm and the 
subrange for droplet velocity was set to − 50 to 200 m/s. No specific 
subrange of injection time was set since our self-developed electronic 
control unit (ECU) had been used to output precise trigger signal for 
both injector and PDPA. The spatial measurement volume positions 
selected for this study are shown in Fig. 3. To avoid typical sampling 
failures caused by dense droplets at the nozzle outlet region, the sam
pling position of the axis started at 30 mm. Since PDPA has a limited 
droplet capture rate in one single injection for intermittent air-assisted 
sprays, multiple injections need to be repeated under the same oper
ating conditions. 

The control signal sequence for a single injection is shown in Fig. 4. 
Both the liquid fuel injection drive signal and the air-assisted injector 
drive signal were employed to configure the drive current with “peak- 
hold” shape. The peak duration of To = 1.5 ms was used to open the 
nozzle with a quick response, while the hold duration of Tf and Ta was 
used to keep the nozzle open for fuel injector and air-assisted injector, 
respectively. Ti represented the injection interval between fuel injector 
closing and air-assisted opening. The trigger signal of the PDPA was set 
to synchronize with the air-assisted driving signal. After being triggered, 
the PDPA operated with a preparatory status and started recording 
droplet information when droplets flowed through the measurement 
volume. However, after the air-assisted injector was opened, the spray 
generally took some time (Tarrive) to reach the measurement volume. The 
sampling cycle was automatically set by the PDPA's acquisition system, 
which divided the time after the trigger into a series of time bins ac
cording to a fixed duration (denoted by ΔTbin) and numbered them 
sequentially. Based on the droplet information obtained within these 
time bins, a time-resolved microscopic characteristic comparison can be 
performed. 

In order to avoid interference between droplets generated from 
different injections, the frequency of the repetitious injection was set no 
more than 1 Hz (i.e., the injection cycle time is greater than 1 s, which is 
much longer than the nozzle opening duration). In addition, a nitrogen 
cylinder is connected to the CVC through a valve and is used to sweep 
out the exhaust gas and the fuel mist of each measurement. The ambient 
pressure and temperature inside the constant volume chamber were 0.1 
MPa and 20 ◦C, respectively. The corresponding air density and dynamic 
viscosity were ρg = 1.205 kg/m3 and μg = 0.018 × 10− 3 kg/(m ∙ s). The 
liquid fuel used in the experiments was n-octane (C8H18). The liquid 
density, viscosity and surface tension were ρl = 748 kg/m3, μl = 1.36 ×
10− 3 kg/(m ∙ s) and σ = 0.0255 kg/s2. All physical properties were 
obtained at room temperature and the local barometric pressure. 

The control parameters in this study include Ta (ranges from 0.5 ms 
to 3.0 ms) and Ti (ranges from − 0.5 ms to 2.0 ms) under a constant Tf. 
The measuring volume was set to cover various radial r as well as axial x 
positions. The main spray characteristics parameters of interest include 
the droplet diameter and velocity joint probability density distribution 
function (JPDF), the Sauter Mean Diameter of sampled droplets, droplet 
mass-averaged velocity Um, local gas velocity and turbulence intensity, 
and the droplet-gas mean slip velocity Uslip. 

3. Data processing and uncertainty 

3.1. Sensitivity of time bin size 

PDPA records the diameter, velocity, as well as the arrival time of 
spray droplets when they pass through the measurement volume. In this 
study, we divided the captured droplets into multiple time bins and 
number them in sequence based on droplet arrival time. The average 
droplet velocity and diameter were calculated from the sampled droplets 
within each individual time bin. Therefore, the numbering of the time 
bins (denoted by Bin No.) essentially referred to the concept of time. It 
should be noted that the time bin size was a compromise between the 
number of sampled droplets and the time resolution. To characterize the 

Table 1 
Optical parameters of the PDPA system.  

Parameter (unit) Value 

Wave length (nm) 514.5 
Laser power (W) 0.8 
Beam spacing (mm) 37 
Bean diameter (mm) 2.2 
Transmitter optics (mm) 310 
Receiver optics (mm) 500 
Scattering angle (◦) 70 
Frequency shift (MHz) 40 
Spatial filter (mm) 0.025 
Fringe spacing (μm) 2.226 
No. of fringes 21 
Spheroidal tolerance 5%  

Fig. 3. Details of axial and radial sampling locations superimposed on a spray 
profile. Note that the dimensions are not to scale. 

H. Wu et al.                                                                                                                                                                                                                                      



Fuel Processing Technology 231 (2022) 107231

5

sensitivity of time bin size, we first extracted the sampling time of 3.0 ms 
(including 2.5 ms when the nozzle was open and 0.5 ms after the nozzle 
was closed) from the moment when spray reached PDPA measurement 
volume as the raw droplet sampling data. The raw droplet sampling data 
was subsequently grouped into different time bins according to the bin 
size and the droplet arriving time when it was recorded. Then, the 
average spray droplet data within these bins and the coefficients of 
variation (denoted by Cv) were calculated. 

Fig. 5 shows the sensitivity performance of droplet sampling data as a 
function of temporal resolution ΔTbin at x = 30 mm, r = 0 mm. A sig
nificant linear increasing correlation was found between spray droplet 
data and ΔTbin, which implies that the droplets were uniformly distrib
uted in terms of sampling time. This observation indicates that the 
droplet data decreases with the increase of temporal resolution. In 
addition, a quadratic polynomial function can be used to fit the Cv of 
droplet data versus ΔTbin. Therefore, a compromise of time bin size of 
ΔTbin = 0.5 ms was employed in this study for sampling time division 
and subsequent analyses on account of sufficient droplet data and 

reasonable coefficient of data variation. 
In addition, we further evaluated the effects of ΔTbin on the time- 

resolved spray characteristics. Here, three sets of time bin size, i.e., 
ΔTbin=0.25 ms, 0.50 ms, and 0.75 ms, were adopted for comparison, as 
seen in Fig. 6. It should be noted that the time bins were numbered with 
respect to the smallest bin size of ΔTbin=0.25 ms. The time-resolved 
droplet SMD and mass-averaged velocity are shown in Fig. 6(a). No 
significant variation was observed for various ΔTbin cases, and the same 
result also held true for the effect of ΔTbin on time-resolved gas-phase 
turbulence intensity and droplet-gas mean slip velocity, as presented in 
Fig. 6(b). An apparent fact is that the sampled droplet data within each 

Fig. 4. The drive signal output by ECU (gray background) and the sampling cycle set by BSA for intermittent spray (blue background). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. Sensitivity performance of droplet sampling data as a function of tem
poral resolution ΔTbin at x = 30 mm, r = 0 mm. 

Fig. 6. Effect of time bin size (ΔTbin) on spray characteristics: (a) SMD and 
mass-averaged velocity, (b) gas-phase turbulence intensity and droplet-gas 
mean slip velocity at x = 30 mm, r = 0 mm. Note that the time bins are 
numbered with respect to the smallest bin size of ΔTbin = 0.25 ms. 
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Fig. 7. Performance of measurement uncertainties under different operating conditions.  

Fig. 8. Spray images under various air injection durations. The raw image has been processed by background removing and conversion from RGB to grayscale.  
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time bin decreases as the bin size decreases. However, it can be 
concluded that the influence of the sampling time bin division on the 
spray and droplet characteristics can be neglected for the intermittent 
air-assisted spray in this study. 

3.2. Uncertainty analysis 

The droplet sampling data rate for the same working condition was 
not less than 10,000 Hz. The method of estimating the measurement 
uncertainty (Ex) has been specified in our previous publication [35], as 

Ex = ±
SE

x
,where SE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑N

i=1(xi − x)2

N(N − 1)

√

(1)  

here SE is the standard error of sampled droplet data. x denotes the 
arithmetic mean of droplet data with a sample space of N. Note that the 

Ex represents the normalized result of standard error and x from 
experimental measurement data. A Matlab colormap [42] was employed 
to represent comprehensive data performance of uncertainty values, as 
shown in Fig. 7. 

One can see that the variation in the uncertainty of SMD measure
ments at different air injection durations and fuel-air injection intervals 
is not particularly noticeable. A slight bin-to-bin variation can be 
observed under different Ta cases, however, absent for different Ti cases 
which indicates the relatively limited influences of Ti on the spray 
characteristics. In addition, the spatial sampling position shows a 
greater impact on the measurement uncertainties than the injection 
control parameters. The uncertainty values of radial sampling positions 
are generally larger than these values of axial sampling positions, which 
is attributed to the reduction of the radial sampling data as r increases. 
The uncertainty of droplet mean velocity is relatively large and shows an 
increasing function of r due to the drastic decrease of sampled droplet 

Fig. 9. Droplet size-velocity correlation and distribution colored by JPDFs under (a) various air injection durations, (b) various fuel-air injection intervals, (c) various 
axial sampling positions and (d) various radial sampling positions. 
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velocity away from the spray axis. Overall, none of the measurement 
uncertainties has exceeded 8%, which implies a relatively acceptable 
range of experimental tolerances. 

4. Results and discussion 

4.1. Spray images 

Fig. 8 shows the spray image sequence obtained from selected frames 
after the start of trigger (ASOT). Since the fuel-air injection interval 
shows no significant effect on the spray morphology according to our 
previous study [41], only the spray images under different air injection 
durations (Ta = 1.0 ms, 2.0 ms and 3.0 ms) are examined here for 
comparison. The red line in the figure is used to distinguish the injector 
status as opening (left side) and closing (right-side). When the injector is 
open, no significant variation in time-resolved spray morphology be
tween different air injection durations can be observed. In addition, one 
can see that the spray color of Ta = 1.0 ms has become progressively 

lighter after 3.2 ms ASOT. The same phenomenon is found at around 4.0 
ms ASOT for Ta = 2.0 ms and is absent for Ta = 3.0 ms. This observation 
can be explained by the fact that the air injection duration determines 
the duration of the injection process. When Ta is 1.0 ms, the injection 
process lasts approximately Ta + To = 2.5 ms, which increases to 3.5 ms 
and 4.5 ms for the case of Ta = 2.0 ms and Ta = 3.0 ms. 

4.2. Droplet size-velocity JPDFs 

Droplet size and velocity distribution are important parameters to 
visualize the data range and dispersibility characteristics of the spray 
droplets [42]. Unlike previous studies where the droplet diameter and 
velocity distributions were calculated separately, this study adopts the 
droplet size-velocity joint probability density function to demonstrate 
the combined microscopic information of droplets [43]. As the droplets 
pass through the PDPA measurement volume, the droplet velocity U and 
diameter D, as well as the transit time t are accurately recorded. Given 
that the droplet with the droplet diameter distribution in the range of [D 

Fig. 9. (continued). 
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− dD,D + dD] and the velocity distribution in the range of [U − dU,U +
dU], the joint probability density function represents the probability 
that the droplet diameter distribution is in the range of dD and the 
droplet velocity distribution is in the range of dU, yields 
∫

(U,D)dUdD = P(U ∩ D) (2) 

In this study, the value of dD = 1.0 μm and dU = 2.0 m/s were 
employed for the discretization of the sample data. The procedure to 
obtain JPDF is typified as follows. Firstly, the droplet velocity distri
bution and diameter distribution based on transit time are attained. 
Then the distribution of droplet velocity versus diameter can be ob
tained by taking transit time as a bridge. Finally, the droplets are divided 
and colored according to their corresponding JPDF value to obtain the 
probability density distribution diagram that visualizes the joint droplet 
size and velocity. 

The plots of droplet size-velocity distribution colored by JPDFs for 
partial Ta cases as a function of Bin No. (numbers of sampling time bin 
divided by ΔTbin = 0.5 ms) are shown in Fig. 9(a). The results are 

reported for the Bin No. up to 6, and the measurement volume location 
of x = 50 mm, r = 0 mm. The following trends can be observed.  

(a) The droplet diameter range is generally independent of Ta and 
Bin No. since all sampling droplets are found to be distributed in 
the range of 0–40 μm. Most of the measured droplet velocities are 
less than 100 m/s and a notable time dependent droplet velocity 
distribution can be observed for all Ta cases.  

(b) Droplets are principally concentrated in the diameter range of 
0–10 μm with a maximum JPDF close to 0.1. However, the 
droplet velocity corresponding to the maximum value of JPDF is 
not constant due to the variation of the droplet velocity range. A 
significant unimodal distribution of droplet size-velocity JPDFs is 
found for all cases of Ta and Bin No. A visually identifiable Log- 
normal distribution of droplet size and a Gaussian distribution 
of droplet velocity can be inferred, which is consistent with our 
previous results for droplet distribution statistics [39,40].  

(c) For Ta = 0.5 ms and Ta = 1.0 ms, the number of captured droplets 
with Bin No. 6 is remarkably low due to the early closure of the 

Fig. 9. (continued). 
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air-assisted injector, which is absent for other cases with the in
crease of Ta. When Ta exceeds 1.5 ms, it is interesting to note that 
the temporal droplet velocity range first decreases (Bin No. 1–3) 
and then increases (Bin No. 4–6). The velocity of some droplets 
even exceeded 100 m/s. This is because the continuously injected 
air in the later stage of spray keeps accelerating the droplets at the 
spray tail since a large amount of liquid fuel is concentrated in the 
spray head and has been already sprayed. 

The time-resolved droplet size-velocity correlation and distribution 
colored by JPDFs under various fuel-air injection intervals, various axial 
and radial positions can be found in Fig. 9(b)–(d). No distinguishable 
difference of both droplet diameter and velocity range as well as the 
presentation of JPDF as a function of Ti and Bin No. can be seen. This 
implies that fuel-air injection interval has a negligible effect on air- 
assisted spray within a selected parameter range. In the spray center
line, the droplet velocity range shows a noticeable decrease with axial 
position for all Bin No. This trend also applies to the cases when radial 
sampling position moves away from spray axis toward the outer region. 

At r = 10 mm, the droplets are found concentrated in the lower left 
corner of each U–D plot, which indicates that droplets sampled at the 
radial edge of the spray possess a moderate size and low velocity. 

4.3. Droplet sampling rate 

Droplet data rates of different time Bin No. during PDPA measure
ments were calculated to characterize the time-resolved variation. Here, 
normalized data rate was used to represents the ratio of the number of 
sampled droplets during some selected time Bin No. to the total number 
of droplets captured during all time bins. Fig. 10 shows the normalized 
droplet data rate as a function of Bin No. under various air injection 
durations. For Ta = 0.5 ms and Ta = 1.0 ms, The sampling rate first 
remains constant and rapidly decreases in the late spraying period. This 
is attributed to the closing of the injector and the termination of the 
spray caused by a relatively short injection duration. Contrastively, a 
relatively consistent sampling rate of 0.16 under different Bin No. can be 
seen when Ta ≥ 1.0 ms, which indicates that a relatively well-balanced 
and stable droplet data sampling can be attained within the opening 

Fig. 9. (continued). 
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duration of air-assisted injector. 
The estimation of variation is quantified by the coefficient of varia

tion (denoted by Cv), which represents the ratio of the standard devia
tion σx to the arithmetic mean of the data rate x, as Cv = σx/x. The Cv for 
the cases of Ta = 0.5 ms and Ta = 1.0 ms has exceeded 0.4, which is an 
order of magnitude larger than other cases, see Fig. 11(a). This is 
somewhat expected since the early closure of the air-assisted injector 
caused a relatively short injection duration and significant variations in 
sampled droplet data for different Bin No. Fig. 11(b-d) shows the coef
ficient of variation under other control parameters. A moderate varia
tion can be found when Ti increases from − 5 ms to 2.0 ms. The 
pronounced difference in Cv at Ti = − 0.5 ms and Ti = 0.0 ms is most 
likely attributable to the special fuel-air mixing status upstream air- 
assisted injector since the air-assisted injector opens when the liquid 
nozzle has not been fully closed. A nearly constant Cv can be observed for 
different axial sampling positions, which implies that, along the spray 
centerline, the time-resolved droplet sampling process is relatively sta
ble. However, the time-resolved Cv of droplet sampling data rate varies 
over a wide range as the sampling position moves away from the spray 
axis. Therefore, it can be inferred that there may be considerable 
inconsistency in the air-assisted spray evolution and spatial distribution 
of droplets at different spray radial positions. 

4.4. Sauter Mean Diameter 

The average diameter of the sampled droplets is characterized by 
Sauter Mean Diameter (SMD), which is calculated by 

SMD =
∑

Di
3
/∑

Di
2 (3)  

here Di is the diameter of the ith sampled droplet. The droplet SMD was 
calculated for different sampling Bin No. under different operating 
conditions, as shown in Fig. 12. Note that only three sets of control 
parameters are selected here to demonstrate and compare data trends in 
each subgraph. 

A positive correlation between droplet SMD and air injection dura
tion can be observed in Fig. 12(a), which indicates that the increase in 
air injection quantity promotes spray atomization. For Ta = 0.5 ms, an 
incremental trend of SMD over time can be seen. Due to the termination 
of atomization energy input caused by nozzle closure, the limited 
aerodynamic forces cannot further promote droplet breakup while 
collision and coalescence between discrete droplets will dominate the 
subsequent droplet size. In contrast, fuel-air injection interval shows an 
insignificant impact on droplet SMD, as seen in Fig. 12(b), which proves 
that fuel-air injection interval does not affect the spray atomization 
quality. Along the spray axis, no variation of droplet SMD under 
different Bin No. can be found. However, the SMD shows an increasing 
function of axial position from nozzle exit. This can be attributed to 
coalescence of colliding droplets as they travel downward [39]. As the 
sampling position moves radially from the spray axis to the spray edge, a 
moderate trend of SMD reduction can be identified. In addition, the SMD 
of different radial positions increases with time and the variation of SMD 
between different radial positions tends to be less pronounced. 

4.5. Droplet mass-averaged velocity 

The air-assisted spray is characterized by frequent gas-liquid mo

Fig. 10. Normalized droplet data rate captured by PDPA under various air 
injection durations. 

Fig. 11. Coefficient of variation of droplet sampling data rate under different 
control parameters. 
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mentum transfer within the spray field [13,44]. The energy used to 
atomize liquids in this air-assisted spray comes primarily from the gas jet 
and interphase energy transfer from gas phase to liquid phase. In this 
study, droplet mass-averaged velocity Um was used to characterize the 
mean velocity of sampled droplets [34], as 

Um =

∑
Di

3Ui
∑

Di
3 (4)  

where Ui is the velocity of the ith sampled droplet. The above calculation 
is based on the principle that the sum of all sampled droplet momentum 
is constant, i.e. the actual sum of momentum of all sampled droplets is 

Fig. 12. Time-resolved droplet Sauter Mean Diameter under (a) various air injection durations, (b) various fuel-air injection intervals, (c) various axial positions, and 
(d) various radial positions. 

Fig. 13. Time-resolved droplet mass-averaged velocity under (a) various air injection durations, (b) various fuel-air injection intervals, (c) various axial positions, 
and (d) various radial positions. 
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equal to the sum of droplet momentum calculated assuming that all 
droplet velocities are the droplet mass-averaged velocity. The mass- 
averaged velocities under different conditions are shown in Fig. 13. 

Fig. 13(a) shows that the effect of air injection duration on the time- 
resolved droplet mass-averaged velocity is primarily manifested in the 
late sampling period (Bin No. 4–6). At Ta = 0.5 ms, the droplets grad
ually lose the energy supplied by the gas jet at Bin No. 4–6 due to the 
closing of the nozzle. Fig. 13(b) shows that the fuel-air injection interval 
still has no significant influence on the droplet mass-averaged velocity. 
The mass-averaged velocity of the droplets decreases as the sampling 
position moves in both the axial and the radial direction, see Fig. 13(c- 
d). This indicates that the high velocity droplets appear in the spray field 
near the axis as well as in the region of the nozzle exit. Due to the 
dragging force of the surrounding stationary air, it can be seen that the 
droplet decelerates more rapidly in the radial direction compared to the 
axial direction. In light of sampling time, it can be found that the droplet 
mass-averaged velocity at all selected locations tends to decrease after 
maintaining a relatively stable value. 

4.6. Local gas velocity decay 

In the study of gas-liquid two-phase spray, discrete droplets are 
dispersed in the gas stream. The velocity characteristics of the gas phase 
are essential for further understanding of the droplet-gas interactions 
and droplet breakup analysis [7]. However, it is admittedly difficult to 
make simultaneous measurements of the carrier phase velocity while 
accurately measuring the dispersed phase under experimental condi
tions [45]. For the application of planar optical diagnostics (mostly 
Particle Image Velocimetry, PIV) technique to measure gas velocity, a 

sufficient number of small particles (normally less than 5 μm) have to be 
used to seed the gas phase [22]. This technique is recommended for the 
cases where there is pronounced discrimination in size between droplets 
and seed particles, which is not applicable to our study because the 
droplet size in our spray is generally small according to above results. 
Therefore, we adopted PDPA to simultaneously measure widely 
distributed droplet sizes and velocities, and to further determine the gas 
phase flow by treating relatively smaller droplets as tracer particles for 
its simplicity and convenience. 

In this study, sufficiently smaller droplets (<5 μm) are distinguished 
to use them to characterize the local gas phase flow velocity since the 
followability of 5 μm droplet for gas flow has been well recognized and 
this concept has been adopted extensively in previous studies 
[40,46,47]. Therefore, the gas velocity can be calculated by 

Ug = Ut (5)  

where Ut denotes the velocity of tracer droplet. The terminal velocity, 
relaxation time, and Stokes number of tracer droplet with diameter D 
can be calculated respectively by [39,48] 

UT =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
4gD
3Cd

(ρl − ρg

ρg

)√

(6)  

τ0 =
ρlD2

18μg
(7)  

Stk =
τ0

τt
(8)  

here Cd is the drag coefficient. τt represents the characteristic time of the 
flow. Due to the prominent turbulent characteristics of the high-speed 
jet, the characteristic time τt can be generally characterized by intro
ducing a turbulent time scale, as τt = L/ur, where L is the turbulence 
length scale and ur is the standard deviation of carrier phase fluctuating 

velocity 
̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅〈
UgUg

〉√

[46]. The study of Longmire and Eaton [49] indicated 
that the local particle dispersion seems to be governed mainly by the 

Table 2 
Properties of tracer droplets with a diameter of 5 μm under various air injection 
durations.  

Condition UT (m/s) τ0 (ms) Stk (− ) 

Ta = 0.5 ms 0.293 0.043 0.080 
Ta = 3.0 ms 0.293 0.043 0.107  

Fig. 14. Time-resolved normalized local gas flow velocity under (a) various air injection durations, (b) various fuel-air injection intervals, (c) various axial positions, 
and (d) various radial positions. 

H. Wu et al.                                                                                                                                                                                                                                      



Fuel Processing Technology 231 (2022) 107231

14

large-scale turbulent structures of the gas phase. Subsequently, the half 
width of jet/spray (denoted by L1/2) has been widely used to charac
terize the large turbulence scale, as seen in the Ref [37, 39, 40, 46, 50]. 

Manish and his co-workers [37] proposed that the L1/2 can be quantified 
by the radial location measured from the spray axis where the droplet 
mean velocity is half of the mean velocity at the spray center. Therefore, 
the same method was adopted to obtain L1/2 in the present study. 

The above parameters are evaluated under different conditions for 
selected tracer droplets with the diameter of 5 μm, see Table 2. It can be 
seen that the terminal velocity and relaxation time of the largest tracer 
particle are relatively small, impling favorable ability in air suspension. 
Since Stk ≪ 1, the followability of 5 μm droplet is thus justified. 

Fig. 14 shows the local gas flow velocity which is normalized by the 
value of Bin No. 1, as Ug/Ug, Bin No. 1 to demonstrate time-resolved trend 
of gas flow velocity. The temporal decay of the gas flow velocity shows 
different trends at different air injection durations. In which, the 
termination of the jet caused by the nozzle closure leads to a rapid decay 

Fig. 15. Time-resolved local turbulence intensity of gas phase under (a) various air injection durations, (b) various fuel-air injection intervals, (c) various axial 
positions, and (d) various radial positions. 

Fig. 16. Mean flow, r.m.s. of fluctuating velocity, and turbulence intensity of 
gas phase under (a) various axial positions and (d) various radial positions for 
Bin No. 2 and Bin No. 4. 

Fig. 17. Downstream evolution of droplet-gas mean slip velocity. Region I: 
droplet accelerated by gas flow; Region II: droplet velocity overshooting; Re
gion III: droplet decelerated by drag force from surrounding gas flow [44]. 
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of the gas velocity in the spray field with time. In contrast, when the air 
injection duration is gradually increased to 2.5 ms and above, the gas 
velocity can be found to increase instead. This suggests that since a large 
portion of the fixed quantity of liquid fuel has been injected and already 
passed the measurement position, the gas jet at the later period of the 
injection can maintain a high velocity due to the reduced gas-liquid 
momentum transfer. Similarly, no difference was found in the time- 
resolved decay of the gas flow velocity at different fuel-air injection 
intervals and the gas velocity showed a monotonic decreasing curve 
with the sampling time. When the axial sampling position was 30 mm, 
the gas flow velocity first increases and then gradually decreases with 
time, as shown in Fig. 14(c). This observation suggests a time- 
dependence of local gas flow velocity a x = 30 mm. When the position 
moves away from the nozzle, the gas flow velocity continuously de
creases with the sampling time. This indicates that the gas flow velocity 
along the spray axis not only varies with time but also is affected by the 
sampling position. The gas flow velocity decreases with time at different 
radial positions. A moderate dependence of Ug/Ug, Bin No. 1 with radial 
positions is observed. 

4.7. Turbulence intensity characteristics 

It is well known that the level of turbulence in the geometry of air- 
assisted atomization contributes to atomization [36]. The gas-phase 
turbulence levels in the spray were estimated by using the tracer 
droplet velocities to approximate gas flow motion. Calculations were 
based on the corresponding root-mean-square (r.m.s.) of local fluctu
ating velocity u′ and the mean velocity to get the turbulence intensity 
characteristics τ, as [32] 

τ =
u′

Ug
(9) 

Fig. 15 shows the gas-phase turbulence intensity under different 
operating conditions. Air injection duration and fuel-air injection 

intervals hardly affect the local turbulence intensity, which is close to a 
constant value between 0.2 and 0.3 and hardly changes with sampling 
time. 

However, the spatial sampling location was found to have a signifi
cant effect on the turbulence intensity. In this respect, the turbulence 
intensity increases significantly with the axial distance from nozzle as 
well as radial distance from spray axis. In addition, the gradient of the 
turbulence intensity increase in the radial direction is also more pro
nounced. To explain this variation, we present the mean flow and r.m.s. 
of fluctuating velocity as a function of axial positions and various radial 
positions, as seen in Fig. 16. The mean velocity profiles in Fig. 16 show 
that the gas flow velocity decelerates in both axial and radial directions. 
However, the gradient of the velocity decrease in the radial direction is 
steeper than that in the axial direction under both Bin No. 2 and Bin No. 
4. This is because the spray center has little exposure to surrounding 
ambient gas. In addition, it is interesting to notice a nearly constant 
fluctuating velocity for different spatial positions but a slight decrease 
from Bin No. 2 to Bin No. 4. Therefore, the spatial variation of turbu
lence intensity is dominated by the mean velocity profile of gas flow 
within spray field. The correlation between mean velocity and turbu
lence intensity of gas phase implies that the dissipation of the gas jet 
momentum transfers to turbulence energy of gas phase within the spray 
field [32]. 

4.8. Droplet-gas slip velocity 

The gas-liquid two-phase jet is characterized by the accompanying 
gas-phase flow around the liquid droplet. The mean slip velocity be
tween droplet and surrounding gas flow is calculated by 

Uslip = U − Ug (10)  

where U is the arithmetic mean velocity of sampling droplets. According 
to the magnitude of the mean slip velocity between the droplet and gas 
flow, the downstream evolution of droplet motion is divided into three 

Fig. 18. Time-resolved droplet-gas mean slip velocity under (a) various air injection durations, (b) various fuel-air injection intervals, (c) various axial positions, and 
(d) various radial positions. 
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regions [44], as seen in Fig. 17. In the Region I, i.e. the near-nozzle field, 
droplets are moving at lower velocities than the surrounding gas flow 
and are continuously accelerated. When the droplet is accelerated to the 
gas flow velocity, the slip velocity comes to a zero point (Uslip = 0). 
However, the droplet will keep accelerating due to its own inertia and 
lead to overshoot, see Region II. After reaching the maximum overshoot 
velocity, the droplet decelerates until it approaches the surrounding gas 
flow velocity in Region III. 

Fig. 18(a-b) shows the time-resolved droplet-gas mean slip velocity 
under different injection control parameters. An almost positive Uslip is 
observed regardless of both air injection duration and fuel-air injection 
interval. When the axial sampling position is x = 30 mm, the Uslip ap
pears to be negative at Bin No. 1–2, increases to near zero at Bin No. 3–4, 
and eventually becomes positive at Bin No. 5–6, as seen in Fig. 18(c). 
With the increasing of axial position, the Uslip becomes positive and is 
positively correlated with x. According to the analysis of Lasheras and 
his co-workers [44] on the evolution of the slip velocity on the axis of the 
gas-liquid two-phase jet, it is suggested that the zero point of the slip 
velocity in this study is close to x = 30 mm. Analogically, the zero point 
of the slip velocity in radial direction is logically available and expected 
to be close to r = 6 mm, see in Fig. 18(d). However, it should be noted 
that Uslip tends to decrease with radial position away from the spray axis. 
Therefore, an enclosed surface of Uslip = 0 with the spray contour is 
believed to exist and to approximately cross the spatial locations of x =
30 mm, r = 0 mm and x = 50 mm, r = 6 mm. 

Since the mean slip velocity under the measurement position of x =
30 mm presents a distinct time-resolved variation, the sampled droplets 
within the time bin of negative slip velocity (Bin No. 2) and positive slip 
velocity (Bin No. 5) are chosen to further analyze the effect of droplet 

size on the mean slip velocity. The droplet sizes are classified into three 
size bins: 5–15 μm, 15–25 μm and 25–35 μm. The slip velocities based on 
various droplet size bins are given in Fig. 19(a). At Bin No. 2, the mean 
slip velocities of all size bins are all less than zero, which proves that all 
the sampled droplets regardless of their size are moving with the ve
locities lower that of surrounding gas flow. At Bin No. 5, the mean slip 
velocity between droplets from all size bins and gas flow is greater than 
zero. However, a slight decreasing trend of Uslip as function of droplet 
size can be found for both positive and negative slip velocity, which may 
be attributed to the fact that small droplets are more likely to react 
quickly to the surrounding flow and therefore to be accelerated. 

According to above discussion, we have noticed that the zero point of 
the slip velocity on the spray axis is close to x = 30 mm. Meanwhile, the 
mean slip velocity is seen to increase slightly with sampling time (i.e., 
Bin No.) and thus can be fitted with a linear function of Uslip = 0.28 × Bin 
No. − 0.996, as outlined in Fig. 19(b). The horizontal intercept, which is 
the corresponding zero point of the slip velocity, is calculated to be 
approximately 3.5. This linear relationship indicated that the droplet- 
gas slip velocity at x = 30 mm is negative at Bin No. 1–3 and in
creases to positive at Bin No. 4–6. Therefore, a time-varying zero point of 
slip velocity can be inferred for this intermittent air-assisted spray. That 
is, the zero point of the slip velocity is far away from the nozzle exit at 
the beginning of spray and gradually moves toward the nozzle exit as the 
spraying continues. The potential correlation between the zero point of 
mean slip velocity and Bin No. is illustrated on the right side of Fig. 19 
(b). This time dependence of zero point of mean slip velocity may not 
exist for continuous and steady jets or sprays but is reasonably expected 
for intermittent sprays due to their inherently unsteady behaviors and 
characteristics. 

5. Conclusions 

In this study, a pulse-worked air-assisted injector was used to 
generate twin-fluid intermittent spray. A time bin method for sampling 
time equalization is employed to investigate the time-resolved spray 
microscopic characteristics and droplet behaviors measured by PDPA. 
The main findings are summarized as follows.  

1. The droplet diameter range is found to be generally independent of 
air injection duration and Bin No. while droplet velocity is deter
mined by these two parameters. At Ta ≤ 1.0 ms, the droplet velocity 
decays rapidly during the late sampling period (Bin No. 5–6) as a 
result of nozzle closure, which is absent for the cases of Ta ≥ 2.0 ms 
where the droplet can be further accelerated by the gas jet. This 
further acceleration leads to a decreasing SMD while accelerating 
droplets.  

2. Within a certain range, the fuel-air injection interval did not render a 
notable impact on the spray characteristics, droplet and surrounding 
gas flow behavior. Droplet SMD shows no variation with sampling 
time but an increasing function of axial sampling position due to 
droplet coalescence in spray far-field. The variation of droplet ve
locity is more pronounced compared to droplet SMD as the sampling 
position moves from spray axis to outer region. 

3. The gas flow velocity exhibits a continuous acceleration with sam
pling time at Ta ≥ 2.5 ms. A moderate correlation between axial as 
well as radial sampling positions and gas flow velocity decay can be 
observed, but the transition of the gas flow velocity to accelerate and 
then decelerate with time at x = 30 mm should be noted. Estimation 
of gas flow turbulence intensity indicates a prominent radial sam
pling position dependence, which is mainly attributed to the rapid 
attenuation of the gas flow velocity away from the spray axis.  

4. The zero point of mean droplet-gas slip velocity within the spray field 
is close to x = 30 mm, r = 0 mm in the axial direction and x = 50 mm, 
r = 6 mm in the radial direction. The effects of time bin size (ΔTbin) 
employed to divide the sampling time on spray microscopic char
acteristics were estimated, and the results indicates that ΔTbin has no 

Fig. 19. (a) Mean slip velocity of Bin No. 2 and Bin No. 5 at x = 30 mm, (b) 
time-resolved mean slip velocity evolution and its linear fitting at x = 30 mm. 
The time dependence of the zero point of the mean slip velocity is shown on the 
right side. 
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influences on the statistical results of the spray characteristics 
including the droplet SMD, mass-averaged velocity, local gas flow 
velocity decay profile and turbulent intensity. 

A few important issues merit future attention. High spatial resolution 
droplet measurements are necessary for further full-field characteriza
tion of the time-resolved properties of intermittent air-assisted sprays. 
The zero point of mean slip velocity at x = 30 mm is not a constant value 
but moves progressively toward the nozzle with sampling time, which 
has not been revealed in previous studies, but will certainly contribute to 
our further understanding of the underlying physics and model inves
tigation of intermittent spray emerging from pulsed air-assisted injector. 
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