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ABSTRACT

The characteristics of twin-fluid atomization operating in the annular flow regime were studied experimentally under various gas-to-liquid
ratios (GLRs) and injection pressures. The macroscopic morphology of the spray was obtained by shadowgraph, while the droplet size and
velocity were measured using a phase-Doppler particle analyzer technique. It was found that the spray cone angle increases almost linearly
with the GLR, and the axial distance required for droplet coalescence to outweigh the breakup decreases with increasing GLR. The Sauter
mean diameter (SMD) first decreases and then increases along the axial direction due to the competition between turbulent breakup and
droplet coalescence. The droplet size follows a lognormal distribution; the droplet velocity distribution is closer to a lognormal distribution
under large GLRs, while it follows normal distribution with GLR ¼ 3%. Regarding the radial distribution, low GLRs (3% and 5%) lead to a
bimodal spatial velocity distribution, while for large GLRs, the droplet velocity decreases monotonically toward the far field. The spray tends
to become more stable with increasing GLR and injection pressure Pinj, whereas the SMD increases with increasing Pinj. The underlying
atomization mechanism in a twin-fluid injector in the annular flow state can be regarded as the disintegration of the initial liquid sheet by
longitudinal Kelvin–Helmholtz instability followed by transverse Rayleigh–Taylor instability, which yields a direct proportionality of the
droplet size to the initial liquid sheet thickness DL. Subsequently, for high Pinj, the gas core shrinks and DL increases, which results in an
increased SMD but enhanced atomization efficiency DL=SMD.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0128231

I. INTRODUCTION

In liquid-fueled scramjet engines, due to the extremely limited
residence time for mixing and combustion, the atomization of the liq-
uid fuel has a substantial impact on the subsequent ignition, flame
holding, and overall combustion efficiency. For a scramjet combustor,
the atomization effect mainly refers to two considerations.1 First, the
liquid fuel is scattered into small polydisperse droplets through the
injector, which increases the specific surface area of the fuel and
enhances the evaporation and mixing processes. The minimum igni-
tion energy of the spray is proportional to the 4.5 power of the diame-
ter of the droplet, indicating that smaller droplets require a notably
lower ignition energy.2 Second, the penetration height of the fuel spray
needs to be considered, as a low penetration height may cause the fuel

to accumulate near the engine wall, resulting in low combustion
efficiency.3 Consequently, for the optimal design of scramjets, develop-
ing appropriate injection techniques to control both the atomization
quality and penetration height is of great significance.

Recently, operating in a wide space-speed range4 has been one of
the main concerns of hypersonic propulsion, with the premise of
ensuring that the engine works stably over a wide range of working
conditions. To be more specific, for liquid fuel injection and atomiza-
tion with a prescribed injector geometry, achieving a required atomiza-
tion quality and penetration height is more feasible when using active
control strategies,5 such as pulsed injection,6 swirling injection,7 or
plasma-assisted atomization.8 Among these control strategies, twin-
fluid atomization is considered to be a highly practical yet effective
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approach, and this has been applied in fields including internal com-
bustion engines,9 petrochemicals,10 and food-drying technology.11

For scramjet engines, twin-fluid atomization technology has
mostly been studied using experiments. Lin et al.12 first applied twin-
fluid atomization to a ramjet almost two decades ago, and they con-
ducted experimental analysis of the spray structure in supersonic cross
flow. It was found that with the addition of gas, the spray became
denser, and the diameters of the spray droplets decreased. Subsequent
study13 found that the penetration height of the spray increases with
increasing gas volume fraction. Based on Lin et al.’s work, Yu et al.14

further studied the effect of twin-fluid atomization in a scramjet com-
bustor. They suggested that twin-fluid atomization could reduce the
spray droplet size, but the penetration height was mainly determined
by the injection pressure. Recently, Chakraborty et al.15 experimentally
investigated the characteristics of twin-fluid atomization combined
with strut injection in a ramjet engine. It was observed that the Sauter
mean diameter (SMD) of the spray decreased significantly with
increasing gas-to-liquid ratio (GLR), but this effect began to gradually
diminish as the GLR exceeded 20%.

Although the specific configurations of twin-fluid injectors may
differ, their atomization process is mainly dictated by the flow regime
of the gas–liquid two-phase flow inside the injector.16 In effervescent
atomization, as proposed by Lefebvre et al.17 in the 1980s, the internal
flow regime resembles that shown schematically in Fig. 1(a); the gas
and liquid are uniformly mixed inside the injector to create a bubbly
flow, and a pressure difference is formed between the mixing chamber
and the injector orifice due to the convergence section.When this bub-
bly flow is ejected, the severe pressure difference causes the bubbles to
rapidly expand and rupture, which leads to high-quality atomization.
However, a subsequent study by Sun et al.18 showed that although the
bubbly flow has the highest utilization rate of the gaseous medium,
irregular bubble bursting unavoidably leads to spray instability, and
the formation of elongated bubbles or continuous gas cores inside the
injector is the key to achieving a stable spray.

Under relatively large GLRs, an annular liquid sheet will be
formed inside the injector, as shown in Fig. 1(b). In this flow regime,
as indicated by Matouš et al.,19 there are two effective physical pro-
cesses involved in the atomization. On the one hand, the large slip
velocity between the gas and liquid causes a severe shear effect on the

liquid sheet; on the other hand, the pressure difference between the
gas core and the surrounding environment leads to considerable vol-
ume expansion. For the shear effect arising from the large slip velocity,
the liquid film instability mechanism is similar to that of a gas–liquid
coaxial jet. Catlin and Swithenbank20 found that when the liquid film
was issued from the injector orifice, the liquid film instability in the
near field was dominated by the Kelvin–Helmholtz (K–H) instability.
The viscosity and surface tension will prevent the liquid from breaking
up, and the final atomized droplet diameter is mainly determined by
the initial liquid film thickness. For the expansion effect of the internal
gas core, Matouš et al.19 combined the experimental observations with
modal decomposition and confirmed that the expansion effects of
internal bubbles and gas cores play an important role in the two-fluid
atomization.

For highly compressible twin-fluid atomization, Menon and
Mohana21 studied the evolution of the spray in a two-phase supersonic
overexpansion air jet; they found that compressible flow structures
such as shock and expansion waves in the high-speed two-phase flow
can induce collision and coalescence regimes through flow dynamics.
Moreover, Wilson and Strasser22 examined two-fluid atomization for
a non-Newtonian fluid and observed that the shock wave caused by
the high-speed gas expansion promotes the wave formed by the viscos-
ity gradient and Rayleigh–Taylor (R–T) instability, leading to sufficient
atomization.

However, an experimental study by Wu et al.23 postulated that
the effect of bubbles or gas cores in twin-fluid atomization is twofold:
the bubbles reduce the density of the gas–liquid mixture and shorten
the wavelength of the hydrodynamic instability on the jet surface ren-
dering finer droplets; nevertheless, the bubbles also increase the
liquid’s apparent velocity and decrease the relative velocity between
the co-flowing air and gas–liquid mixture streams, which increases the
droplet diameter. The resultant droplet diameter is, thus, determined
by the competition between these two effects, which demonstrates the
complexity of two-fluid atomization in annular flow regime.

Many different injector structures have been proposed to leverage
the high-efficiency atomization of the above-mentioned twin-fluid
configuration. St€ahle et al.24 proposed an injector design termed as
“air-core-liquid-ring” atomizer to establish favorable annular flow
within the outlet orifice; however, this was later found to be unstable
at low GLRs by Kleinhans and coauthors.25 Mlkvik et al.26 proposed
the outside-in-liquid (OIL) injector to alleviate the spray unsteadiness
by keeping an annular flow state inside the injector. Unfortunately,
Farid et al.27 concluded that even in the annular flow state, the OIL
injector still embeds certain oscillations into the spray, which will dete-
riorate under low GLRs.28 In addition, in gas–liquid–gas multiple
coaxial injection, it was found that the dominant frequencies of the
unstable oscillation of the liquid film differ under different GLRs,29

which reflects the trade-off between the shear and volume-expansion
effects under different operating conditions. Regarding the factors
influencing twin-fluid atomization in an annular flow state, Zhao
et al.30 pointed out that the atomized droplet size is positively related
to the liquid film thickness and

ffiffiffiffiffiffiffi
We

p
(where We is the Weber num-

ber), which was also confirmed by the experiments of Wachter et al.31

andWintter et al.32

As a result of the intricate interactions between the gas and liquid
streams in an OIL twin-fluid injector, there are three aspects that need
further investigation. First, more in-depth analyses of the disintegration

FIG. 1. Flow regime inside a twin-fluid injector operating in (a) bubbly flow and
(b) annular flow. The blue and white colors denote the liquid and gas medium,
respectively.
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of the liquid ring and the subsequent atomization processes are needed.
Second, the spray unsteadiness behavior under various operating con-
ditions in terms of GLR and injection pressure is also not clear. Third,
an increase in injection pressure will lead to a shrunken gaseous core,
which, in turn, will alter the upstream injection conditions, i.e., the

initial liquid sheet thickness. Thus, this coupling effect of the injection
pressure on the atomization of the OIL injector merits further
investigation.

Correspondingly, the present work examined the underlying
mechanism of the atomization processes of a twin-fluid injector oper-
ating in an annular flow regime. The measurements examined the
macroscopic structure of the spray and the associated flow state inside
the injector using high-speed imaging, and droplet dynamic analyses
were conducted based on phase-Doppler particle-analyzer (PDPA)
measurements. In addition, we focused on the influence of the GLR
and injection pressure on the atomization characteristics.

The remainder of this paper is structured as follows. In Sec. II, we
briefly introduce the configuration of the injector and the experimental
methodology. In Sec. III, we present the experimental results and dis-
cussion of the atomization characteristics, along with examinations of
the influences of different factors on the spray and its instability.
Conclusions will be given in Sec. IV.

II. EXPERIMENTAL SETUP ANDMETHODOLOGY
A. Generation of the twin-fluid spray

The twin-fluid injector is composed of three modules, as shown
in Fig. 2: module 1 is the inlet manifold of the gas and liquid streams,
module 2 is the liquid injection chamber, and module 3 is the injector
orifice section. In the present study, the diameter of the injection ori-
fice D0 was 1mm. According to Farid et al.,27 the annular flow inside
the injector requires the liquid–gas momentum ratio /ih < 0:01. The
injector parameters affecting /ih are the diameter of the injection hole
Dl , the number of injection holes N , and the diameter of the mixing
chamber DG. Although the mixing chamber length Lmix has no direct
influence on the droplet size, the liquid film thickness in the mixing
chamber increases with decreasing Lmix=DG. As suggested by a previ-
ous study,33 a ¼ 90� and L0=D0 ¼ 1 were adopted in the present
injector design. The injection holes are divided into eight rows,

FIG. 2. Schematic diagram of the gas–liquid twin-fluid injector. Module 1 is the inlet
manifold of the gas and liquid streams, module 2 the liquid injection chamber, and
module 3 the injector orifice section.

TABLE I. Design parameters of the injector.

Parameter D0 (mm) Lmix (mm) Dl (mm) N DG (mm)

Value 1 52 3 48 13

FIG. 3. Experimental facility and setup for (a) shadowgraph and (b) the PDPA system.
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with six injection holes evenly distributed for each row. To ensure
uniformity in the circumferential direction, each neighboring injec-
tion row is rotated counterclockwise by 45�. The corresponding
detailed design parameters are summarized in Table I. To facilitate

visualization of the flow state inside the injector, it was made from
high-quality acrylic.

The experimental setup is illustrated in Fig. 3(a), wherein all the
following experiments were performed at temperature of 298K and
pressure of 101 325Pa environment. GLR is defined as the ratio
between the mass flow rates of the gas and liquid streams. In our
experiment, the liquid stream was delivered by a plunger pump
(Annovi Reverberi RC, 0–2 l/min), and the mass flow rate was con-
trolled by the frequency converter (Eura Drives, E2000–0015T3). The
corresponding mass flow rateml ranged from 5.2 to 22.14 g/s, and this
was measured by an ultrasonic flow meter (KEYENCE, FD-XS8, 0–
3000 ml/min, accuracy 60.3% of the full scale). The liquid medium
was water at 300K with density ql ¼ 1000 kg/m3, dynamic viscosity
ll ¼ 10�3 Pa s, and surface tension r ¼ 0:072N/m. The gaseous
stream employed high-purity compressed nitrogen delivered by a
high-pressure gas cylinder. The upstream driven pressure was adjusted
by a pressure-regulation valve, and the mass flow rate of the gaseous
stream was regulated by a gas mass flow controller (ASERT, AST10-
DB, 0–200 SLM, accuracy 61% of the full scale). The injection pres-
sures of both the liquid and gaseous streams were measured with
pressure sensors (Westzh, CYB-20S, 0–3 MPa, accuracy 60.1% of the
full scale). To prevent backflow of the liquid, a one-way valve was
installed in the gas pipeline. In each experimental test, both the mass
flow rates of liquid stream and gaseous stream were prescribed, which
corresponds to a determined GLR value.

It should be noted that due to the internal mixing nature of the
twin-fluid injector, the pressures measured for the two streams are very
similar. Therefore, they will both be denoted by a common pressure
value DPmix (with respect to the ambient pressure) in the following sec-
tions. For a typical operating condition ofml ¼ 10:1 g/s and GLR 10%,

FIG. 4. Procedures for detecting the spray cone angle (SCA): (a) raw spray image, (b) binarization of the image, (c) extraction of the outline of the image, and (d) obtaining
the average SCA.

FIG. 5. Schematic diagram to show the PDPA sampling locations. The coordinate
system is set up on the central axis of the spray.

TABLE II. Experimental uncertainties of SMD measurement by PDPA.

Z=D0 GLR ¼ 5% GLR ¼ 10% GLR ¼ 15%

50 0.020 0.017 0.032
100 0.014 0.003 0.004
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the value of DPmix corresponds to 0.80 MPa. During the experiments,
the GLR was varied over a relatively large range (3%–20%) to investi-
gate its influence. To compare the atomization effects under different
injection pressures, experiments under three different DPmix values,
namely, 0.55, 0.80, and 1.2 MPa, were conducted. A comprehensive
summary of the experimental parameters is provided in Tables S1 and
S2 in the supplementary material.

B. Visualization and measurement techniques

The external flow field of the spray was visualized using shadow
imaging, as shown in Fig. 3(a). A 300 W diffused LED light source was
used to illuminate the spray, and the spray morphology was captured
by a high-speed camera (Phantom V711) with a macro lens (Tokina,
AT-X M100 PRO D Macro, 100mm f/2.8). The camera was set to a
frame rate of 10 000 frames per second (fps), with an exposure time of
1.8 ls. The image size was 608� 800 pixels, corresponding to a physi-
cal image resolution of 20 lm/pixel.

To analyze the image data from the macroscopic flow field, we
employed MATLAB to process the captured images. The raw images

were first binarized. Due to the absorption of light in different spray
area, in order to reconstruct the spray profile in the spray central
plane, the image was converted into a binary image using adaptive
threshold in MATLAB. The ForegroundPolarity parameter is set to
dark to indicate that the foreground is darker than the background,
and the sensitivity of the adaptive threshold is 0.5, thereby the con-
tours of the image could then be extracted. Subsequently, the time-
averaged spray cone angle (SCA) could be obtained from 1000 instan-
taneous spray snapshots. The corresponding image-processing steps
are illustrated in Fig. 4.

The droplet diameter and velocity were measured using a
two-dimensional phase-Doppler particle anemometer (Dantec,
FlowExplorer DPSS) as shown in Fig. 3(b). During the measurements, a
multi-line argon-ion laser (0.12 W) generated horizontally polarized
light and split it into two green (k ¼ 532 nm) and two yellow (k ¼ 561
nm) laser beams. The droplet diameter was measured using the second-
order refraction mode of the phase-Doppler anemometer. The lens
focal lengths of the transmitting and receiving probes were 750 and
1000mm, respectively, and the angle between the two probes was 147�.

FIG. 6. Macroscopic morphology of the spray under DPmix ¼ 0:8 MPa and various GLRs: (a) 3%, (b) 5%, (c) 6%, (d) 7%, (e) 8%, (f) 10%, (g) 12%, (h) 13%, (i) 14%, (j) 15%,
(k) 18%, and (l) 20%.
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The droplet velocity was measured using the laser Doppler anemome-
ter module, and the droplet size was obtained from the scattered yellow
laser light.

Since the region very close to the injector has a high droplet num-
ber density and poor light transmission, the PDPA measurement loca-
tions need to be an appropriate distance away from the injector orifice.
As generally accepted in previous studies,34 a twin-fluid injector
achieves primary atomization very close to the nozzle orifice, and,
thus, most upstream measurements in the present work were con-
ducted at Z=D0 ¼ 50 to ensure the sphericity requirement for PDPA
detection. All the measurement locations are denoted by solid-circle
symbols in Fig. 5. Measurement locations in the horizontal direction
were equally arranged along Z=D0 ¼ 50, 75, and 100 with an adjacent
space of R=D0 ¼ 5 to obtain the radial distribution of the spray. The
sampling time interval of each measurement location was set 10 s,
with a maximum number of spherically valid samples of 100 000.

In this study, the PDPA measurements were repeated several
times under each condition to quantify the measurement reliability.FIG. 7. SCA as a function of GLR under DPmix ¼ 0:8 MPa.

FIG. 8. (a) Droplet SMD variations as a function of GLR at five typical locations along the injector centerline under DPmix ¼ 0:8MPa. (b) Probability of coalescence of the
droplets at five typical locations along the injector centerline under DPmix ¼ 0:8MPa and various GLRs.

FIG. 9. Droplet SMD distributions with various GLRs under DPmix ¼ 0:8MPa along the horizontal direction at axial positions: (a) Z=D0 ¼ 50, (b) Z=D0 ¼ 75, and (c) Z=D0 ¼ 100.
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Uncertainty analysis of the SMD (D32) of the droplets was per-
formed using the measurement data of three typical working condi-
tions at two typical sampling locations Z=D0 ¼ 50 and 75. The SMD
is defined as

SMD ¼
X

NiDi
3=

X
NiDi

2: (1)

The dimensionless uncertainty can be obtained as

U ¼ Si xð Þ
x

¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
k
xk�xð Þ2

n� n�1ð Þ

r
x

; (2)

where xk is the measured value for each dataset, n represents the total
number of measurements, and x represents the average value of the
measurements. From the results in Table II, it can be seen that the
uncertainty in the SMDmeasurements was below 5%.

III. RESULTS AND DISCUSSION
A. Macroscopic characteristics of the spray

The macroscopic morphologies of the spray under DPmix

¼ 0:8MPa with varying GLRs are shown in Fig. 6. As the annular liq-
uid film emanated from the injector, the gas core, which is at sonic
speed, moves much faster than the liquid film, while the slip velocity
between the liquid film and the ambient is relatively small. This leads
to severe atomization in the inner interface and moderate atomization
in the outer region, yielding a bimodal distribution spray characteris-
tic. As can be seen from Fig. 6(a), for the lowest GLR of 3%, the SCA is
small, and there are large ligaments and liquid bulks at the outermost
periphery of the spray. With increasing GLR, the atomization quality
is obviously improved, and the spray plume near the gas core is more
noticeable. It is also clear that, with increasing GLR, the SCA increases,
and the boundary between the central gas core area and the peripheral
low-speed crushing atomization area becomes more distinguishable.

FIG. 10. Scatter plots of droplet diameters and velocities for GLR ¼ 3% under DPmix ¼ 0:8 MPa and four typical locations along the spray centerline, Z=D0: (a) 50, (b) 60,
(c) 75, and (d) 100. The colors indicate corresponding binned WeS numbers.
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The SCA was measured using the method described in Sec. II B,
and the results are plotted in Fig. 7. The SCA increases almost linearly
with GLR, which indicates that the spatial distribution of the spray
becomes more uniform with increasing GLR.

The SMDs at five typical locations were obtained using the data
sampled by PDPA. As shown in Fig. 8(a), for GLR ¼ 3%, the droplets
become successively smaller as the spray evolves downstream, which
suggests that the gas–liquid interaction and droplet breakup still domi-
nate at the position Z=D0 ¼ 50. Since the pressure in the mixing
chamber remains constant for different GLR conditions, the mass flow
rate of the liquid decreases with increasing GLR, while there is an
inverse change in the mass flow rate of the gas flow stream. The shear-
ing and gaseous expansion effects are strengthened, which leads to a
shorter axial distance for the droplets to accomplish the breakup pro-
cess. This tendency is further confirmed by the reduction in SMD at
Z=D0 ¼ 50 with increasing GLR.

However, it is also noticeable that for GLR � 5%, the SMD
increases at the downstream locations regardless of the GLR.

This observation was also reported by Catlin et al.20 and Wu et al.,35

and it was attributed to droplet coalescence at downstream locations
as the interaction between the two-phase flow attenuates. By follow-
ing Wu et al.,35 for a conservative estimation, we only consider
head-on collisions between droplets. Therefore, the collision out-
come is solely determined by the collision Weber number36 (Wecol
¼ qlDsUrel

2=r, where ql is the liquid density, Ds is the diameter of
the small droplet, and Urel is the relative velocity between the collid-
ing droplets).

Droplet coalescence is considered to occur when Wecol is less
than the critical value Wecrit ¼ 20; otherwise, separation will occur.
Using 100 000 PDPA samples at each measurement location, the coa-
lescence probability /col can be obtained.37 As displayed in Fig. 8(b),
for GLR ¼ 3%, the probability of droplet coalescence increases as the
droplets move downstream, which may result from the limited SCA
rendering a concentrated spray cloud near the spray’s central region.
In contrast, when the GLR exceeds 5%, the droplets are more likely to
coalesce at upstream locations, suggesting that the coalescence effect of

FIG. 11. Scatter plots of droplet diameters and velocities for GLR ¼ 20% under DPmix ¼ 0:8 MPa and four typical locations along the spray centerline, Z=D0: (a) 50, (b) 60,
(c) 75, and (d) 100. The colors indicate corresponding binned WeS numbers.

Physics of Fluids ARTICLE scitation.org/journal/phf

Phys. Fluids 34, 123309 (2022); doi: 10.1063/5.0128231 34, 123309-8

Published under an exclusive license by AIP Publishing

D
ow

nloaded from
 http://pubs.aip.org/aip/pof/article-pdf/doi/10.1063/5.0128231/16602504/123309_1_online.pdf

https://scitation.org/journal/phf


droplets at this location is not negligible; this is also the reason for the
increase in the SMD at downstream locations.

A comparison of the SMDs along horizontal lines at different
streamwise locations with various GLRs is shown in Fig. 9. It can be
observed that the SMD decreases with increasing GLR, and this gen-
eral tendency is consistent with the results obtained along the spray
centerline. In Fig. 9(a), the SMD for GLR � 10% embodies an
inverted-V-type non-monotonically increasing trend, which is dictated
by the bimodal atomization mechanism illustrated in Fig. 6. As the
spray develops downstream, the inverted-V-type SMD distribution
fades away as the spray continues to expand in the radial direction. In
the meantime, the SMD also increases because the interaction between
the gas core and the spray cloud becomes less pronounced at outer
radial locations, which can be clearly observed in Figs. 9(b) and 9(c).

However, for GLR � 10%, as presented in Fig. 9(a), the SMD
shows a V-type non-monotonically increasing trend. This can be
explained by the fact that at relatively large GLR, the entrainment of
the central gas core flow becomes stronger and leads to a higher proba-
bility of droplet coalescence at the centerline region, which results in a
local maximum value of SMD there. We also note that similar

deviation of the minimum value of SMD from the spray center region
was also discussed by Sallam et al.38 in a hollow swirling spray.

B. Statistical analysis on the droplet dynamics

Figure 10 presents scatter plots of the velocity and droplet size
information at each measurement location under GLR ¼ 3%. In
Fig. 10(a), the scattering of the droplet diameters is large, which indi-
cates that the liquid bulks are not sufficiently disintegrated at
Z=D0 ¼ 50. At downstream locations, the majority of the droplets are
within the size range 0–200 lm, and the occurrence of large droplets
becomes relatively rare. Regarding the droplet velocity, it can be found
that for small GLRs, a large number of droplets have velocities larger
than 35 m/s at upstream locations (Z=D0 ¼ 50 and 60). As the spray
evolves downstream in Figs. 10(c) and 10(d), droplets with large size
and high velocity disintegrate into small ones, and these slow down
due to the action of aerodynamic drag.

However, the distribution of droplet size and velocity shows a dif-
ferent pattern under GLR ¼ 20%, as presented in Fig. 11. By compar-
ing Figs. 10 and 11, we can see that a larger GLR yields a smaller

FIG. 12. Measured probability density functions (PDFs) of droplet diameter for GLR ¼ 3% under DPmix ¼ 0:8MPa and four typical locations along the spray centerline,
Z=D0: (a) 50, (b) 60, (c) 75, and (d) 100. The solid lines show fitted lognormal distributions.
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droplet size, and the scattering range of droplet size also becomes rela-
tively small. This implies that under constant mixing-chamber pres-
sure, increasing GLR promotes the fragmentation of the liquid rim
and shortens the axial distance required for full atomization. It is
worth noting that, at downstream locations in Figs. 11(c) and 11(d),
there are some exceptions whereby several slow-moving large droplets
emerge due to coalescence between droplets.

The main difference between Figs. 10 and 11 in their diameter–
velocity distribution patterns should be attributed to their different
atomization states at the same spatial location. For GLR ¼ 3%, the
interaction between the two phases is limited, which leads to a greater
axial distance for the secondary breakup process. Therefore, droplet
breakup still dominates the atomization characteristics at Z=D0 ¼ 50
and 60. Conversely, for GLR ¼ 20%, droplet breakup is greater before
reaching the sampling locations, which leads to a coalescence-
dominated region in the downstream locations.

To further scrutinize the droplet breakup dynamics when sub-
jected to the high-speed gas core flow, we decomposed the turbulent
motion into an average value and a fluctuation component.

Correspondingly, the forces acting on the droplets can be classified, as
determined by the relative velocity between the droplets and the gas,
and the turbulent flow carrying the fluid. To distinguish the breakup
processes caused by these two effects, we refer to them as shear
breakup and turbulent breakup, respectively.39 Shear breakup occurs
when a droplet is suddenly exposed to a relatively constant-velocity
airflow if the shear Weber number WeS exceeds a critical value
WeSð ÞC.40,41 The shear Weber numbers of droplets measured at differ-
ent measurement locations are also shown in Figs. 10 and 11. WeS is
defined as

WeS ¼
qg Vi � Vgð Þ2Di

r
> WeSð ÞC; (3)

where qg represents the density of the droplet, Vi andVg are the veloc-
ities of the droplet and gas flow at the measurement location, respec-
tively, Di is the diameter of the droplet, and r is the surface tension
coefficient. Since PDPA cannot be used to directly measure the
gas velocity, in twin-fluid atomization, droplets with Stokes number
St < 1 are often used to track the motion of the gas flow in their

FIG. 13. Measured PDFs of droplet diameter for GLR ¼ 20% under DPmix ¼ 0:8 MPa and four typical locations along the spray centerline, Z=D0: (a) 50, (b) 60, (c) 75, and
(d) 100. The solid lines show fitted lognormal distributions.
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vicinity. According to Ferrand et al.,42 the gas flow velocity Vg is,
therefore, represented by the average velocity of those droplets with
diameters of 0–5 lm. A previous experimental study43 suggests that
the critical Weber number for viscous droplets is around 10. Here, we
take WeSð ÞC ¼ 10 as a conservative estimation. The Weber numbers
of the droplets are all within 10, which indicates that the secondary
atomization in this study has the form of turbulent breakup.

Accordingly, the gas Reynolds numbers in this study ranged from 104

to 105, which also confirms turbulent breakup.
The distribution laws of the droplet size and velocity are of great

significance for the in-depth understanding of the microscopic charac-
teristics or the spray. Probability density functions (PDFs) of discrete
droplet diameters and their lognormal fittings at various measurement
locations along the spray centerline under different conditions are
exhibited in Figs. 12 and 13. The lognormal distribution takes the fol-
lowing form

f D; lD;rDð Þ ¼ 1ffiffiffi
2

p
pDrD

exp � lnD� lDð Þ2
2rD2

" #
; (4)

where lD and rD denote the mean and standard deviation of the natu-
ral logarithm of the droplet diameter, respectively, as summarized in
Table III. It can be observed that the fitting curves agree well with the
experimental data. The droplet diameters are mostly distributed in the
range 0–100 lm, and droplets with diameters of 0–75 and 0–50 lm
account for the majority of the total samples for GLR ¼ 3% and 20%,
respectively. The values of lD and rD generally increase with

FIG. 14. Measured PDFs of droplet velocity for GLR ¼ 3% under DPmix ¼ 0:8MPa and four typical locations along the spray centerline, Z=D0: (a) 50, (b) 60, (c) 75, and
(d) 100. The solid black and dashed red lines show normal and lognormal distributions, respectively.

TABLE III. Means and standard deviations of the fitting curves for the spray droplet
diameter distributions.

Z=D0

GLR ¼ 3% GLR ¼ 20%

rD lD R2 rD lD R2

50 14:464 34:996 0.991 9:967 31:025 0.996
60 14:732 35:737 0.995 12:945 36:195 0.997
75 15:217 36:772 0.997 16:935 39:983 0.999
100 17:224 39:358 0.995 17:707 38:991 0.995
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increasing streamwise distance for both GLR cases, with the peak value
of f Dð Þ shifting to larger diameter values, indicating greater probabil-
ity of droplet coalescence under GLR ¼ 20% than GLR ¼ 3%. This
early coalescence again corroborates shorter primary and secondary
breakup regimes with increasing GLR.

Figures 14 and 15 show PDFs of droplet velocity distribution at
different measurement locations on the spray center axis under differ-
ent operating conditions. The measurements of discrete droplet veloc-
ity are represented by the histogram of the number frequency f Dð Þ,
and these are fitted with both normal and lognormal distributions:

f V ;lV ;rVð Þ ¼ 1ffiffiffi
2

p
prV

exp � V � lVð Þ2
2rV 2

" #
; (5)

f V ;lV ;rVð Þ ¼ 1ffiffiffi
2

p
pVrV

exp � lnV � lVð Þ2
2rV 2

" #
; (6)

where lV and rV denote the means and standard deviations of the
natural or log-natural logarithm of the droplet velocity, respectively,
whose specific values are given in Table IV.

In line with Fig. 10, for GLR ¼ 3%, the velocity distribution of
the droplets is relatively uniform, so it tends to be a normal distribu-
tion, as indicated by the red dashed lines in Fig. 14. In addition, for the
same GLR condition, the velocity distribution range becomes larger as
the spray develops downstream, and the corresponding peak velocity
also increases. Under large GLRs, as shown in Fig. 15, the overall PDF
approaches lower velocities, the variation range of velocity distribution

FIG. 15. Measured PDFs of droplet velocity for GLR ¼ 20% under DPmix ¼ 0:8MPa and four typical locations along the spray centerline, Z=D0: (a) 50, (b) 60, (c) 75, and
(d) 100. The solid black and dashed red lines show normal and lognormal distributions, respectively.

TABLE IV. Means and standard deviations of the fitting curves for the spray droplet
velocity distributions.

Z=D0

GLR ¼ 3% GLR ¼ 20%

rV lV R2 rV lV R2

50 8:592 33:819 0.977 3:592 9.413 0.994
60 9:330 29:919 0.953 11:201 15.0773 0.996
75 9:109 28:517 0.976 18:705 26.611 0.987
100 9:981 28:314 0.979 19:240 32.251 0.980
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shrinks, and the peak value of the velocity distribution also becomes
smaller at upstream locations, whereas the peak shifts to large velocity
as the droplets are accelerated by the gas stream to the downstream
locations. It can also be found that, for large GLRs, the velocity distri-
bution is better characterized by the lognormal distribution, as quanti-
fied by the R2 values in Table IV. Overall, these differences in both
velocity and droplet diameter distribution functions for GLR ¼ 3%
and 20% also reflect the discordance in the atomization process in the
axial direction under various GLRs. Similar results can also be
observed for GLR ¼ 8%, as shown in Figs. S1–S3 and Tables S3 and
S4 of the supplementary material.

C. Spray instability and associated internal flow

Twin-fluid atomization essentially involves a shear layer between
two streams, wherein absolute instability and self-pulsation will invari-
ably occur beyond a critical momentum flux ratio.44,45 Although Farid
et al.27 argued that a gas–liquid coaxial injector in the annular flow
regime could produce a spray that is more stable than other injector
configurations, it still exhibits spray fluctuations and variations in
droplet dynamics under different GLR conditions.

For a qualitative comparison, the standard deviations of the spray
were obtained by calculating the standard deviation of the gray value
of 1000 shadow images during the quasi-steady state. A large standard
deviation value in an area implies that the spray fluctuates more vio-
lently there over time. As shown in Figs. 16(a) and 16(b), under low
GLRs (3% and 5%), the spray shows considerable fluctuations near the

interface between the high-speed gas core and the dense liquid region.
As the GLR increases, the oscillation of the spray diminishes, implying
better spray stability.

The instability of the spray is also embodied in the droplet
dynamics. The velocities of droplets measured within 500 ms at the
same measurement location under various GLRs are shown in Fig. 17.
It can be clearly seen that when the GLR is relatively low (3% and 5%),
the variation in the droplet velocity is remarkable. With continuous
increase in GLR, the variation of the droplet velocity diminishes signif-
icantly, indicating that the spray becomes more stable, which is consis-
tent with the previous statistical results. Similar results can also be
found for the other two injection pressures, as shown in Figs. S4 and
S5 of the supplementary material.

The characteristics of the external spray are dictated by the disin-
tegration of the liquid sheet emanating from the injection orifice,
which is further determined by the internal flow state between the two
phases in the injector. Thus, the internal flow near the injector orifice
was visualized using a microscope lens (Navitar, 12� UltraZoom).
The frame rate of the camera was 2000 fps, the exposure time was
60 ls, and the spatial resolution of the resulting images is 20 lm/pixel.
It should be noted that, limited by the structural strength of the acrylic
material, the injector wall is relatively thick (30mm), and the magnifi-
cation of the lens was, thus, restricted to 7� in the present work. In
this regard, these visualization results should only be regarded as quali-
tative demonstrations of the internal flow state.

As displayed in Fig. 18, for low to intermediate GLRs, the liquid
is flowing as a film along the inner wall in the mixing chamber, and it

FIG. 16. Standard deviations under DPmix ¼ 0:8MPa and GLRs: (a) 3%, (b) 5%, (c) 7%, (d) 8%, (e) 10%, (f) 12%, (g) 15%, and (h) 20%.
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becomes thinner as it passes through the convergence section and
approaches the entrance to the injection orifice. By inspecting the
image sequence, we can see that the precession of the central gas core
is noticeable, and this leads to continual variation in the liquid sheet’s
thickness, rendering an unsteady spray under low to intermediate
GLRs. In contrast, under large GLRs, the gas entering the convergence
section nearly fills the full width, except for barely visible liquid films
on the inner walls of the injector. Furthermore, the gas core remains
relatively stable, which is consistent with the lower spray unsteadiness
under high GLRs.

D. Influence of the injection pressure

Operating in the gas-core-liquid-ring flow state, the annular flow
pattern is sustained by a continuous core of compressed gas in the
middle of the liquid stream in the present injector configuration. Thus,
gas plays two main roles in the atomization process: on the one hand,
the gas squeezes the liquid sheet and strips it into ligaments and frag-
ments when ejected from the injector; on the other hand, the gas
abruptly expands to disintegrate the liquid fragments into droplets

when they issue through the orifice. Consequently, it is natural to spec-
ulate that an increase in injection pressure will also enhance the atomi-
zation quality by means of a greater expansion potential.32 Therefore,
the effect of injection pressure will be further examined in this section.

The macroscopic morphologies of the spray under various DPmix

values and GLRs are shown in Fig. 19. It can be observed that, with
increasing injection pressure, the SCA increases significantly, which is
consistent with the quantitative results shown in Fig. 20. For low GLRs
(�10%), the atomization improves, and in particular, the large liga-
ments around the outer periphery of the spray disappear as the injec-
tion pressure increases. As for large GLRs (> 10%), the optical density
of the spray periphery increases with increasing injection pressure,
which means that finer droplets are produced under higher injection
pressures.

The standard deviations of the spray at various DPmix values and
GLRs are shown in Fig. 21. It is evident that the standard deviation of
the spray decreases significantly as the injection pressure increases.
The spray tends to become stable with increasing GLR and also with
increasing injection pressure. It can also be seen that under low injec-
tion pressures, imperfections in injector manufacturing lead to an

FIG. 17. Temporal evolution of droplet velocities and arrival times at Z=D0 ¼ 50 under DPmix ¼ 0:8 MPa and four typical GLRs: (a) 3%, (b) 8%, (c) 15%, and (d) 20%.
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obviously asymmetric spray morphology; this is alleviated under
higher injection pressures.

To further quantify the stability of the spray, a dimensionless
parameter SD=Mean defined as the ratio between the spatial aver-
aged standard deviation and the spatial averaged mean value of the
gray values of the 1000 sample images. The corresponding results
for three different operating pressures are displayed in Fig. 22. It
can be seen that for low injection pressures DPmix ¼ 0:55 and
0:80MPa, the dimensionless standard deviation becomes lower
than 10% as the GLR exceeds 10%. Nevertheless, for large injection
pressure DPmix ¼ 1:20MPa, the spray is much more stable whose
dimensionless standard deviation is always within 10% even at the
smallest GLR condition.

A quantitative comparison of the SMDs at different positions
along the spray center axis under different injection pressures and
GLRs is shown in Fig. 23. For the lowest GLR (5%), the SMD first
declines and then increases as the spray develops to the downstream
locations, as exhibited in Fig. 23(a). Under intermediate GLRs (10%
and 15%), the SMDs increase monotonically before reaching their
maximum value with the development of the spray. However, for the
largest GLR (20%), the SMD first increases at upstream locations, but
it declines at downstream locations. This difference in SMD variation
lies in the different axial evolution controlled by the competition
between the droplet breakup and coalescence processes as well as the
gas entrainment under various GLR and injection pressure conditions.

Furthermore, it is interesting that in Fig. 23(a), for the same GLR,
the SMD under DPmix ¼ 1:20MPa is in between the values under
DPmix ¼ 0:55 and 0.80 MPa, whereas for GLR � 10%, the SMD
increases with increasing injection pressure. This tendency is some-
what inconsistent with the conviction that a higher injection pressure
should result in a smaller SMD as more energy is consumed.46,47

Nevertheless, these previous understandings regarding the injection
pressure are mainly limited to external mixing twin-fluid injectors48 or
bubbly flow effervescent injectors;14 the effect of injection pressure on
the atomization efficiency is still not clear.

To reveal the physical mechanism leading to the anomaly in
SMD variation as injection pressure increases, we need to fully
understand the physical processes governing the atomization in the
twin-fluid injector operating in annular flow state. Following
Marmottant and Villermaux’s investigation49 of the liquid-core-air-
ring configuration, a liquid sheet destabilization mechanism in the
case of an annular flow state is tentatively proposed, and this is illus-
trated in Fig. 24.

The liquid destabilization is initialized by a longitudinal K–H
instability, which generates interfacial waves on the liquid sheet by
aerodynamic forces. In the second stage, the surface perturbations
grow due to transverse R–T instability, wherein liquid ligaments pro-
truding from the liquid ring are accelerated by aerodynamic inter-
actions, leading to the disintegration of the intact liquid sheet.50,51

This process is referred to as the primary atomization; a secondary

FIG. 18. Flow state in the mixing chamber with DT ¼ 5ms under DPmix ¼ 0:8MPa and GLRs: (a1)–(a4) 3%, (b1)–(b4) 5%, (c1)–(c4) 10%, and (d1)–(d4) 15%. The interface
between the gas and liquid phases is marked with yellow line.
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atomization will occur if the primary droplets exceed a critical size.
The primary breakup process covers the formation of unstable waves
along with the detachment of liquid ligaments, which controls the
size, dynamics, and spatiotemporal distribution of the resultant
spray. Therefore, the SMD is determined by the initial liquid sheet

thickness by successive longitudinal K–H instability and transverse
R–T instability.52,53 Correspondingly, a rough estimation can be for-
mulated as SMD / Dc

L, where DL is the initial liquid sheet thickness
and c is a model constant, which was experimentally fitted to be 0.38
by Rizk and Lefebvre.54

FIG. 19. Macroscopic morphology of the spray under various GLRs and DPmix values in which (a1)–(a5) DPmix ¼ 0:55MPa, (b1)–(b5) DPmix ¼ 0:80 MPa, and (c1)–(c5)
DPmix ¼ 1:20MPa.
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According to the internal flow state shown in Fig. 18, the gas-
liquid two phase flow forms an annular flow inside the injector with a
distinguishable interface between gas and liquid streams. Since the
absolute injection pressure Pinj ¼ DPmix þ Pamb in the injector cham-
ber is large enough to be choked at the injector orifice,55 the gas flow

in the passage formed by the surrounding liquid film resembles that
flow through a convergent injector as shown in Fig. 24. Therefore, the
flow speed of the gas phase at the injector orifice is equivalent to
the local sound speed.20,56 According to the relationship55 between the
critical parameters, area of the critical section A� can be found,

FIG. 20. SCA as a function of GLR under various DPmix values.

FIG. 21. Standard deviations under various GLRs and DPmix values in which (a1)–(a5) DPmix ¼ 0:55, (b1)–(b5) DPmix ¼ 0:80, and (c1)–(c5) DPmix ¼ 1:20 MPa.

FIG. 22. Dimensionless standard deviations under various GLRs and DPmix
values.
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A� ¼ qg
ffiffiffiffiffi
T0

p
KPinj

; (7)

where T0 is the total temperature of the gas stream, K is 0.0397 for
nitrogen gas, and Pinj is the absolute injection pressure. The equivalent
diameter of the gas core dg can be obtained by

dg ¼
ffiffiffiffiffiffiffiffi
4A�

p

r
: (8)

Since the diameter of the injector orifice d0 is given, the equiva-
lent average liquid film thickness at the throat can be obtained. When
the gas is ejected from the injector orifice, the diameter of the gas core
at the throat is the smallest, and the liquid film thickness is the largest
correspondingly. The liquid film thickness at the throat is taken as the
initial liquid film breaking thickness DL when the liquid is issued from
the injector,

DL ¼ 1
2

d0 � dg
� �

: (9)

Considering the influence of initial liquid film thickness on SMD, a
dimensionless parameter DL=SMD is defined to measure the atomiza-
tion efficiency, which quantifies the overall capability of the injector in
scattering the initial liquid sheet into dispersed droplets under certain
operating condition.

The Atomization efficiency DL=SMD for two typical GLRs under
various injection pressures is shown in Fig. 25. It can be observed that
with increasing injection pressure, the injector scatters the initial liquid
sheet into increasingly smaller droplets; however, the resultant SMD is
more sensitive to the initial liquid sheet thickness DL. The gas and liquid
streams have to share the cross-sectional area of the injector orifice in
the annular flow state; therefore, increasing the injection pressure will
shrink the cross-sectional area occupied by the gas core flow and yield a
thicker initial liquid sheet. This is the main reason for the increase in
SMD with increasing injection pressure under the same GLR; this indi-
cates that the SMD is mainly determined by DL, whereas the atomiza-
tion efficiency DL=SMD is enhanced with increasing injection pressure.

According to the atomization mechanism and spray instability
study in the present work, the main influential factors in the spray

FIG. 23. Droplet SMD variations as a function of DPmix at typical locations along the injector centerline for (a) GLR¼ 5%, (b) GLR¼ 10%, (c) GLR¼ 15%, and
(d) GLR¼ 20%.
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characteristics of twin-fluid atomization can be deduced. Considering
the geometric design of the twin-fluid injectors, the basic goal is to
generate a thin liquid film inside the injector orifice. As such, increas-
ing the length of the mixing chamber can effectively reduce the liquid
film thickness in the mixing chamber; increasing the number of liquid
injection holes can reduce the momentum ratio of liquid to gas per
liquid injection hole57 and improve the spray’s stability. Moreover,
reducing the ratio of injector orifice and mixing chamber diameter are
advantageous for atomization, which yields smaller droplets.27

Regarding the operating of the injectors in pragmatic conditions, the
fuel rheological behavior may increase the wavelength of the K–H and
R–T instability waves responsible for the atomization, which results in
enlarged droplet sizes.58 As for the thermos-physical properties,

according to the previous studies,59 viscosity and surface tension
would prevent ligaments from breaking up. Based on the atomization
mechanism proposed in this work, increase in surface tension and vis-
cosity will inevitably inhibit the growth of the K–H and R–T instability
waves, which hinders the bulk liquid destabilization and subsequently
ligament breakup.60 This is consistence with previous studies by Ejim
et al.61 for air-assisted atomization, whereas quantitative analyses on
the influence of thermos-physical properties of the liquids on the
twin-fluid atomization merit further systematic investigation.

IV. CONCLUDING REMARKS

In this study, the atomization characteristics of a twin-fluid injec-
tor operating in the annular flow regime were experimentally investi-
gated under various GLRs and injection pressures. The macroscopic
structure of the spray was visualized using a high-speed camera, while
the droplet diameter and velocity were measured using PDPA. In
addition, the flow state inside the injector was examined to reveal the
underlying mechanism for the instability of the external spray. The
major findings are summarized as follows.

The SCA of the twin-fluid injector increases almost linearly with
GLR. Simultaneously, the droplet size first decreases and then
increases along the axial direction; this is mainly due to the competi-
tion between droplet breakup, coalescence, and gaseous flow entrain-
ment. Moreover, under the same injection pressure, the axial distance
required for droplet coalescence to outweigh the breakup decreases
with increasing GLR. Furthermore, estimation of the single-droplet
shear Weber number indicates that shear breakup is less likely in the
spray far field, and the droplet disintegration is predominately con-
trolled by turbulent breakup under large Reynolds numbers in the
range 104–105.

The droplet sizes at different measurement positions tend to fol-
low a lognormal distribution function. For a low GLR (3%), the drop-
let velocities follow a normal distribution function, whereas under
large GLRs, the droplet velocity distribution is closer to a lognormal
distribution function. Regarding the radial distribution, low GLRs (3%
and 5%) lead to a bimodal spatial velocity distribution due to small
SCAs, while for large GLRs, the droplet velocity decreases monotoni-
cally toward the far field.

FIG. 24. Schematic to illustrate a possible mechanism for twin-fluid atomization in
the annular flow regime.

FIG. 25. Atomization efficiency DL=SMD variations as a function of DPmix at typical locations along the injector centerline for (a) GLR¼ 15% and (b) GLR¼ 20%.
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The stability of the spray improves with increasing GLR.
Furthermore, a higher injection pressure corresponds to a larger SCA
and leads to a more stable spray; nevertheless, the droplet SMD
increases under raised injection pressure. The atomization mechanism
for a twin-fluid injector in the annular flow regime is equivalent to a
successive process of K–H and R–T instabilities disintegrating the initial
annular liquid sheet, which implies a direct proportionality between the
SMD and initial liquid sheet thickness DL. Correspondingly, for higher
injection pressures, the central gas core shrinks and DL increases; thus,
the SMD enlarges, while the atomization efficiency DL=SMD increases.

SUPPLEMENTARY MATERIAL

See the supplementary material for the following. (i) A detailed
summary of the experimental conditions under various GLRs and
DPmix values. (ii) Statistical analysis of the droplet dynamics for
GLR ¼ 8% under DPmix ¼ 0:8MPa at the selected sampling loca-
tions, including scatter distributions of droplet diameters and veloci-
ties, and PDFs of droplet diameter and velocity. The selected locations
mentioned above include Z=D0 values of 50, 60, 75, and 100. (iii)
Temporal evolutions of droplet velocities and arrival times for
Z=D0 ¼ 50 under various DPmix values and four typical GLRs, includ-
ing DPmix ¼ 0:55 and 1.20 MPa. The typical GLRs mentioned above
include 3%, 8%, 15%, and 20%.
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