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Abstract
To overcome the environmental problems during manufacturing process, the twin-fluid atomization has been demonstrated as an
efficient technique to reduce the lubri-cooling fluid consumption and its pollution emission. However, the coupling between the
gas, liquid, and structure of the twin-fluid nozzle directly affect the droplet characteristics and size distribution, which has a
significant effect on the processing performance. In the current work, the droplet characteristics during the collaborative atom-
ization process of a twin-fluid nozzle with two kinds of atomizing cores are investigated and compared via a phase Doppler
particle analyzer (PDPA), and the droplet diameter and size distribution of a new twin-fluid nozzle (NTN) with different
atomizing cores are further investigated. The results reveal that the spray atomization characteristics and droplet size distribution
are obviously influenced by the performance of primary and secondary atomization, which mainly depend on the atomizing core
structure and the gas to liquid mass flow rate ratio (GLR). Because the gas acceleration performance of the new atomizing core is
better than that of the standard atomizing core at the same GLR, compared with the standard twin-fluid nozzle (STN), the droplet
diameter decreases by approximately 33.97%, the droplet number concentration and axial velocity increase by approximately
36.39% and 34.51%, respectively, and the spray cone angle of the STN is only approximately 80% of that of the NTN.
Meanwhile, the higher GLR of the twin-fluid nozzle provides more energy for the droplets, so the viscous force between the
liquids is easier to overcome and the atomization characteristics are improved. Nevertheless, for a smaller GLR, the droplet size
distribution is significantly affected by the structural parameters of the NTN atomizing core due to the insufficient atomization
power. Moreover, a smaller throat diameter, a smaller exit diameter, and a moderate distance between the liquid channel and the
atomizing core exit are beneficial for improving the droplet cumulative distribution.
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1 Introduction

In recent years, an increase in environmental pollution caused
by the rapid industrialization is obvious, and it has attracted

widespread attention. In the manufacturing process, the im-
portance of environmental protection is increasingly recog-
nized. The liquid used for lubrication and cooling during pro-
cessing has an important influence on the tool life and the
surface quality, and the reduction of liquid consumption and
pollution emission is of great significance. To solve this prob-
lem, the use of atomization to break a continuous liquid into
discrete droplets has proven to be an effective method [1].
Spray atomization can be used for minimum quantity lubrica-
tion (MQL), cooling, and chemical mechanical polishing.
Indeed, the spray atomization performance, such as the droplet
characteristics and size distribution, is directly related to the
lubrication performance, the heat exchange capability, and the
surface quality [2–4]. In spray atomization technologies, the
use of the twin-fluid atomization technology to improve the
spray performance has been proven to be an efficient approach
[5, 6], and the main principle of small droplet formation in this
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technique is that the liquid sheet is disrupted into droplets by
the energy of the high-velocity pressurized gas. This tech-
nique has the advantages of smaller droplet size, lower cost,
and higher operating reliability and has received extensive
attention from scholars worldwide [7, 8].

Due to the strong coupling between the gas, liquid, and
mechanical structure, the spray process of twin-fluid atomiza-
tion is complex and changeable. Some deficiencies, such as
low droplet concentration, uneven size distribution, and poor
atomization stability, still exist in practical applications.
Therefore, to improve the droplet characteristics of twin-
fluid atomization, a thorough understanding of the method
and behavior of twin-fluid atomization is significant. Many
investigations on atomization methods have been reported to
improve the droplet characteristics of twin-fluid atomization,
which can be achieved by different approaches, including
electrostatic, supersonic, and vibrating techniques [9–11].
These methods have the advantages of simple operating con-
ditions, high efficiency, and strong adaptability, which have
attracted the interest of researchers.

Various studies of spray nozzles related to vibrating atomi-
zation have been previously performed using numerical and
experimental methods. Kim and Choi [12] numerically ana-
lyzed the atomization of an ultrasonic gas nozzle with compu-
tational fluid dynamics (CFD). At the same time, the ultrasonic
vibration generated by the resonance chamber in the gas nozzle
was decided by the experiment. Baillot et al. [13] investigated
the influence of transverse acoustic perturbations on a coaxial
air-assisted nozzle through a comparative experiment. This
study verified that the breakup of the liquid sheet was mainly
affected by the membrane breakup, faraday instability, and in-
trinsic sheet instabilities, which are closely related to the acous-
tics. Narayanan [14, 15] proposed a novel atomization nozzle
based on the Hartmann effect, and the influence of Hartmann
cavity acoustics on spray atomization was experimentally inves-
tigated. The results showed that the acoustic field could enhance
the atomization behavior and caused the droplet to undergo
large deformations, resulting in an irregular shape. Ruan et al.
[16] designed a vibrating atomization nozzle and experimentally
studied the acoustic field characteristics, and the effect of the
acoustic field on droplet deformation behavior was further in-
vestigated. The results revealed that the atomization quality
could be improved by the droplet oscillation greatly enhanced
by the acoustic field. Ficuciello et al. [17] experimentally inves-
tigated the effect of a high-amplitude transverse acoustic field
on the spray atomization of a coaxial atomizing nozzle, and the
drastic effect of the acoustics on the atomization process was
verified. Vibrating atomization technology can significantly im-
prove the atomization performance, but the reduction in droplet
size and the increase in droplet concentration are limited, and
the droplet characteristics have yet to be further improved.

An increase in the velocity difference between gas and
liquid two phases was proven to be an effective method to

promote the droplet characteristics, and a supersonic atomiza-
tion method to increase the overall atomization performance
by accelerating the airflow velocity to supersonic speeds to
enhance the droplet breakup was proposed by Gelfand [18].
Theofanous [19] suggested that accelerating the gas speed
from low subsonic to supersonic to increase the mode compe-
tition between Rayleigh–Taylor and Kelvin–Helmholtz insta-
bilities could enhance the droplet breakup and the atomization
performance. Yang et al. [20] analyzed the velocity flow field
distributions inside a supersonic atomizing nozzle, and the
influence of the operational parameters on the atomization
performance was further studied. The results indicated that
the increase in gas pressure and decrease in liquid pressure
was beneficial for decreasing the droplet size. Mates and
Settles [21, 22] investigated the gas dynamics and atomization
behavior of an atomizing nozzle during the fine metal powder
atomization process, and the potential to remarkably improve
particle size control and energy efficiency was verified.
Furthermore, the results indicate that the supersonic gas flow
could provide more energy to enhance the multistage droplet
breakup, and the particle size was obviously influenced by the
velocity decay. However, a collaborative atomization method
for improving the droplet characteristics based on supersonic
atomization technology and vibrating atomization technology
has rarely been reported to date, and the droplet characteris-
tics, droplet diameter, and size distribution during the collab-
orative atomization process have not been previously studied
in detail.

During the manufacturing processes, better droplet charac-
teristics and size distribution of the atomization nozzle can
effectively enhance the capillary penetration performance
and heat transfer property, which is of great significance for
improving the tool life and surface quality [1, 3, 4]. Thus, in
order to improve the droplet characteristics and size distribu-
tion of the twin-fluid atomizing nozzle during the lubrication,
based on the previous work of Chen et al. [23, 24], the col-
laborative atomization method was adopted and a new twin-
fluid nozzle was designed. The quantitative measurements of
the droplet characteristics of twin-fluid nozzle were conducted
by a phase Doppler particle analyzer. The spray atomization
characteristics of the twin-fluid nozzle with two kinds of at-
omizing cores were investigated and compared, and the drop-
let diameter and size distribution of a new twin-fluid nozzle
with different atomizing cores were further analyzed during
collaborative atomization.

2 Experimental description

2.1 Experimental setup

Figure 1 shows the schematic of a twin-fluid atomization ex-
perimental setup designed to perform the spray atomization

1626 Int J Adv Manuf Technol (2020) 107:1625–1639



experiment. The experimental setup is mainly composed of a
twin-fluid nozzle, a water pump, an air compressor, two flow-
meters, two accumulators, two pressure reducing valves, two
cut-off valves, two pressure gauges, and the measurement
system. Liquid and gas are pumped into the setup by the water
pump and air compressor, respectively, and the pressure in the
pipelines can be adjusted by the pressure reducing valve to the
specified values to meet the experimental requirements. In the
pipelines, the fluctuations in the working fluids can be
absorbed, the pressures can be stabilized through the accumu-
lator, and the values of the pressure and the flow rate can be
measured by a pressure gauge and a flowmeter, respectively.
The liquid and gas in the pipes are injected into the twin-fluid
nozzle, which is employed to achieve the atomization behav-
ior. The measurement system is adopted to collect a sample of
droplets and to obtain the droplet concentration, size, and ve-
locity at a downstream location of the nozzle outlet.

2.2 Testing nozzle

A schematic of the twin-fluid nozzle used in this study is
shown in Fig. 2. The nozzle has a nozzle shell with an atom-
izing core contained within the shell. A self-excited vibrating
cavity is located near the downstream of the nozzle outlet and
is fixed to the nozzle shell. The length and maximum outer
diameter of the atomizing core are 9.5 mm and 8 mm, respec-
tively, and it has 4 circumferentially evenly distributed liquid
channels with a diameter of 0.9 mm. Liquid and gas flow into
the atomizing core through the liquid inlet and gas inlet, re-
spectively, and the complex coupling behavior of gas-liquid
mixing and liquid film breakup occur inside the atomizing
core. Atomized droplets spray from the nozzle outlet at high
speed and strongly drive the self-excited vibrating cavity,
which causes a high-frequency vibration of the self-excited

vibrating cavity. The excessive vibration further enhances
the turbulence around the nozzle outlet, which causes the sec-
ondary atomization of the droplets. The collaborative effect of
the two atomization processes can greatly improve the droplet
breakup performance, and the droplets move downstream of
the nozzle outlet and gradually develop a conical spray.

For the two-phase gas-liquid flow inside the twin-fluid
nozzle, the atomizing core is the key component of the initial
atomization. Based on the supersonic principle of the Laval
effect [25, 26], the design of a new atomizing core was pro-
posed. The structure of the gas channel of the new atomizing
core mainly included a convergent section, a throat, and a
divergent section. The bicubic curve equation and the arc plus
line method were used for designing the convergent section
and divergent section, respectively. The new atomizing core is
optimized on the basis of a standard atomizing core [27], and
the two types of atomizing cores with different internal struc-
tures are shown in Fig. 3. The influence of the two structures

Fig. 1 Schematic of the twin-fluid atomization experimental setup

Fig. 2 Schematic of the twin-fluid nozzle geometry
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on the gas flow is quite different, and the gas flow inside the
new atomizing core can be quickly accelerated up to the su-
personic speed by the Laval effect [28]. Four representative
values of the three key geometrical parameters of the new
atomizing core are further investigated. These parameters, as
listed in Table 1, include the following: D0 is the throat diam-
eter of the new atomizing core, D1 is the exit diameter of the
new atomizing core, and L is the distance between the central
axis of the liquid channel and the atomizing core exit (nozzle
outlet).

2.3 Experimental conditions and measurement
technique

A standard twin-fluid nozzle (STN) (twin-fluid nozzle with
standard atomizing core), a new twin-fluid nozzle (NTN)
(twin-fluid nozzle with new atomizing core), and various
NTNs with different structures of new atomizing core were
used for the atomization experiments. Each of the experimen-
tal cases was conducted with air and water as the working
fluids at an ambient room temperature of 24 °C and atmo-
spheric pressure. The detailed conditions of these experimen-
tal cases are summarized in Table 2.

To obtain the size distribution, axial velocity, and con-
centration of the atomized droplets, a phase Doppler parti-
cle analyzer (PDPA, Dantec Dynamics Co., Denmark) was
adopted. As shown in Fig. 1, the PDPA consists of a water-
cooled argon-ion laser, a 3D traverse system, a transmitter,
a receiver, a beam separator, a P600 BSA analyzer, and a
computer. A 6 Wargon-ion laser provided the dual-channel
optical fiber assembly, which transmitted two pairs of
beams (514.5 nm wavelength green beam and 488 nm
wavelength blue beam) by a beam separator and a frequen-
cy module for measuring the droplet properties. Both the
transmitter and the receiver were equipped with front
lenses with a 310 mm focal length. The receiver was posi-
tioned in a 30° forward scattering configuration, and the
beam waist was approximately 85 μm in diameter at the

measurement position. More details regarding the PDPA
are presented in Table 3.

Each droplet moving through the small measurement vol-
ume of the intersection of two focused laser beams could be
detected, and the measurement volume could be adjusted by
the 3D traverse system. The evaluation of raw PDPA data was
performed in post-processing mode using the BSA analyzer
and was statistically analyzed via BSA Flow software. Due to
the internal probe volume correction function in the software,
the lower visibility of small droplets was corrected at the edge
of the measurement volume. In this study, the PDPA setup was
optimized for droplet diameters below 100 μm and velocities
less than 50 m/s, and real-time droplet measurements were
performed with a high precision of 0.2%. Settings of the
PDPA in all tests were kept constant to minimize any bias in
the measurement of droplet properties. For each measurement
position, three replicate experiments were performed, and ef-
fective average data were obtained to ensure reliable and ac-
curate statistical analysis.

3 Results

3.1 Comparative analysis of the effect
of the atomizing core structure on the spray
atomization characteristics

To investigate the variation in the spray atomization charac-
teristics as a function of the atomizing core structure, compar-
ative atomization experiments of the STN and NTN were

Fig. 3 Two types of atomizing
cores with different internal
structures. a Standard and b new

Table 1 Geometrical parameters of the new atomizing core

Item Value Range

Throat diameter D0 (mm) 1.4 1.2, 1.4, 1.6, 1.8

Exit diameter D1 (mm) 3.0 2.7, 3.0, 3.3, 3.6

Distance L (mm) 3.0 2.4, 3.0, 3.6, 4.2
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conducted. The studies were performed at a mass flow rate of
gas from 0.00016 to 0.00034 (kg/s) and a constant liquid mass
flow of 0.008 (kg/s). These values corresponded to the values
of the gas to liquid mass flow rate ratio (GLR) from 2.0 to
4.3%, as shown in Table 4. From the 100 mm at the down-
stream location of the nozzle outlet in axial direction along the
central axis of the spray, 9 measurement points with spacing of
50 mm were selected for data collection.

3.1.1 Droplet diameter

Droplets along the spray axis were measured, and the Sauter
mean diameter (SMD) for various GLR values (2.0%, 2.6%,
3.3%, 3.8%, and 4.3%) of the STN and NTN are illustrated in
Fig. 4. The SMD is a key criterion for atomization behavior
and is calculated as follows [29]:

SMD ¼ ∑
i
nid3i =∑

i
nid2i ð6Þ

where di is the diameter of droplet i and ni is the number of
droplets.

As shown in Fig. 4 a and b, for both the sprays of the STN
and NTN, the experimental data show that the SMD decreases
with an increase in the GLR at a fixed liquid mass flow rate of
0.008 kg/s. The effect is in accordance with the results report-
ed by Kourmatzis et al. [30] and Xia et al. [31]. As the GLR
changes from 2.0 to 4.3%, the decrease in the SMD of the
STN is more obviously affected by the increase in the GLR

than that of the NTN, but the overall droplet diameter of the
NTN is smaller (approximately 33.97%) than that of the STN.
In accordance with previous research, larger droplets more
easily break up by the effect of gas injection power and sur-
rounding turbulence [32]. However, due to the better gas ac-
celeration performance of the NTN by the Laval effect of the
new atomizing core, the higher gas velocity of the injection is
beneficial for the breakup of the droplets, which results in a
smaller overall droplet size. Furthermore, at a fixed water
mass flow rate, the atomization power of the droplets in-
creases with an increase in the GLR, which causes a remark-
able change in the larger droplet size of the STN with the
change in the GLR.

Additionally, as the droplets move during their far-field
dispersion in the airflow, the SMD for each GLR increases
rapidly within 400 mm of the nozzle outlet, and thereafter,
with a further increase in the distance from the nozzle outlet,
the increase in the SMD is weaker. The analysis of the curves
demonstrates that different-sized droplets continuously coa-
lesce during their movement, but the effect of the coalescence
between the droplets gradually decreases because of the decay
of droplet movement caused by the drag from the droplets and
surrounding air. Thus, the droplet SMD slightly increases be-
yond 400 mm downstream of the spray.

3.1.2 Droplet number concentration

The effect of various GLR values on the droplet number con-
centration of the STN and NTN are presented in Fig. 5. The
concentration of droplets is directly related to the droplet
breakup level and can be used as an important index of atom-
ization performance [33, 34]. As seen in Fig. 5 a and b, for
each GLR, the droplet number concentration presents an ob-
vious decrease as the axial distance increases. The main rea-
sons might be that (1) during the movement of droplets, the
evaporation caused by the frictional heat generated by the
surrounding air and the condensation between the droplets
leading to the droplet number gradually decrease and (2) the
continuous collision and aggregation between the small drop-
lets lead to an increase in the droplet mass, which causes a
falling of the larger droplets from the air. Hence, the droplet
number concentration decreases as the droplets move in the
air.

Table 4 Various GLR values for the atomization experiments

Gas flow rate (kg/s) Liquid flow rate (kg/s) GLR (%)

1 0.00016 0.008 2.0

2 0.00021 0.008 2.6

3 0.00026 0.008 3.3

4 0.00030 0.008 3.8

5 0.00034 0.008 4.3

Table 3 Settings and parameters of the PDPA

Parameter settings Beam

Green Blue

Beam spacing (mm) 38 38

Beam diameter (mm) 1.35 1.35

Beam half angle (°) 2.176 2.176

Bragg cell frequency (MHz) 40 40

Fringe spacing (μm) 6.775 6.426

Fringe number 35 35

Fringe direction Negative Negative

Scattering mechanism Refraction Refraction

Table 2 Detailed conditions of the experimental cases

Item Value

Room temperature (°C) 24

Atmospheric pressure (kPa) 102.6

Water density (kg·m−3) 997.3

Water surface tension (N/m) 0.0721

Water viscosity (Pa·s) 0.9142 × 10−3
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For both the STN and NTN, an obvious increase in the
droplet number concentration is presented with the increase
in the GLR at a fixed liquid mass flow rate. This result reveals
that a higher gas mass flow rate can provide more energy,
which is helpful for overcoming the viscous force between
molecules inside the large droplet. Thus, the large droplet
could be easily broken into smaller droplets. Meanwhile, un-
der identical experimental conditions, the overall droplet num-
ber concentration of the NTN is higher (approximately
36.39%) than that of STN. In addition, the increase in the
droplet number concentration of the NTN is remarkably af-
fected by the increase in the GLR (2.0% to 4.3%) compared
with that of the STN. Due to the better gas acceleration per-
formance of the NTN as analyzed above, more atomizing
power can be obtained, and more energy for the breakup of
droplets can be provided. Hence, for the NTN, the effect of
droplet breakup is more significant, and the droplet number
concentration is higher.

3.1.3 Droplet axial velocity

Figure 6 illustrates the effect of the GLR (2.0%, 2.6%, 3.3%,
3.8%, and 4.3%) on the droplet mean axial velocity of the
STN and NTN. For both twin-fluid nozzles, the droplet axial
velocity is below 10 m/s when the axial distance is larger than
100 mm. Although the internal airflow velocity of the

atomizing core can accelerate up to 340 m/s [20], the droplet
axial velocity in the atomizing flow field decreases drastically
due to the obstacle of the self-excited vibrating cavity and the
strong turbulence of the secondary atomization around the
nozzle outlet. Moreover, Fig. 6 a and b clearly show that the
droplet axial velocity obviously decreases as the axial distance
increases, and the main reason is the decay of droplet momen-
tum, which is mainly caused by the friction from the surround-
ings and the adhesion between the droplets.

Furthermore, as shown in Fig. 6 a and b, at a fixed liquid
mass flow rate of 0.008 kg/s, the droplet axial velocity clearly
increases with an increase in the GLR of the STN and NTN.
That is, an increase in gas mass flow rate significantly affects
the increase in the droplet axial velocity. A noteworthy point
of the two twin-fluid nozzles is ascertained when comparing
the variation trend of each GLR, i.e., the values of the overall
droplet axial velocity of the NTN are larger (approximately
34.51%) than that of the STN. This phenomenon is a result of
the increase in the injection power that is caused by the accel-
eration effect of the new atomizing core.

3.1.4 Spray cone angle

The spray cone angle of the STN and NTN under various
conditions was measured and investigated as specified in
Table 4. The conditional spray cone angle was adopted and

Fig. 4 Droplet SMD of a twin-
fluid nozzle at various GLR
values. a STN and b NTN

Fig. 5 Droplet number
concentration of a twin-fluid
nozzle at various GLR values. a
STN and b NTN
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a detailed description of the definition andmeasurement meth-
od is available in previous studies [24, 35]. As shown in
Fig. 7, the spray cone angle of the STN is approximately
80% of that of the NTN. Due to the obstacle of the self-
excited vibrating cavity at the downstream location of the
nozzle outlet, the spray along the axial direction is partly
resisted, and droplets diffuse radially after they impact the
self-excited vibrating cavity. If the droplets have a large ve-
locity, then the radial component of the velocity is larger when
they diffuse radially. Therefore, the spray cone angle of the
NTN is larger than that of the STN, which is a result of the
larger droplet velocity sprayed by the NTN.

Furthermore, with an increase in the GLR at a fixed liquid
mass flow rate, the spray cone angle shows a significant in-
crease for both twin-fluid nozzles. As discussed above, the
higher GLR can provide stronger atomization energy, which
is helpful for obtaining more small droplets and increasing the
radial component of the droplet velocity. Smaller droplets
more easily change their original trajectory under the effect
of a higher injection power, which means that a higher GLR
value will lead to a larger spray cone angle of the twin-fluid
nozzle.

3.2 Effect of the atomizing core structure
on the droplet size distribution characteristics

As discussed in Section 3.1, the atomizing core is a key com-
ponent of the twin-fluid nozzle, which atomizes the two-phase
fluid into droplets and plays a significant role in improving
atomization performance. However, the droplet size distribu-
tion characteristics are an important index for evaluating the
breakup of droplets, and the excellent droplet size distribution
characteristics are helpful for improving the overall spray at-
omization behavior. In this section, the NTN with a new at-
omizing core was selected because of its better spray atomi-
zation characteristics, and experimental investigations were
conducted to further illustrate the effect of the atomizing core
structure on the droplet size distribution characteristics. Under
various GLR values (2.0%, 2.6%, 3.3%, 3.8%, and 4.3%), the

data at measurement points 50 mm away from the nozzle
outlet along the central axis of the spray in the atomizing flow
field were collected, and the percent and cumulative distribu-
tion of the droplet diameters for different atomizing core struc-
tures were assessed.

3.2.1 Effect of the throat diameter on the droplet size
distribution characteristics

The droplet diameter of the NTN at various GLR values was
measured, and the variation in the droplet counts percent as a
function of different throat diameters of the atomizing core
(D1 = 3.0 mm, L = 3.0 mm) is presented in Fig. 8. The curve
of the log-normal distribution is obtained by modifying the
droplet size distribution after atomization using the log-
normal method [36]. When the GLR increases from 2.0 to
4.3%, the peak of the droplet size distribution moves to the
left. The result reveals that the overall droplet size is smaller
and more concentrated with an increase in GLR, and a larger
GLR is helpful for improving the droplet size distribution
characteristics. The increase in the GLR leads to an increase
in atomizing power as mentioned above, which provides the
droplets with more energy, and the breakup of droplets be-
comes easier. The droplet size decreases rapidly as the larger
droplet breaks into a smaller droplet, and the further breakup

Fig. 6 Droplet axial velocity of a
twin-fluid nozzle at various GLR
values. a STN and b NTN

Fig. 7 Spray cone angle of a twin-fluid nozzle at various GLR values
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of the droplet becomes difficult as the droplet size decreases.
Thus, the difference in the droplet size is reduced.

Furthermore, under the same GLR (such as a GLR of
4.3%), for D0 = 1.2 mm, the peak appears at 4.8 μm with a
value of 9.7%. However, the peak and counts percent of the
droplet size distribution are 8.7 μm and 8.5% for D0 =
1.8 mm, respectively. The peak of the droplet size distribution
shows an increasing trend as the throat diameter of the atom-
izing core increases, and the ratio of the small droplet de-
creases, while that of the large droplet increases. This result
indicates that the increase in the throat diameter is not

beneficial for improving the atomization performance. Due
to the decrease in the gas velocity caused by the increase in
the throat diameter, the atomization energy decreases, and the
performance of primary and secondary atomization declines,
which leads to a difficulty in the droplet breakup. This result is
consistent with similar investigations, which reveals that a
decrease in the gas velocity inside and outside the nozzle is
caused by an increase in the throat diameter [20].

The influence of the throat diameter of the atomizing core
on the droplet cumulative distribution at various GLR values
is illustrated in Fig. 9. As the scale of the cumulative

Fig. 8 Influence of the throat
diameter of the atomizing core on
the droplet counts percent at
various GLR values.
a D0 = 1.2 mm. b D0 = 1.4 mm.
cD0 = 1.6 mm and dD0 = 1.8 mm
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distribution and droplet diameter are in the range of 0–100%
and 0–100μm, respectively, a dashed diagonal line is added in
these four figures, which means that the closer the cumulative
distribution curve to the diagonal line is, the more uniform the
droplet size distribution is. As indicated in Fig. 9 a–d, for
different throat diameters, the cumulative distribution curve
of each GLR is above the diagonal, which indicates that the
droplet size is concentrated in a smaller size. With an increase
in the GLR, the cumulative distribution curve shifts to the
upper left of the dashed diagonal line, which suggests that
the ratio of the smaller droplets tends to increase. This result
is consistent with the above findings that have been analyzed
in-depth.

Additionally, as the throat diameter increases, the cumula-
tive distribution curves of the droplets gradually approach
from the upper left to the dashed diagonal line. This finding
proves that the cumulative distribution consists primarily of
smaller droplets and that the distribution pattern of droplets
gradually changes from a concentrated distribution to a uni-
form distribution, and the atomization performance becomes
worse. When the throat diameter is small (D0 = 1.2 mm), the
variation in the cumulative distribution with the change in the
GLR is not obvious. The droplet size is concentrated into a
smaller size, and the atomization quality is excellent. For a
larger throat diameter (D0 = 1.8 mm), the cumulative distribu-
tion evidently moves to the dashed diagonal line with a de-
crease in the GLR, and the atomization quality deteriorates
obviously. Moreover, the effect of the throat diameter on the

cumulative distribution of droplets is not apparent when the
GLR is large, which reveals that, for the NTN, the GLR is the
major factor affecting the atomization quality rather than the
throat diameter.

3.2.2 Effect of the exit diameter on the droplet size
distribution characteristics

To investigate the influence of the exit diameter of the atom-
izing core on the droplet size distribution characteristics, un-
der various GLR values (2.0%, 2.6%, 3.3%, 3.8%, and 4.3%),
the droplet diameter of the NTN with different exit diameters
(D0 = 1.4 mm, L = 3.0 mm) was measured. Figure 10 shows a
comparison of the variation in the droplet counts percent as a
function of different exit diameters. As shown, the peak of the
droplet size distribution moves to the left with an increase in
the GLR from 2.0 to 4.3%, and the counts percent of small
size droplets increase, while that of large size droplets de-
crease. This phenomenon indicates that an increase in the
GLR is beneficial for finely atomizing the droplets, and it
agrees well with the analysis results in Section 3.2.1.

Furthermore, under the same operating conditions (such as
a GLR of 4.3%), the peak appears at 5.4 μm with a value of
14.6% for D1 = 2.7 mm, while the peak and counts percent of
the droplet size distribution are 9.5 μm and 12.3% for D1 =
3.6 mm, respectively. With an increase in the exit diameter of
the atomizing core, the peak of the droplet size distribution
increases obviously, and the ratio of the large droplet increases

Fig. 9 Influence of the throat
diameter of the atomizing core on
the droplet cumulative
distribution at various GLR
values. a D0 = 1.2 mm.
b D0 = 1.4 mm. c D0 = 1.6 mm
and d D0 = 1.8 mm

Int J Adv Manuf Technol (2020) 107:1625–1639 1633



as well as the droplet size distribution becomes discrete. In
summary, the atomization behavior shows an obvious deteri-
orating trend as the exit diameter increases. Cai et al. [37, 38]
reported that a decrease in the exit diameter helps increase the
velocity both inside and outside the Laval nozzle. Therefore,
on the one hand, the reduction in the internal flow velocity
inside the nozzle leads to a degradation of the primary atom-
ization performance; on the other hand, a decrease in the out-
side flow velocity weakens the turbulence around the nozzle
outlet, which limits the ability of droplet breakup in the sec-
ondary atomization. This results in a deterioration of the

overall atomization performance of the NTN with an increase
in the exit diameter of the atomizing core.

Figure 11 illustrates a comparison of the droplet cumulative
distribution of the NTN with different atomizing core exit
diameters at various GLR values. When the exit diameter is
2.7 mm, for a droplet size of 10 μm, with an increase in the
GLR, the cumulative distribution increases from 13.62% (for
2.0%), 18.17% (for 2.6%), 37.89% (for 3.3%), and 48.69%
(for 3.8%) to 57.27% (for 4.3%). The cumulative distribution
with a droplet size of less than 20 μm is above 50% under
these GLR values (2.0%, 2.6%, 3.3%, 3.8%, and 4.3%), and

Fig. 10 Influence of the exit
diameter of the atomizing core on
the droplet counts percent at
various GLR values.
a D1 = 2.7 mm. b D1 = 3.0 mm. c
D1 = 3.3 mm and d D1 = 3.6 mm
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when the GLR is 4.3%, the cumulative distribution even
reaches 80%. However, when the exit diameter is 3.6 mm,
the large droplets accounted for nearly half of the total distri-
bution when the GLR increased from 2.3 to 3.6%. This result
indicates that excellent atomization performance gradually de-
teriorates as the exit diameter increases, which is more re-
markable under a smaller GLR. This effect is mainly caused
by the performance degradation of the primary and secondary
atomization of the NTN, as analyzed above. Therefore, it can
be concluded that the atomized droplets with a smaller size
and a more concentrated distribution are easier to obtain under
a higher GLR and smaller exit diameter.

3.2.3 Effect of the liquid channel location on the droplet size
distribution characteristics

For a better understanding of the influence of the liquid chan-
nel location of the atomizing core on the droplet size distribu-
tion characteristics, the droplet diameter properties of the
NTN at various GLR values were measured and investigated,
and the variation in the droplet counts percent as a function of
different distances between the liquid channel and atomizing
core exit (D0 = 1.4 mm, D1 = 3.0 mm) are shown in Fig. 12.
As shown, for four different distances, with a decrease in the
GLR from 4.3 to 2.0%, the peak of the droplet size distribution
gradually moves to the right and the counts percent of small
size droplets decrease obviously. The decrease in the GLR,
that is, the reduction in the injection power, leads to a

deterioration of the atomization quality [39–42]. This result
agrees well with the analysis results in Section 3.2.1 and val-
idates that the droplet diameter quality of the NTN is obvious-
ly affected by increasing GLR.

In addition, for each GLR, the change in the peak of the
droplet size distribution is similar. A higher GLR of 4.3% is
selected as representative, and the peak appears at 8.7 μmwith
a value of 14.3% for L = 2.4 mm, while the peak and counts
percent of droplet size distribution are 10.2 μm and 8.5% for
L = 4.2 mm, respectively. With an increase in L, the peak of
the droplet size distribution first decreases when L is 2.4 to
3.0 mm and then increases when L is 3.0 to 4.2 mm. A supe-
rior droplet size distribution is obtained when L is 3.0 mm,
which is probably caused by an adequate mixing of the gas-
liquid two phases and excellent primary atomization perfor-
mance [43–45]. This result shows that 3.0 mm is the appro-
priate distance between the liquid channel and atomizing core
exit for improving the droplet atomization performance.

Figure 13 depicts the variation in the droplet cumulative
distribution of the NTN with different distances between the
liquid channel and atomizing core exit at various GLR values
(2.0%, 2.6%, 3.3%, 3.8%, and 4.3%). When the L is 2.4 mm,
for a droplet size of 10 μm, with an increase in the GLR, the
cumulative distribution increases from 9.08% (for 2.0%),
12.95% (for 2.6%), 13.77% (for 3.3%), and 16.62% (for
3.8%) to 23.24% (for 4.3%). However, the cumulative distri-
bution with a droplet size of less than 20 μm is below 50%
under these GLR values, and when the GLR is as high as

Fig. 11 Influence of the exit
diameter of the atomizing core on
the droplet cumulative
distribution at various GLR
values. a D1 = 2.7 mm.
b D1 = 3.0 mm. c D1 = 3.3 mm
and d D1 = 3.6 mm
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4.3%, the cumulative distribution is only 48.78%. The main
reason for this phenomenon is that the location of the liquid
channel is closer to the exit of the atomizing core, the interac-
tion between the gas-liquid two phases in the atomizing core is
insufficient, which causes the tearing and breakup of a larger
droplet to be weak inside the atomizing core, and the primary
atomization performance is poor. However, as the L increases,
the liquid channel moves toward the throat of the atomizing
core, and the small droplets for each GLR increase significant-
ly, as shown in Fig. 13 b–d. This result indicates that the two-

phase fluid is fully mixed inside the atomizing core, the inter-
action between the gas and liquid is vigorous and sufficient,
the tearing and breaking of the droplets is more thorough, and
the large-sized droplets are broken into small droplets. The
atomization quality is obviously improved.

Furthermore, when the L increases from 3.0 to 4.2 mm, a
better droplet cumulative distribution is presented under a
higher GLR (3.3%, 3.8%, and 4.3%), while a poor droplet
cumulative distribution appears under a lower GLR (2.0%
and 2.6%). Previous research has shown that there is an

Fig. 12 Influence of the distance
between the liquid channel and
atomizing core exit on the droplet
counts percent at various GLR
values. a L = 2.4 mm.
b L = 3.0 mm. c L = 3.6 mm and
d L = 4.2 mm

1636 Int J Adv Manuf Technol (2020) 107:1625–1639



expansion acceleration process after the gas passes through
the throat structure, which leads to an increase in the energy
of the gas [46–48]. When L continues to increase, the liquid
channel may be located in the acceleration region of the gas
energy, which results in a decline in the atomization quality for
a smaller GLR due to insufficient energy. Nonetheless, when
the atomizing core has a larger GLR, the liquid channel loca-
tion has less effect on the droplet quality because of the suffi-
cient atomization power.

4 Conclusions

To explore the droplet characteristics under the collaborative
atomization of a twin-fluid nozzle, the droplet diameter, num-
ber concentration, and axial velocity as well as the spray cone
angle were measured and obtained under various GLR values,
and the spray atomization characteristics of STN and NTN
were investigated and compared. Meanwhile, the droplet di-
ameter and size distribution of the twin-fluid nozzles with a
new atomizing core were further analyzed, and the investiga-
tions were conducted to illustrate the effect of the atomizing
core structure on the droplet size distribution characteristics.
The conclusions can be summarized as follows:

(1) During the collaborative atomization process of the twin-
fluid nozzle, a better gas acceleration performance of the
atomizing core and a strong injection power of the higher

GLR can both enhance the primary atomization and sec-
ondary atomization, resulting in the promotion of the
spray atomization performance.

(2) During the collaborative atomization process of the twin-
fluid nozzle, a better gas acceleration performance of the
atomizing core and a strong injection power of the higher
GLR can both enhance the primary atomization and sec-
ondary atomization, resulting in the promotion of the
spray atomization performance.

(3) Because of the more energy provided by a higher GLR at
a constant liquid mass flow, the droplet momentum in-
creases, and the viscous force between the liquids is eas-
ier to overcome, which leads to an obvious improvement
in the atomization characteristics, such as the diameter,
number concentration, axial velocity, and spray cone
angle.

(4) With a larger GLR, the droplet size distribution is less
affected by the structural parameters of the NTN atom-
izing core due to the powerful atomization energy.
However, for a smaller GLR, it has a significant effect
on the overall droplet diameter and size distribution be-
cause of the insufficient atomization power.

(5) With the change in the structural parameters of the NTN
atomizing core, the droplet cumulative distribution
shows different variation trends due to the collaborative
atomization behavior. A better cumulative distribution
can be obtained with a smaller throat diameter, smaller
exit diameter, and moderate distance between the liquid

Fig. 13 Influence of the distance
between the liquid channel and
atomizing core exit on the droplet
cumulative distribution at various
GLR values. a L = 2.4 mm.
b L = 3.0 mm. c L = 3.6 mm and
d L = 4.2 mm
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channel and atomizing core exit. In this study, the throat
diameter is 1.2 mm, the exit diameter is 2.7 mm, and the
distance is 3.0 mm, which is the appropriate value to
choose.
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