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ABSTRACT: The Y-jet nozzle is a twin-fluid nozzle that has a larger
operating range and simpler structure than other twin-fluid nozzles.
Furthermore, it offers outstanding atomization quality even at low flow
rates, mak ing it simple to atomize viscous liquids. However, because of
the structure of the Y-jet nozzle, having an asymmetrical spray pattern is
limited. Most existing experimental studies focused on the orifice
diameter and mixing tube length. In this study, two types of elliptical
nozzles and one type of circular nozzle were tested. We found that the
elliptical nozzle’s asymmetric spray characteristics are different from
those of the circular type. Furthermore, it was demonstrated that the
spray characteristics were different even in ellipsoids, with only the

major and minor axes differing.

1. INTRODUCTION

When a liquid is atomized into many droplets, its overall
surface area increases, and chemical processes such as heat,
mass transfer, and combustion become active. A spray nozzle is
commonly used for droplet atomization."” The atomizing
nozzle atomizes the liquid using pressure, although it can also
be achieved under air-assist, rotational, or other energy
sources. The twin-fluid nozzle, in particular, increases liquid
atomization by utilizing an auxiliary gas that aids in liquid
atomization.” ™ Twin-fluid nozzles have mostly been employed
in industries such as industrial boilers, blast furnaces, and
agricultural sprays owing to these advantages.6 Recent
applications include selective catalytic reduction (SCR)
injectors, the production of microparticles, and deposition
techniques in the fields of biology and pharmaceuticals.”” "’

The Y-jet nozzle is a representative twin-fluid nozzle that can
achieve the same spraying effect with a wider operating range
and lower spraying pressure than pressure spraying nozzles.
Furthermore, compared with other twin-fluid nozzles, it has a
simple structure, and the atomization quality is excellent, even
at low flow rates. Therefore, it can be used for both low- and
high-viscosity solutions.'”'”> However, optimization of the
nozzle design and experimental study on the spray character-
istics based on the fluid supply ratio are necessary to ensure
that the Y-jet nozzle can be used in various applications.

In a study by Mullinger et al."* on nozzle design, researchers
found that the momentum of twin fluids, the ratio of the length
of the mixing tube to the orifice diameter, the angle between
the fuel supply tube and the auxiliary gas supply tube, and
other geometric variables of the Y-jet nozzle affect the spray.
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Pacifico et al.'* demonstrated a two-phase flow that changes
depending on the geometrical parameters of the Y-jet nozzle
and reported that the internal flow pattern affects the external
spray. According to Andreussi et al.,” splitting and cohesion of
twin fluids in the mixing tube where the twin fluids are mixed
inside the nozzle affect the external spray. Song et al'®
investigated the asymmetric spray characteristics of the Y-jet
nozzle based on the length of the mixing tube and proposed a
change in the resistance of the two-phase flow in the mixing
tube. Furthermore, the internal flow pattern was predicted
based on this."”

In terms of studies on the supply ratio of twin fluids, Wigg et
al.'® stated that the gas flow rate can be maintained by
preserving the injection pressure ratio of liquid and gas. It is
feasible to achieve energy saving in the process using optimal
injection pressure parameters. Bryce et al.'” confirmed that the
gas injection flow rate decreased as the liquid pressure
increased. This means that the liquid and gas flow rates are
diametrically opposed. Lee™ asserted that asymmetric atom-
ization of Y-jet nozzles can be minimized based on the gas-to-
liquid mass flow rate (GLR). Nazeer et al.”* developed a GLR-
based mathematical analysis model of internal flow. This was
also used to evaluate the asymmetric spray pattern according to
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the GLR.** Zhou et al.”* conducted an experimental study on a
Y-jet nozzle and reported a better internal flow pattern by
predicting the droplet size distribution according to the GLR.

It is essential to consider the internal flow mechanism of the
fluids since a twin-fluid nozzle has a two-phase flow. Mixing
two fluids within the mixing tube has a significant effect on
external flow. Therefore, this requires extensive research.
However, most existing studies focused exclusively on the
length of the mixing tube, and only a few studies focused on
the mixing tube and orifice shapes. It is considered that the
shape of the mixing tube affects the development of the
internal flow and hence the atomization quality of the external
flow.

The purpose of this study is to compare the existing circular
Y-jet internal mixing tube and the elliptical internal mixing
tube. The spray characteristics of the nozzle, which determine
the shape of the internal mixing tube, were obtained using a
laboratory-scale Y-jet nozzle spray experimental setup. To
determine the effect of GLR in an elliptical mixing tube, we
evaluated the spatial spray features by comparing the droplet
sizes along the X and Y axes, considering the spray shape and
asymmetric spray characteristics of the Y-jet nozzle.

2. RESULTS AND DISCUSSION

2.1. GLR According to Liquid Pressure. Figure 1 shows
the GLR as a function of liquid pressure for three different
types of experimental nozzles. The experiment in Figure 1 (a)
was carried out by increasing the liquid pressure from 0.5 to 5
bar while keeping the assist gas pressure constant at 5 bar. The
mass flow of liquid increases as the liquid pressure increases,
whereas the mass flow of assist gas decreases. As a result, the
GLR tends to decrease.'®'” The difference in the GLR
reduction was validated at this point based on the shape of the
nozzle orifice.

Under the same liquid pressure conditions, the GLR was
lower in the elliptical nozzle than in the circular nozzle. This
indicates that an elliptical orifice nozzle discharges less mass
flow than a circular orifice nozzle under the same assist gas
pressure, depending on the shape of the nozzle’s exit orifice.

The variations in the assist gas mass flow rate are attributable
to the difference in the orifice circumference, despite the fact
that the exit orifice area is the same. Equation 1 was used to
compute the circumference of the three nozzles. The
circumferential difference between an elliptical orifice nozzle
and a circular orifice nozzle is approximately 12%. Therefore,
in the case of assist gas in an elliptical orifice nozzle, the area
where the shear stress inside the nozzle’s mixing tube operates
is considerable, and the frictional force between the assist gas
and the inner wall of the mixing tube is greater than that in the
case of a circular nozzle.** As a result, it is determined that the
same level of assist gas mass flow as the prototype is released
only at a higher pressure.

P = ny2(a® + b%) (1)

where P is the circumference of an ellipse, a is the radius of the
major axis, and b is the radius of the minor axis.

The mass flow rate of the assist gas in the mixing tube inside
the nozzle has a stronger effect on atomization than the
pressure of the assist gas in the internal mixing type twin-fluid
nozzle. Inside the mixing tube, where there is limited space,
liquid exhibits minimal variations in mass flow rate as a
function of pressure, whereas the density of the assist gas is
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Figure 1. (a) GLR according to liquid pressure (assist gas pressure 5
bar). (b) GLR according to liquid pressure (assist gas mass flow rate
same condition).

approximately 800 times lower than that of the liquid.
Therefore, even when the same pressure is applied, the mass
flow rate varies. As a result, the same GLR must be set within
the nozzle mixing tube.

Consequently, because GLR has a significant effect in
defining the Sauter mean diameter (SMD) level of the Y-jet
nozzle in this study, the GLR value was changed by adjusting
the assist gas pressure of each nozzle differently depending on
the liquid pressure, as shown in Figure 1(b).

Figure 2 shows SMD according to GLR for three different
types of experimental nozzles. The SMD measurement was
conducted under the FV condition in Figure 18. The Z-axis
was measured 200 mm downstream from the nozzle tip, and
the X-axis was only measured at the nozzle tip’s center (X-axis
0 mm). The GLR on the graph’s X-axis denotes a condition in
which the liquid pressure is decreased by 0.5 bar from S to 0.5
bar, and the assist gas mass flow rate is adjusted for each nozzle
based on the liquid mass flow rate.

The test demonstrated that when the GLR increased, the
SMD decreased in all three types of nozzles. This is because, as
the GLR increases, the mass flow rate of the assist gas exceeds
the mass flow rate of the liquid. According to the nozzle
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200 [~
difference in SMD, the circular orifice nozzle, the C-3.5-1.4(C)
nozzle, had the least SMD. Under the overall GLR condition, _150 [
the E-3.5-1.4-H2(H2) nozzle had a 12.6% higher average SMD g
than the circular and elliptical orifice nozzles. It was confirmed g
that the E-3.5-1.4-V2(V2) nozzle was 35.5% larger than the = 100~
original shape. It is considered that this is because the shape of z
the outlet orifice affects mixing in the nozzle mixing tube b
despite having the same mass flow rate. )
Figure 3 shows the SMD distribution according to GLR.
The SMD was measured more than 100 times for each nozzle ofF
under varying GLR conditions. The SMD decreases as GLR . | . | . L
increases for all three types of nozzles, as shown in Figure 2. 00 02 04 06 08 10 12 14 16 18
However, the SMD varied according to the GLR, depending GLR
on the nozzle. In the case of a circular nozzle, the variation in (c) 250 = SMD
the SMD is the lowest when the GLR is the same. However, —— ExpDec2 Fit of Sheet] B"SMD"
even the same GLR leads to variations in the SMD in the case i 5 .
of an elliptical nozzle. Furthermore, it was established that the o oo
saturation of SMD based on an increase in GLR was fastest for :
a circular nozzle and slowest for V2. When compared with the st
circular nozzle, the elliptical nozzle did not produce sufficient g .
mixing between the twin fluids in the mixing tube. As a result, = £
the elliptical nozzle had a higher SMD deviation according to g 00 =
the GLR than the circular nozzle. SMD of 30 ym or less was @
attained at a GLR of 0.4 or greater regardless of the nozzle
orifice shape.”"””* Even with a higher supply of assist gas, the sor
effect of droplet splitting was verified to be minimal.
2.2. SMD According to the Orifice Shape of the Y-Jet ok
Nozzle in the Y-Axis Radial Direction. Figures 4—6 show . 1 . . . . 1 . .

the SMDs along the Y-axis radial direction. The liquid
pressures of all three types of nozzles were 1, 3, and S bar,
respectively. The experiment was conducted with the assist gas
pressure set differently and the assist gas mass flow rate set to
the same level to compare the GLRs at almost the same level
according to the nozzle. In Figure 18, the nozzle position in the
Y-axis radial direction was designated as RV.

The average value was determined after measuring more
than 20 times at S mm intervals within the Y-axis radius of +20
mm around the nozzle orifice. The SMD value increased in the
radial direction from 0 mm on the Y-axis, which is the center of
the nozzle, as shown in Figures 4—6.

This is because droplet coalescence subsequently occurs as
the droplets emitted from the nozzle migrate in the radial

0.0 0.2 04 0.6 0.8 10 12 14 16 18
GLR
Figure 3. (a) SMD according to GLR (C-3.5-1.4). (b) SMD

according to GLR (E-3.5-1.4-H2). (c) SMD according to GLR (E-
3.5-1.4-V2).

direction. This is more common in circular orifice nozzles than
in elliptical orifice nozzles. It is considered that the smaller the
GLR, the slower the atomization develops, resulting in the
difference in the radial droplet size.

Furthermore, as the GLR increased, the SMD along the Y-
axis radial direction decreased regardless of the nozzle, and the
spray asymmetry also decreased. This is because, at a high
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30

direction, as confirmed by the experimental results. It was
verified that the asymmetry was considerably more severe in
the elliptical orifice nozzles of Figures 8 and 9 than in the
circular orifice nozzle of Figure 7. The SMD became lower,
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Figure 8. SMD according to X-axis (E-3.5-1.4-V2).
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and the asymmetry was attenuated when the GLR increased in
the circular nozzle, as shown in Figure 7. However, it was
verified that asymmetry occurred at nearly the same amount in
all experimental conditions for the V2 nozzle, as shown in
Figure 8. In the case of the H2 nozzle in Figure 9, it was
confirmed that the asymmetry deteriorated under high liquid
pressure conditions (low GLR condition).

This can be confirmed through Table 1. Table 1 is a table
showing the average ratio of SMD in the + direction and SMD

Table 1. X-Axis Asymmetry Ratio According to Liquid
Pressure

liquid pressure (bar) C-3.5-14 E-3.5-1.4-V2 E-3.5-1.4-H2
1 1.16 1.39 0.89
3 122 1.39 1.19
N 1.12 1.34 1.45

in the — direction of the X-axis of Figures 7—9 according to the
liquid pressure. The closer to 1, the more symmetrical the
spray is. If the value is greater than 1, it is asymmetric in the +
direction, and if the value is less than 1, it is asymmetric in the
— direction. In the case of the C nozzle, it is 1.12—1.22 level,
and in the case of the V2 nozzle, it has an asymmetry of 1.34—
1.39 regardless of the pressure. On the other hand, in the case
of the H2 nozzle, it does not have a value of 1.45 at S bar, but
at 1 bar, it is 0.89, showing the result of alleviating the
asymmetry. These results show a tendency consistent with
previous studies on asymmetry according to GLR.'20722
Although the elliptical nozzle in Figure 8 has the same shape
as that in Figure 9, the long and short axes are opposite.
Despite having the same oval shape, the long and short axes are
different, resulting in a different distance from the liquid entry
port to the opposing wall of the mixing tube. The schematic
diagram of the inside of the nozzle in Figure 10 confirms this.
Even under the same GLR condition, the liquid is evenly
distributed over the cross section in the left figure of Figure 10;
however, it can be demonstrated that this is not the case in the
right figure of Figure 10. The shorter the distance between the
liquid entry port and the mixing tube wall inside the nozzle, the
more equal the liquid remaining in the mixing tube is dispersed

from the liquid supply gort does not directly contact the
opposite wall. Nazeer’> confirmed through turbulence
modeling that the opposite wall was not sufficiently mixed
due to the difference in momentum between the twin fluids
inside the nozzle. These two researchers conducted research to
reduce asymmetry through GLR, since the length from the
liquid inlet to the opposite wall was the same. However, in this
study, since the length from the liquid inlet to the wall is
different, the internal flow in Figure 10 can be confirmed.

The V2 nozzle in Figure 8 is twice the distance from the
liquid intake port to the wall of the mixing tube inside the
nozzle as the H2 nozzle in Figure 9. As a result, it was
determined that the twin fluids were sprayed through the
outlet orifice without adequate mixing. The residence time of
the twin fluids is small in the case of the H2 nozzle in Figure 9
due to the high liquid pressure under a low GLR condition;
therefore, they were sprayed without being thoroughly mixed.
However, the higher the GLR, the longer the residence time
and the lower the asymmetry.

2.4. Asymmetric Spray Image of Y-Jet Nozzle. The
spray images obtained under the experimental conditions of
Figures 7—9 are shown in Figures 11—13. The spray images
were obtained up to 25 mm downstream from the nozzle tip,
which is approximately 10 times the diameter of the circular
nozzle orifice, to validate the asymmetric spray at the start of
the spray. When the liquid pressure increases, the liquid mass
flow rate and water density also increase regardless of the
nozzle design, and the asymmetric spray tends to worsen
owing to the relatively low assist air pressure. Similar to the
results in Figures 7—9, an oval nozzle produces an overall
asymmetrical spray shape compared with that of a circular
nozzle. In particular, it is confirmed in Figure 12 that it is
asymmetric regardless of the liquid pressure. As the liquid
pressure decreases, the spray shape becomes more sym-
metrical, as shown in Figure 13. This corresponds to the
findings in Figures 8 and 9.

2.5. Y-Jet Nozzle Asymmetric Spray Characteristics
According to GLR. Figure 14 shows the result of the
experiment obtained by increasing the assist gas mass flow rate
while the liquid pressure was fixed at S bar using the H2
nozzle. The other conditions are the same as those in Figure 9.
In Figure 9, it was confirmed that when the assist gas mass flow
rate was increased at a liquid pressure of S bar, the GLR
increased, and the asymmetry decreased, resulting in the most
asymmetric SMD result. This can be observed in the spray
image in Figure 15. Although the liquid pressure is the same,
the droplet size on the right side of the spray is different.
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Figure 11. Spray image according to liquid pressure (C-3.5-1.4).
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Figure 12. Spray image according to liquid pressure (E-3.5-1.4-V2).

Liquid pressure : 1bar Liquid pressure : 3bar Liquid pressure : Sbar

Figure 13. Spray image according to liquid pressure (E-3.5-1.4-H2).
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Figure 14. Asymmetry reduction effect according to GLR increase at affects the asymmetry. The residence time for sufficient mixing
liquid pressure 5 bar in Figure 9. of the twin fluids in the mixing tube and the volume fraction

ratio of the liquid and gas occupying the inside of the mixing
tube are critical parameters that affect internal mixing. Because
the flow rate was relatively fast at a liquid pressure of S bar in
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Figure 16. Experimental setup (photograph courtesy of “Sang Ji Lee,” copyright 2023).

Figure 9, the asymmetry was found to be quite significant
because the residence time was insufficient.

GLR encourages the evolution of twin fluids from bubbly to
annular flow. If the residence time in the nozzle mixing tube is
decreased because of high liquid pressure and high internal
flow rate, the spraying asymmetry should be decreased by
increasing the GLR.

3. CONCLUSIONS

The spatial spray characteristics of the Y-jet nozzle were
observed and experimentally verified in this work based on the
shape of the exit orifice.

(1). The elliptical nozzle discharged less flow than the
circular nozzle under the same assist gas pressure
condition. The circumference of an elliptical nozzle is
approximately 12% longer than that of a circular nozzle.
As a result of the increased shear stress caused by
friction with the nozzle mixing tube wall, the discharge
flow rate of the assist gas would become lower.

The elliptical nozzle produced a more asymmetrical
spray pattern than the circular nozzle under identical
GLR conditions. It is considered that the internal mixing
tube’s shape slows down flow development.

Although the V2 nozzle in which liquid flows in along
the major axis had elliptical nozzles of the same shape,
there was essentially no difference in the spray patterns
according to the GLR. However, the asymmetry of the
H2 nozzle in which liquid flows in along the minor axis
decreased with an increase in GLR.

).

3).

4. EXPERIMENTAL SETUP AND CONDITIONS

4.1. Experimental Setup. Figure 16 shows a schematic
diagram of the laboratory-scale Y-jet nozzle spray experimental
setup. The gas supply part is on the left side of the Y-jet nozzle
at the center of the schematic diagram, and the liquid supply
part is on the right. A measurement instrument and an image
capture device are positioned below the Y-jet nozzle. The
liquid was supplied through a surge tank (BT100-2]), and the
surge tank was pressurized by nitrogen gas (approximately 10
bar). A nitrogen cylinder was connected in parallel to the
supply gas. The supply flow rates of both fluids were regulated
using an on—off valve and a needle valve and measured using a
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digital flowmeter (SMC-PF2a711). The nozzle’s shear pressure
was measured using a pressure sensor. The real-time flow rate
and pressure data were collected using a data collecting board
(NI DAQ-9172, National Instruments).

The flow rate and pressure data in this experiment are the
averages of sampling at 100 Hz for 10 s.”>*° The spray image
of the Y-jet nozzle was recorded by attaching a high-speed
camera (Phantom VEO E310L, maximum resolution: 512 X
512, sample rate: 11,500 f/s) to the front of the nozzle and a
light source to the back. Spray images were collected more
than 500 times per experimental condition after ensuring that
the spray pattern had attained a static state based on the spray
conditions. The spray image was measured from the nozzle tip
to 25 mm in the downstream of the spray direction to verify
the splitting pattern at the start of spraying. As shown in Figure
17, the Sauter mean diameter (SMD) was measured using a

Figure 17. SMD detector system (line-up sight type) (photograph
courtesy of “Sang Ji Lee,” copyright 2023).

Malvern-type measuring apparatus (MLXA-A12-635-S, meas-
uring range of approximately 8—450 um, working distance of
within 400 mm, laser spot radius of 3.9 [pixel]) and CCD
(EPIX CMOS camera). The apparatus monitors the droplet
size using the principle of laser diffraction and calculates the
diffraction rate of the droplet cagtured by the laser line.”>**
According to Mullinger et al,'” complete atomization was
achieved downstream of the spray at approximately 40 times
the diameter of the nozzle orifice. However, the SMD was
measured under the condition of 200 mm downstream of the
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Figure 18. Y-jet nozzle arrangement according to SMD measurement direction”® [ACS Omega/Copyright Sang Ji Lee].

spray from the nozzle tip, considering the asymmetry of the Y-
jet nozzle.

Figure 18 shows a schematic diagram of the SMD
measurement direction. Because the Y-jet nozzle has
asymmetric spray properties, the results depend on the SMD
measurement direction. Therefore, the SMD was calculated by
dividing it into a front view (FV) and a right view (RV) that
had been rotated by 90°. Only droplets passing through the
laser line were detected because the operation of the SMD
measurement instrument used in this experiment is based on
the line-of-sight principle. Therefore, the nozzle’s center was
set at 0 mm. The SMD was measured along the X-axis radial
direction at S mm intervals from the center of the nozzle in the
front direction. The Y-axis radial direction was measured by
placizrég the nozzle in the lateral direction and rotating it by
90°.

4.2. Experimental Condition and Nozzle Design.
Table 2 lists the experimental conditions. Water at ambient

Table 2. Experimental Setup

condition value
liquid density (kg/m?) 1000
assist gas density (kg/m®) 1226
liquid pressure (bar) 0.5-5
assist gas pressure (bar) 1-15
ambient temperature (°C) 20

temperature was used as the working fluid in the experiment,
and nitrogen gas with a purity of 95% was used as the assist
gas. Water was sprayed at pressures in the range of 0.5—S bar,
whereas nitrogen was sprayed at pressures in the range of 1—-15
bar. The experiment was conducted at 0.5 bar pressure for
water and 1 bar for nitrogen. Because the density of nitrogen is
approximately 816 times that of water, a comparison should be
performed by converting the mass flow rate rather than dealing
with the injection circumstances of twin fluids via pressure. As
a result, the twin fluids’ mass flow rate was referred to as a

Figures 19 and 20 show the cross sections of three different
types of Y-jet nozzles utilized in the experiment. Electrical

Figure 19. Nozzle design.

C nozzle V2 nozzle

Figure 20. Nozzle orifice shapes.

discharge machining was used to create all three nozzles using
aluminum. The twin fluids delivered into the nozzle by the
liquid supply tube and auxiliary gas supply tube were mixed in
the mixing tube and sprayed through the exit orifice of the Y-
jet nozzle.

The specifications of the three types of nozzles utilized in
the experiment are listed in Table 3. For all three nozzles, the

Table 3. Nozzle Design Factor

nondimensionalized GLR ratio. The relational equation of major axis  minor axis Ly, exitorificearea angle
GLR is given in eq 2 below. nozzle — (o) (i) i)
o C-3.5-1.4 2.5 8.75 4.906 65
GLR = Liquid mass flowrate E35-14H2 3534 1767 4908
Assist gas mass flowrate (2) E-3.5-14-V2 1.767 3.534
14497 https://doi.org/10.1021/acsomega.3c00016

ACS Omega 2023, 8, 14490—14498


https://pubs.acs.org/doi/10.1021/acsomega.3c00016?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00016?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00016?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00016?fig=fig18&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00016?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00016?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00016?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00016?fig=fig19&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00016?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00016?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00016?fig=fig20&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c00016?fig=fig20&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c00016?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

diameters of the liquid supply tube and the auxiliary gas supply
tube are identical. The ratio of the diameter of the liquid
supply tube to that of the auxiliary gas supply tube is 1.4. In
addition, the angle between the liquid and gas supply tubes is
65° and the length of the mixing tube is 8.75 mm. The
diameter of the exit orifice of the circular nozzle C-3.5-1.4(C)
is 2.5 mm. In the case of two types of elliptical nozzles, it was
set equal to the area of the circular nozzle’s exit orifice. The
major and minor axes of the E-3.5-1.4-H2(H2) and E-3.5-1.4-
V2(V2) nozzles are 3.534 mm and 1.767 mm, respectively.
The ratio of the main to the minor axes is 2:1, although the
major and minor axes were designed to move in opposite
directions.
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