DE GRUYTER

Green Processing and Synthesis 2022; 11: 129-142

Research Article

Yicheng Deng, Xianyin Leng*, Wei Guan, Zhixia He, Wuqgiang Long, Shengli Wei, and Jie Hu

A numerical study on the in-nozzle cavitating
flow and near-field atomization of cylindrical,
V-type, and Y-type intersecting hole nozzles
using the LES-VOF method

https://doi.org/10.1515/gps-2022-0015
received July 25, 2021; accepted December 21, 2021

Abstract: In order to improve the performance of engines
fueled with diesel fuel or diesel-like e-fuels so as to realize
greener transportation, the V-type and Y-type intersecting
hole nozzles, in which each hole is formed by the coales-
cence of two or three subholes, have been designed. In this
article, the multiphase flow inside and outside the nozzle
was numerically investigated using a volume-of-fluid large
eddy simulation (VOF-LES) method to clarify the effects
of the nozzle structure on the cavitating flow and primary
atomization characteristics. The calculation was carried
out at an injection pressure of 150 MPa and a back pressure
of 0.1 MPa. Numerical results showed that unlike the
L-shape pressure distribution along a cylindrical hole,
for intersecting type hole nozzles, the pressure showed a
stepped shape drop along the holes due to the overall
convergent hole structure, which restrained the inception
of cavitation. Consequently, the global loss of the flow over
an intersecting type hole nozzle was lower by 24-37% than
those of a cylindrical hole nozzle. Additionally, the jets
emerging from the intersecting hole nozzles showed 50%
wider spreading angles and 27% smaller droplet sizes than
those of the cylindrical hole nozzle. Furthermore, the jets
emerging from a Y-type intersecting hole nozzle showed
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enhanced atomization, which was found to be due to
the unstable air suction near the outlets of this type of
nozzle hole.
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1 Introduction

Nowadays, sustainable development has become a gen-
eral consensus all over the world. In the transportation
sector, many researchers are discussing the transition
from internal combustion engine vehicles to electric vehi-
cles for green transportation [1,2]. However, for commer-
cial vehicles and heavy-duty non-road machinery, a diesel
engine will continue to be used for a long time due to the
superior advantages of diesel fuel in energy density [3,4].
On the other hand, in view of the unstableness of electri-
city generation from some green energy (e.g., wind or solar
energy), it has been proposed to produce synthetic fuels
using waste biomass and renewable energy as a smart way
to store renewable electric energy when a production peak
occurs. It is a green chemical process that forms hydro-
carbons, denominated as electro-fuel (e-fuel), from H,
(produced by electrolysis of water) and CO, captured
from industrial or biosources [5,6]. For the convenience
of using the existing engine technologies and fuel char-
ging infrastructures, some of these e-fuels will be designed
to have physical and chemical properties similar to diesel
fuel [7-9]. In this sense, diesel engines will continue to
exist for the long term. Under such background, it is of
crucial importance to develop advanced fuel injection and
combustion technologies to further improve performances
and to reduce harmful emissions of engines fueled with
diesel or diesel-like e-fuels [10,11].

To this end, a large number of investigations have
focused on how to promote the in-cylinder atomization
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and fuel-air mixing processes for diesel engines [12,13].
Generally, it is desired that the spray has a high penetra-
tion speed, large spray angle, and fine droplets [14,15].
For several decades, a number of studies have confirmed
that increasing the injection pressure was an effective
way to promote atomization and mixing of the fuel and
air, improving performances of diesel engines [16—18].
However, it seems there is a limit to improving fuel ato-
mization by increasing the injection pressure. Zhao et al.
[19] studied the spray characteristics at different injection
durations and injection pressure between 50 and 390 MPa
by using four different injectors and found that the spray
characteristics cannot be further improved when the injec-
tion pressure is higher than a critical value, which was in
the range of 300-350 MPa. In addition, Chang et al. [20]
was also found that the critical value of the injection pres-
sure depended on the design of injectors. Therefore, it is
necessary to explore a new way to improve the diesel spray
characteristics under high injection pressure conditions.

On the other hand, it has been found that the in-nozzle
flow and atomization characteristics of diesel engines were
considerably influenced by nozzle geometries [21,22].
Taskiran [23] reported that using a nozzle with rounded
hole inlets resulted in higher discharge coefficients com-
pared with using a nozzle with sharp hole inlets. Suh et al.
[24] investigated the effect of cavitation flow on the diesel
fuel atomization characteristics in nozzles with different
length to width (L/W) ratios and found that the longer
nozzle orifice length induces enhancement of fuel atom-
ization due to the lower discharge coefficient. Therefore,
the optimization of the nozzle geometry structure is one of
the most important and effective approaches to improve
the spray characteristics [25-30].

In addition to optimizing the traditional hole nozzle,
in recent years, the designs of several nonconventional
hole geometries have been proposed, such as elliptical
holes [27], group holes [28], and intersecting holes [29].
Some of the elliptical orifices can produce strong cavita-
tion because of the vorticity magnitude and turbulence
vortex structures [31]. Furthermore, the interchanging of
the major axis and the minor axis can effectively enhance
the air entrainment and improve the atomization quality
of the fuel in the spray process [32-34]. Another inter-
esting method is the use of group holes for nozzles. The
spray of group-hole nozzles seemed to be more stable and
gas entrainment was enhanced [35]. Compared to the
single-hole nozzle under the same operation conditions,
it can be found that the spray tip penetration of group-hole
nozzles is longer than that of the single hole, resulting in
improving the in-cylinder fuel-air mixing [28]. As one of
the efforts in exploring the optimization of the nozzle hole
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geometry structure, the intersecting type hole nozzles were
proposed by Long et al. [29] The intersecting type hole
nozzles mainly include V-type intersecting hole nozzles
and Y-type intersecting hole nozzles. In V-type inter-
secting hole nozzles, each hole is formed by the coales-
cence of a pair of subholes, while V-type intersecting hole
nozzles with a disturbing domain are the Y-type inter-
secting hole nozzles, as displayed in Figure 1. In this
figure, the axes of two or three subholes intersect at the
surface of the nozzle tip, resulting in the intersecting type
hole structure. The aim of this design is to utilize the
internal impact effect of liquid fluids coming from the sub-
holes to promote the breakup of liquid jets, accelerating
liquid—gas mixing. Dong et al. [36] experimentally found
that applying a V-type intersecting hole in a nozzle sig-
nificantly improved the spray characteristics. Moreover,
the particle size was found to decrease with the increase
of the impact angle. Leng et al. [37,38] performed experi-
mental and numerical investigations on the internal flow
structure and mixing dynamics of V-type and Y-type inter-
secting hole nozzles, and found many vortex structures
and high turbulent Kkinetic energy at the outlet field, which
can improve the fuel atomization. Moreover, the sprays
of intersecting hole nozzles are fan-shaped, which have
a higher air entrainment rate than spray emerging
from a cylindrical hole nozzle. These studies prelimi-
narily show that intersecting hole nozzles have the
potential to improve fuel-air mixing.

However, in all these numerical studies on inter-
secting hole type nozzles, the turbulence model used
was Reynolds-averaged Navier—Stokes (RANS) model,
which was not competent in resolving the detailed vortex
structure of the flow field in and out of the nozzles.
Moreover, the effects of the structural difference between
V-type and Y-type intersecting hole nozzles on the
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Figure 1: The geometry model of the nozzle and boundary definition.
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breakup process of the jets have not been fully clarified.
In fact, these vortex structures and differences in the
nozzle structure can significantly influence the develop-
ment and breakup of the jet [21-24]. On the other hand,
large-eddy simulation (LES) is able to clarify more detailed
vortex structures and temporal fluctuations of the turbu-
lent flow behaviors both inside and outside of injector
nozzles [39].

Therefore, in order to clarify the atomization charac-
teristics of intersecting hole nozzles, especially the effects
of the nozzle structure on the in-nozzle cavitating flow
dynamics and thereby the initial breakup process of the
jet near nozzles outlet, the LES method was employed to
investigate the turbulent characteristics of the in- and
out-nozzle multiphase flow field of V-type and Y-type
intersecting hole nozzles, coupled with the VOF method
that was used to describe phase transportation processes.
Moreover, the characteristics of the jet breakup near the
outer intersecting hole nozzles are quantitatively analyzed
in terms of discharge coefficients, spreading angles, and
the probability density function of the droplet diameters.

2 Mathematical models

2.1 Multiphase flow model

In order to capture the internal cavitating flow and ato-
mization processes of a jet, a three-phase volume of fluid
(VOF) model (fuel liquid, fuel vapor, and air) was intro-
duced. The phase transport equations are as follows:

19 R
E[g(alpl) + V(ap V') = Re - Re] 1
—[—(aapa) +V- (aapaV)] =0 2
o+ ay+ oy =1 (3

where R, and R, are the mass transfer rate according to
condensation and evaporation; and «a;, ay, and a, are
volume fractions of the liquid diesel, vapor diesel, and
air phases, respectively. A single momentum equation
is solved throughout the domain, so v is shared among
the phase velocities. In the current study, the Zwart-
Gerber—Belamri model [40] was used to describe the
mass transfer process, including the cavitation of liquid
diesel and the condensation of vapor diesel. The mass
transfer rates of both phases are defined as follows:
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In these equations, there are two empirical calibra-
tion coefficients, the evaporation coefficient fi,, and the
condensation coefficient f,onq, respectively. B, is the satu-
rated vapor pressure of the fuel, Ry is the radius of a
bubble, and p is the density of a three-phase fluid mix-
ture, which is defined as

p = aipy + &Py + &3P, (6)

2.2 Turbulence model

For the high Reynolds number flow, there are three main
categories of approaches to model turbulence: direct
numerical simulation (DNS), RANS, and large eddy simu-
lation (LES). Because of the enormous computational
cost of the simulation [41], DNS is not feasible for prac-
tical engineering problems. RANS [42-44] is widely used
in industrial flow and heat transfer simulations, but it
could not capture small eddies in the flow. In fact, these
small eddies can significantly influence flow develop-
ment. Different from DNS and RANS methods, in the
LES method, large eddies are resolved directly, while
small eddies are modeled. The LES method can capture
the large-scale effect and eddies’ structure in the none-
quilibrium process, which is beyond the capability of the
RANS method. Moreover, it overcomes the enormous
computational cost caused by the need to solve all turbu-
lence scales in DNS. Therefore, in this work, the LES
method is used to describe the turbulence, and the
WALES subgrid scale turbulence model [45] is employed.

2.3 Nozzle geometries and meshes

A numerical investigation was performed on three eight-
hole micro-sac nozzles with V-type intersecting holes,
Y-type intersecting holes, and regular cylindrical holes
as a reference. To save computing cost, meshes are cre-
ated for 1/8th of the entire nozzle, containing only one
hole. As shown in Figure 1, the cylindrical hole nozzle is
denoted as nozzle OA. The V-type intersecting hole nozzle
is denoted as 30V according to the impact angle of 30°.
The V-type intersecting hole nozzle with the disturbing
domain is the Y-type intersecting hole nozzle, denoted as
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Table 1: Geometric parameters of the nozzle holes

Item 0A 30V 30Y
Subhole impact angle (y, deg) 0 30 30
Subhole diameter (ds, mm) 0.2 0.2 0.16
Upper subhole length (Ly, mm) 1.5 1.5 1.5
Lower subhole length (L, mm) 1.5 1.5 1.5
Outlet area (4o, x 108 m?) 3.14 3.14 3.14

30Y. Meanwhile, the spray chamber is added downstream
of the hole exit to provide initial boundary conditions for
the jet. The geometrical parameters about all of the noz-
zles have been listed in Table 1, and the operating con-
ditions are listed in Table 2.

The Taylor microscale is usually used to describe the
scale characteristics of the turbulent vortex. In this study,
the Taylor microscale can be approximated by the fol-
lowing equation [46]:

Ag = /;—ZD @)

where Re is the Reynolds number and D is the diameter of
the nozzle hole. According to this equation, the Taylor
microscale of the nozzles in the current study is estimated
as 3pum. As a result, it was found that the grid size in
the orifice should vary from approximately 1pm in the
boundary region to 3.5 pum in the core region. The initial
minimum grid size in the spray chamber was set to 1.1 pm
near the interface between the liquid and the air. Finally,
the number of cells was approximately 12,000,000 for
30V and 30Y nozzles and 9,200,000 for the OA nozzle,
as shown in Figure 2.

A physical variable, LESIQy,, was employed to assess
the resolution quality of cells used in LES [47-49]:

1

LESIQy = 0.53
1+ 0.05(%) ®)

where y, is the subgrid scale viscosity introduced by the
WALES model. As seen from the equation, the LESIQ,
values ranges from O to 1, and it presents the ratio of
the turbulent kinetic energy resolved by the LES to the

Table 2: Operating conditions

Item Value
Injection pressure 150 MPa
Ambient pressure 0.1MPa
Temperature 300K
Gas Air

Fuel Diesel
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Figure 2: Detail of the meshes in the computational domain.

total turbulent kinetic energy. Usually, it is believed that
the LESIQy should be higher than 0.8 in LES [47]. The
spatial distribution of the values of LESIQ,, at 20 ps after
the start of injection is shown in Figure 3. It can be
observed that the LESIQ, values are higher than 0.92
for all the computing domains, indicating a high resolu-
tion of the meshes in the current study.

The LES turbulence model was coupled with the VOF
model, and the ZGB cavitation model was employed. The
SIMPLEC algorithm was employed to solve the velocity—
pressure coupling equations. The bounded central differ-
encing scheme was selected for the discretization of the
momentum equation. The discretization of the volume
fraction transport equation was used in the compressive

LESIQ
B, e e
0.85 0.875 0.9 0.925 0.95

Figure 3: Evaluation of mesh resolution.
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(b)

Figure 4: Comparison of numerical and experimental results including (a) the initial state of injection [54] and (b) the fully developed

cavitation jet [53,54].

scheme. The cell gradients were calculated by using the
least-squares cell-based method. Finally, the time inte-
gration was performed adopting the bounded second-
order implicit scheme, and the time step was 1 x 1079 s.
The computations were implemented in commercial numer-
ical software Fluent (ANSYS INC, 2019).

The numerical models have been extensively vali-
dated in previous investigations associated with the nozzle
internal flow [48,50,51]. In this article, the numerical
results were compared with the experimental results of
Ghiji et al. [52] and Wang et al. [53,54]. Figure 4 shows a
comparison of the numerical results with the experimental
results using the LES-VOF method at different stages of
the developing injection flow nearby the nozzle exit. At
the initial stage of the injection, a mushroom-shaped jet
tip is observed ins the experimental images, and the

numerical results reproduced this structure (Figure 4a).
Asillustrated in Figure 4b, the cavitation is fully developed
and significantly influences the spray structure. Overall,
the LES-VOF model shows a good agreement between
numerical and experimental results with different states
of the internal flow and transient flow feature outside
the nozzle. The properties of the liquid and vapor phases
of diesel fuel are listed in Table 3.

Table 3: Properties of diesel fuel

Item Liquid Vapor Air

Density (kg-m~3) 832 0.1361  1.165
Viscosity (Pa-s) 0.003 7x10™° 1.86x107°
Saturation vapor pressure (Pa) 2,000
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3 Results and discussion

3.1 Nozzle geometries and meshes

As shown in Figure 5, the mass flow rates of the steady
injection stage of 30V nozzle, 30Y nozzle, and OA nozzle
are 12.6 g-s7%, about 11.3g-s7}, and 9.1 g5, respectively.
Although these nozzles have the same outlet area, the
mass flow rates of the 30V nozzle and the 30Y nozzle
are significantly higher than that of the OA nozzle. In
addition, the dimensionless numbers used to charac-
terize the flow characteristics in the nozzle are the dis-
charge coefficient Cq, the area coefficient C,, and the velo-
city coefficient C,, which correspond to the global loss,
area loss, and velocity loss of the nozzle, respectively
[37,38]. A higher flow coefficient means less loss. These
coefficients are defined in Eqgs. 7-9:

Ty

Cg=——— 9
Ao+/20,AP, ©)
C. = Yeff _ Ueff 10)
= =
Un  /2APy/p,
Aest
Ca=—2%2 11
= (1)

where p, is the density of liquid fuel, rix is the mass flow,
M; is the momentum flux, and AP, is the difference of
injection and discharge pressure over the nozzle. ueg
and A are the effective velocity and the effective area
of a hole, respectively; which are calculated as follows:

M
Ueff = — (12)
mg
12
o 10
&
@
=
= S|
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Figure 5: Mass flow rates of nozzles.
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Figure 6 shows the numerical results of the various
flow coefficients for the three types of hole nozzles for the
discharge coefficient C4. The Cq4 values of the intersecting
hole nozzle are 24-37% higher than those of the cylin-
drical hole nozzle.

The area coefficients C, of the 30V nozzle and the 30Y
nozzle are about 37% higher than that of the OA nozzle
due to noncavitation and a decrease in the area loss. It
should be noticed that for the 30V nozzle, its area coeffi-
cient will be less than 1 because the velocity distribution
is not uniform at the 30V nozzle outlet, even if there is no
cavitation in the 30V nozzle. A similar phenomenon can
also be found in the study of a tapered hole nozzle in
ref. [55].

The velocity coefficients C,for the OA nozzle and the
30V nozzle are very close, which are 0.875 and 0.871,
respectively. The velocity coefficient of the 30Y nozzle is
0.702, which is 24% lower than that of the 30V nozzle,
and the reasons will be discussed in the next paragraph.

Due to the noncavitation flow characteristics of the
intersecting hole nozzles, the discharge coefficient of the
intersecting hole nozzles is much higher than that of
the cylindrical hole nozzle and greatly reduces the area
loss of the flow over nozzles. This result is consistent with
previous studies [24]. The higher discharge coefficient is
beneficial to improve the atomization and mixing rate
because of lower global energy loss at nozzles and the
possibility of reducing the hole dimension in a given
mass flow requirement [56].

0A 30V

30Y

Nozzle

Figure 6: Velocity and area coefficients for nozzles 0A, 30V, and 30Y.
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3.2 Spatial distribution of the flow
parameters

The differences of the cross area-averaged pressure at
various axial positions from the nozzle exit for the 0A,
30V, and 30Y nozzles can be clearly seen from Figure 7.
For the OA nozzle, the pressure drops by 95% within
0.2mm near the inlet and then remains at about 0.1 MPa
until the outlet. The axial pressure distribution in the 0A
nozzle presents an L-shape, so there is a great pressure
gradient near the inlet. The 30V and the 30Y nozzles have
a similar axial pressure distribution: it shows a stepped
shape with a decrease in the pressure near the inlet and
outlet. For the 30V nozzle, the pressure decreases by 25%
within 0.2 mm near the inlet and remains at about 90 MPa
in 0.3-1.1 mm. Finally, the pressure decreases to 19 MPa in
1.1-1.5 mm near the outlet. However, there are some differ-
ences in the pressure distribution of 30Y; the pressure of
the 30Y nozzle decreases by 71% within 0.2 mm and then
remains at about 50 MPa, and finally, decreases to 0.1 MPa
in 1.1-1.5 mm. In order to ensure the same outlet diameter,
the 30Y inlet diameter is smaller than the 30V inlet dia-
meter. As a result, the pressure gradient of the 30Y nozzle
is significantly higher than that of the 30V nozzle near the
inlet.

As shown in Figure 8, for the OA nozzle, the cavita-
tion appears under 150 MPa of the injection pressure and
develops from the inlet to the outlet of the hole, while for
the intersecting hole nozzles, cavitation hardly appears.
Due to the overall convergent hole structure, the pressure
of the intersecting hole nozzles decreases near the inlet
and outlet, which reduces the pressure gradient of a

160
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140 F —e— Nozzle 30V

| —a— Nozzle 30Y

—
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Figure 7: Axial pressure distribution at the hole.
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Figure 8: Pressure and liquid volume of the fraction at the hole.

single local area. Therefore, the intersecting hole nozzles
can effectively restrain cavitation.

To understand the development of the cavitation in
the 30Y nozzle outlet, the three-phase (liquid, vapor, and
air) volume fraction distributions and vector fields are
depicted in Figure 9. It can be seen that the cavitation
appears near the upper and lower parts of the outlet, at
4 ps after the start of injection (ASOI). As a result, the
nozzle outlet is full with diesel liquid and diesel vapor.
Then, the diesel vapor disappears in the upper and lower
parts of the outlet, at 10 ps ASOI. But, the diesel liquid is
not filled with the outlet, and the upper and lower parts
of the outlet are filled by air. The vector field of the
liquid phase at 10 ps ASOI is shown in Figure 9b; it can
be seen that reverse vortices occur at the outlet of the
hole. The air suction appears after cavitation disappeared
in the upper and lower parts of the outlet, which is only
observed in the 30Y nozzle. In other words, the air suc-
tion causes a jet emerging from the 30Y nozzle very dif-
ferent from a jet emerging from the 30V nozzle. That is
why the flow over the 30Y nozzle has a higher velocity
loss. The jet emerging from the 30Y nozzle was disturbed
and swung strongly near the outlet. Furthermore, the
effect of air suction will be discussed in the later part.

3.3 Velocity fields in the nozzle outlet

Further details regarding the full development flow of OA,
30V, and 30Y in the outlet, including the flow fields and
the cavitation distributions on the cutting plane perpen-
dicular to the jet axis are shown in Figure 10. Since the
velocity of the diesel vapor is smaller than that of the
diesel liquid, two vortices around the diesel vapor region
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Figure 9: Development of the 30Y nozzle jet at the nozzle outlet.

are generated at the OA nozzle outlet. For the 30V nozzle,
there is no cavitation or air suction at the outlet, but a
small vortex is present in the middle of the hole caused
by the collision and impact of the fuel in two subholes of
the intersecting hole nozzle. Furthermore, the velocity is
more uniform at the 30V nozzle outlet. Unexpectedly,
there are four vortices at the 30Y nozzle outlet, which

” I E QOutlet vector field
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Air phase

(b)

are on both sides of the upper and lower air suction
regions. Additionally, the velocity in the upper part of
the outlet is slightly lower than that in the lower part of
the outlet. The internal flow of intersecting hole nozzles is
more complex because of the collision and impact of the
fuel. The turbulence flow is an important reason to
induce fluctuation on the jet surface and then breakup

30Y
/ st \ '\\

% '
| \

Liquid VOF

0 0.25

Figure 10: Comparison of the outlet velocity fields.
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Figure 11: Spatial distribution of the liquid volume fraction on the XY-plane and the XZ-plane.

jets [57]. Therefore, the impact turbulence flow will pro-
mote jet atomization.

3.4 Spreading angles

Figure 11 shows the spatial distribution of the liquid
volume fraction for nozzles 0A, 30V, and 30Y. More
detailed structures of the jet are given on the XY-plane
and the XZ-plane, respectively. It can be observed that for
the OA nozzle, there is minimal mixing in the near-field.
The 30V and 30Y nozzles have a larger spreading angle
on the XY plane. It can be seen from Figure 12 that the
spreading angle of the 30V and 30Y nozzles is about 35°,

50 I:’Plane-XZ
[ |Planexy
40 -
e
=
EDJO -
<
>
[
&
S0t
10 -
0

0A 30V 30Y

Figure 12: Spray angle of nozzles on the XY-plane and the XZ-plane.

while that of the OA nozzle is only about 20° on the XY
plane. In other words, the spreading angle is about
1.5 times wider than that of the cylindrical nozzle on the
XY plane. On the XZ plane, the spray angle of the 30V
nozzle is 11°, which is slightly lower than that of the OA
nozzle, while the spreading angle of the 30Y remains at a
larger value of 41°. It can be also observed from the XZ
plane that the jet of the 30Y nozzle has a strong fluctua-
tion and disturbance at the outlet because of air suction.
As a result, some liquid ligaments and droplets separate
from the main jet; then, the surface wave caused by the
jet fluctuation propagates to the spray downstream and
promotes the jet breakup. In addition, a similar jet fluc-
tuation phenomenon is observed in the 30V nozzle jet,
but only in the downstream of the jet and the fluctuation
is weak. In conclusion, setting the blind hole as the dis-
turbing domain improves the spreading angle and enhances
atomization.

3.5 Droplet statistics

In order to characterize the jet development, the droplet
size and droplet velocity distributions were calculated for
three different positions in the spray chamber. These
positions were located at 0.5, 1.5, and 2.5 mm down-
stream of the nozzle outlet and denoted here as Mi,
M2, and M3, respectively. The location where M1-M3 is
located is depicted in Figure 13.

In order to calculate droplet size statistics, a threshold
of @) > 0.5 was used to characterize liquid regions for each
slice M1-M3. Then, to separate the connected liquid
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M1 M2

M3

Figure 13: Positions M1-M3 where droplet size distributions are

calculated.
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fragments, an erosion operation was performed. Thereby,
the size of the erosion operator equaled two times the
mesh size. In the next step, dilatation was performed again
with an operator size two times the mesh size. Next, the
droplets were counted and sorted by the diameter. Finally,
the droplet number based on the probability density func-
tion (PDF) was calculated. This postprocessing method
has been validated in ref. [58].

Figure 14 gives the droplet size distribution for dif-
ferent locations M1-M3. A general trend can be found in
Figure 14a—c. The droplets are large near the nozzle
outlet and become smaller with an increase in the dis-
tance. Therefore, the peak value of the droplet size
distribution shifts toward smaller droplet diameters. How-
ever, there are some differences among the droplet size
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distribution of the three nozzles. For the OA nozzle, with
an increase of the distance, the PDFs of small droplets
increased gradually, while the most obvious change of
the droplet diameter is the 30V nozzle. Since the jet dia-
meter is almost 130 pm and not broken at M1, the PDFs of
the droplet at M1 are not shown in Figure 14b. However,
with the increase in the distance, the jet is rapidly broken.
As a result, the number of small droplets increases rapidly.
At M3, only a small portion of the jet is not broken and
most of the droplet diameter is 25 pm. For the 30Y nozzle,
the droplets’ diameter of about 20 ym remains the most
even at M1. With the increase of the distance, the PDFs
of small droplets still remain at a higher value. The droplet
size distribution of three nozzles at M3can be observed in
Figure 14d. Obviously, the jet emerging from the 30V nozzle
had a high breakup rate and the mean droplet diameter was
19.78 pm. The droplet size distribution of the 30Y nozzle
was slightly better than that of the 0OA nozzle. However,
the mean droplet diameter of the OA nozzle was 27.06 pm,
while the mean droplet diameter of 30V was 33.06 pm.

Figure 15 shows the predicted droplet velocity distri-
butions at different locations M1-M3 for nozzles OA, 30V,
and 30Y, respectively. By comparing Figure 15a-c, it can
be found that the droplet velocity distribution of the
intersecting hole nozzle is obviously different from
that of the cylindrical hole nozzle. When the jets moved
downstream, the droplet of velocity tends to decrease. For
intersecting hole nozzles, the velocity of droplets is con-
centrated at about 550-600 m-s~! at M1, while the velocity
of most droplets sharply decreased to 200-300 m-s ' at M3.
However, in the case of the cylindrical hole nozzle, with
the jets moving downstream, the droplet velocity distribu-
tion tends to be slightly decreased. The droplet velocity of
cylindrical hole nozzles is dispersed at M1 but the velocity
of some droplets decreased to 200-300 m-s— at M3. The
reason may be that the surface area of the fan-shaped jet
emerging from the intersecting hole nozzle is larger than
that of a cylindrical hole nozzle. Therefore, the aero-
dynamic effect of the fan-shaped jet emerging from the
intersecting hole nozzle is stronger than that of a cylin-
drical hole nozzle, and with the jets moving downstream,
the jet broke up to more small droplets, and the PDF of
low-velocity droplets increased.

3.6 Q-Criterion

In this article, Q-criterion is used to capture vortex struc-
tures. When the value of the Q-criterion is positive, the
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vortex tensor of the fluid is greater than the strain rate
tensor. The vorticity close to the center of the vortex
should increase, so the Q is expected to remain a positive
value in the core of the vortex. Therefore, the regions with
positive Q indicate vortex structures in a flow field. The
Q-criterion is defined as follows:

Q= %(QijQij - 5;iSy) (14)
where
=
(a)
g
\. I

(b)

(©)

Figure 16: Comparison of the isosurface of Q in different nozzles.
The isosurface of Q in the (a) OA nozzle, (b) 30V nozzle, and (c) 30Y
nozzle.
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In Figure 16, distributions of lumps of the isolated
vortex surfaces of Q = 2 x 10 in the hole and the spray
domain are indicated. Obviously, a large number of iso-
lated vortex surfaces were observed around the down-
stream spray field region and the upstream spray field
region in the 30V nozzle and the 30Y nozzle, respectively.
Therefore, the jet of the 30Y nozzle was disturbed near
the outlet and broke up early. Although the jet of the 30V
nozzle broke later, the breakup rate was high in the
downstream spray field. On the other hand, a few isolated
vortex surfaces were observed in the OA nozzle hole and
the spray field, as shown in Figure 16a. As a result, the
formation of isolated vortex surfaces validates that the
instability of jet in intersecting hole nozzles is much
larger than that in cylindrical hole nozzles.

4 Conclusion

In this article, the multiphase flow inside and outside
the nozzle was numerically simulated using a VOF-LES
method to clarify the effects of the nozzle structure on the
cavitation flow and primary atomization characteristics
for cylindrical, V-type, and Y-type intersecting hole
nozzles at 150 MPa injection pressure and 0.1 MPa back
pressure. The simulation results agree well with the
experimental data in this work. The main conclusions
in this study are summarized as follows:

1. The global loss and area loss of the flow over an inter-
secting type hole nozzle are lower than those of a
cylindrical hole nozzle, while the flow over the
Y-type intersecting hole nozzle has a higher velocity
loss among the three nozzles.

2. For the cylindrical hole nozzle, the pressure distribu-
tion is of L-shape along the hole; while for the inter-
secting hole nozzles, the pressure shows a stepped
shape drop along the holes due to the overall conver-
gent hole structure. The pressure of intersecting hole
nozzles decreases near the inlet and outlet, which
reduces the pressure gradient of a single local area.
Therefore, the intersecting hole nozzles have a great
potential for inhibiting cavitation.

3. A fan shape can be observed in the near-field region of
the intersecting hole nozzles. The aerodynamic effect
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can significantly affect the distribution of droplet velo-
city at different locations. The jet emerging from inter-
secting hole nozzles shows wider spreading angles
and smaller droplet sizes.

Since the blind hole is set as the disturbing domain,
the jets emerging from a Y-type intersecting hole
nozzle are more disturbed and unstable, leading to
enhanced atomization.
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