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ABSTRACT

The group-hole nozzle concept is proposed to meet the requirement of nozzle hole minimization and reduce
the negative impact of poor spatial spray distributions. However, there are limited researches on the effects
of intake conditions and nozzle geometry on spray characteristics of the group-hole nozzle. Therefore, in this
study, an accurate spray model coupled with the internal cavitating flow was established and computational fluid
dynamics (CFD) simulations were done to study the effects of intake conditions and nozzle geometry on spray
characteristics of the group-hole nozzle. Experimental data obtained using high-speed digital camera on the high-
pressure common rail injection system was used to validate the numerical model. Effects of intake conditions
(injection pressure and temperature) and nozzle geometry (orifice entrance curvature radius and nozzle length)
on the flow and spray characteristics of the group-hole nozzle were studied numerically. The differences in Sauter
mean diameter (SMD), penetration length and fuel evaporation mass between single-hole nozzle and group-hole
nozzle under different nozzle geometry were also discussed. It was found that the atomization performance of the
group-hole nozzle was better than that of the single-hole nozzle under same intake conditions, and the atomization
effect of the short nozzle was better than that of the long nozzle. With increase in the orifice entrance curvature
radius, the average velocity and turbulent kinetic energy of the fuel increased, which was conducive to improving
the injection rate and flow coefficient of the nozzle. Meanwhile, the penetration length and SMD value rose, while
evaporation mass dropped. When the ratio of the orifice entrance curvature radius (R) to the diameter of injection
hole (D) was 0.12, the spray characteristics reached a constant state due to elimination of cavitation. Conclusions
were made based on these. This study is expected to be a guide for the design of the group-hole nozzle.
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Nomenclature

D Nozzle hole diameter (mm)

L Nozzle length (mm)

R Orifice entrance curvature radius (mm)

SMD Sauter mean diameter

orea Break-up time

AP The difference between injection pressure and ambient pressure
P Gas density

0 Fuel density
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1 Introduction

Diesel engine plays a significant role in the field of internal combustion engine. Compared to other
power machinery, it is widely used in diesel locomotives, ships and other transportation equipment
because of its high power and good economy. However, the exhaust of diesel engine contain harmful
emissions such as NOx and soot, which is a challenge to meet strict emission regulations [1,2].
Therefore, new technologies are urgently needed to meet this challenge. High-pressure common rail
injection technology is an effective method to solve this problem, which can improve atomization
quality of diesel to achieve more efficient and cleaner combustion of diesel engines [3].

The key component of the common rail injection system is the injector, which plays a vital role in
the internal flow characteristics and fuel atomization of the diesel engine [4]. And the main part of the
injector is the nozzle hole. The study of nozzle spray characteristics can be used to guide the design
of injector geometry, which can lead to better atomization and cleaner combustion of diesel fuel [5,6].
Therefore, it is of great significance to study the flow and spray characteristics of the nozzle to improve
the atomization quality of the fuel [7]. Many studies have focused on the internal flow field of the
nozzle, such as flow velocity and cavitation phenomenon. Bergwerk et al. [§] first observed cavitation
in a true size transparent nozzle. Hiroyasu et al. [9,10] experimentally proved that cavitation has a
positive effect on the atomization performance. They found that cavitation makes the spray droplets
more prone to break up, which results in better atomization. He et al. [1 1] found that the type of SAC
volume, orifice entrance curvature radius and the ratio of hole length to hole diameter L/D have a
great influence on the cavitation flow and spray characteristics of the nozzle. As the size of the nozzle
hole becomes smaller and smaller and the injection pressure becomes higher and higher, it becomes
more difficult to study the nozzle by experimental method. At the same time, with the development
of computer technology, the computing performance of the computer has been greatly improved,
therefore it has become a major trend to use numerical simulation method to study the flow process
inside the nozzle. Schmidt et al. [12] established a two-dimensional computational model, taking liquid
and vapor as a continuum to study cavitation in the nozzle. It was found that the occurrence of
cavitation has an important effect on spray atomization. Kim et al. [13] found that the cavitation
generated by the SAC chamber makes the spray diffusion angle larger, but the flow coefficient
smaller. In terms of computational modeling of cavitation phenomena, Nurick [14] established a
one-dimensional model to study cavitation effect in the spray mixing process. Schmidt et al. [12,15]
improved this model based on the internal flow characteristics of the nozzle hole. Plesset et al. [16,17]
proposed the Rayleigh-Plesset model based on the collapse of a single bubble, taking into account
the pressure and the surface tension of the bubble. Single-fluid model, which did not consider the
momentum and energy transfer between gas and liquid but applied the two-phase volume fraction
transport equation, was proposed by Yuan et al. [18]. Considering the complex flow in the nozzle
hole, Alajbegovic et al. [19] put forward the concept of two-fluid model in order to reflect the cavitation
phenomenon more accurately.

There are also many researches that focuses on spray characteristics, such as spray penetration
length, spray cone angle, Sauter mean diameter (SMD) and fuel evaporation mass. The empirical
formula was summarized by analyzing spray penetration length and spray cone angle [20,21]. With the
development of measurement technology, various optical devices have been used in the experimental
research of spray. By applying high-speed schlieren photography, Espey et al. [22] found that the
penetration length in the constant volume bomb differs from the static experimental results. The
penetration length will decrease with increase in the gas density and temperature. Vita et al. [23]
employed high-speed digital camera and Nd-YAG laser equipment to observe the spray state in
constant volume bomb. It was found that with increase in injection pressure, the penetration length



EE, 2023, vol.120, no.7 1543

increases but there is no change in spray shape. Mitroglou et al. [24] found that the spray cone angle
does not change with change in injection pressure and back pressure of constant volume bomb by
using doppler velocimeter. Recently, many researchers have attempted to couple the nozzle outlet flow
parameters with the subsequent spray process to form a spray model of coupled cavitation flow [25,26].
However, due to the complexity of the spray and internal cavitating flow, it is difficult to establish the
coupling model between them and much work needs to be done.

In recent years, with the rapid development of machining technology, the diameter of the nozzle
hole is becoming smaller and smaller [27]. New ideas have been proposed for the structure of the
nozzle. Nishida et al. [28] put forward the concept of group-hole nozzle, in which the minute holes are
arranged at a minute interval. And the group-hole nozzle is composed of two adjacent spray holes,
which are either parallel to each other or at a certain angle. The group-hole nozzle has low separation
angles between holes, and the adjacent jets interact to form a single jet [29]. Compared to single-hole
nozzle, group-hole nozzle can reduce the diameter of the spray hole without significantly reducing the
penetration length, which can effectively improve the atomization and evaporation performance of the
fuel. Therefore, there have been many researches related to the spray characteristics of the group-hole
nozzle. Jian et al. [30] experimentally studied the influence of nozzle hole angle on diesel fuel spray
characteristics. The results show that group-hole nozzle has the advantages of better atomization and
combustion efficiency than the single-hole nozzle. Park et al. [31] studied the effect of different nozzle
hole angles on the oil-gas mixing process of group-hole nozzle. They [32] also studied the combustion
characteristics and emission characteristics of group-hole nozzle at low loads. The results indicate that
compared to the single-hole nozzle, the group-hole nozzle has higher cylinder pressure and shorter
combustion duration. Moon et al. [33] and Lee et al. [34] found that compared to single-hole nozzle,
the spray penetration length of the group-hole nozzle is shorter in a free spray condition, while it is the
longer in a wall-impinging condition, and because of the air entrainment, the group hole nozzle has a
strong effect on the reduction of droplet diameter and the rapid dispersion of droplets.

As discussed above, the group-hole nozzle has many advantages, but there are limited researches
about the group-hole nozzle. And previous studies on group-hole nozzle were only focusing on the
effect of nozzle hole angles on the spray characteristics, but the effect of other geometry condition
and intake conditions on the spray characteristics of group-hole nozzle were not considered. From
the literature review, it is obvious that the geometry of group-hole nozzle and intake conditions could
affect, not only the formation and location of cavitation by influencing the flow field, but also the
spray characteristics. In addition, a spray model coupled with cavitating flow in the numerical study is
still not proposed. These problems need to be studied urgently. Therefore, in this study, a spray model
coupled with cavitating flow was established to study the influence of intake conditions and nozzle
geometry on the flow and spray characteristics of group-hole nozzle. And the results were compared
with the single-hole nozzle. This study is expected to be a guide for the practical application of group-
hole nozzle.

2 Numerical Simulations

2.1 Geometric Model Generation and Boundary Conditions

As shown in Fig. 1, the group-hole nozzle used in this study consists of a pair of parallel sub-
holes, and the detailed parameters of the group-hole nozzle are shown in Table 1. The nozzle structure
of this study is axisymmetric, therefore, in order to reduce the time of numerical calculation, half of
the nozzle was taken as the computational domain for numerical calculation. The grid was generated
by AVL FIRE software, in which the dynamic grid was generated according to the needle valve lift
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curve, and the total number of grids for single-hole and group-hole nozzle was 166000 and 190000,
respectively.

(a) The valve is closed (b) The valve is fully open

Figure 1: Schematic of computational domain and grid for diesel group-hole nozzle

Table 1: Geometric parameters of nozzle

Item Value
Nozzle hole number (n) 2
Diameter of the hole, D (mm) 0.12
Length of the hole, L (mm) 0.55-0.75

Distance between adjacent holes, S (mm) 0.24
Orifice entrance curvature radius, R (mm)  0-0.16
Needle lift, H (mm) 0.3

The inlet and outlet boundary conditions were specified as pressure boundary. Meanwhile, the
intermediate wall condition was set as the axisymmetric boundary, and the other wall boundary
conditions were set to non-slip wall boundary. According to experiment, nozzle hole inlet and outlet
pressure were set at 40 and 0.1 MPa, respectively. Moreover, flow characteristic parameter for each
step of the nozzle hole outlet was saved and used as the inlet boundary conditions for the subsequent
numerical simulation.

According to the experiment, the calculation region of spray can be simplified to a cylinder with a
length of 30 cm and a diameter of 10 cm, as shown in Fig. 2. The nozzle is located at the center of the
cylinder top. In the study, grids with sizes 0.8, 0.5, and 0.3 mm were selected to do the grid independence
verification. Since spray droplets are mainly distributed on the axis of the cylinder, mesh refinement
was applied to the square area of the grid center 10 x 10 mm. Therefore, three different grid numbers
of 60000, 144000 and 200000 were used to verify grid independence. The spray penetration length of
the three different grids were obtained from the numerical results.
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Figure 2: Computational grid of the constant volume bomb

Fig. 3 shows the numerical simulation results of penetration lengths under three different grids.
The calculation results of the penetration length are almost the same for three different computational
grids, which indicates a rather good independency of the grids. In order to balance calculation accuracy
and time cost, a total of 144000 grids were selected for numerical calculation.

2.2 Nozzle Flow Model

Simulation of internal flow of nozzle hole employed the two-fluid model, which is formulated by
considering each phase separately. Two-fluid model is expressed in terms of two sets of conservation
equations governing the balance of mass, momentum, and energy in each phase [35]. In the phase
transition between the gas and liquid, the temperature of the diesel is constant by ignoring the heat
absorbed and consumed. Since the flow rate of diesel in the nozzle is relatively high, which can reach
several hundred meters per second, and the fuel stays in the nozzle hole for a short time, it can
be considered that the heat exchange between fuel and the inner wall of the nozzle hole is almost
zero [36]. The finite volume method was employed to discretize the governing equations and the
pressure correction was based on the PISO algorithm. As the nozzle hole flow is the relatively complex,
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mainly turbulence, in order to accurately calculate the flow field characteristics in the nozzle hole, it
is necessary to select an appropriate turbulence model. Moreover, since diesel fuel is incompressible,
the standard two-equation k-¢ turbulence model was adopted to calculate the liquid and gas phases.
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Figure 3: Grid independence study for penetration length under different grids

2.3 Spray Model

The spray model has a great influence on the results of numerical simulation. Therefore, two stages
of primary atomization and secondary atomization were considered comprehensively in the spray
simulation. The primary atomization plays an important role in the coupling simulation method, which
establishes the connection between internal cavitating flow and subsequent spray. The core injection
model was chosen as the primary atomization model in this paper, which has a good prediction of
primary atomization. The model assumes that the turbulence at the exit of the nozzle was the main
reason for the surface fluctuation of the jet, which could enhance the formation of atomized droplets.
Due to the high injection velocity, secondary atomization occurs near the injector and the selection of
an appropriate breakup model would significantly affect the prediction of the spray evolution. KH-
RT breakup model was selected for the secondary atomization because of its superior performance in
predicting the spray structure [37].

2.4 Model Validation
2.4.1 Experimental Setup

The experimental equipment used in this paper mainly includes high pressure common rail diesel
injection system, optical system and image acquisition system, as shown in Fig. 4. The high injection
pressure of the common rail system was provided by the fuel pump. The pressure sensor was used
to determine the static pressure value in the fuel rail, which could bring about real-time control
of the injection pressure and minimize the influence of pressure fluctuation on fuel atomization.
The measurement error of the pressure sensor is 0.5%. Images of the spray were obtained using a
time resolution of 16 us of a highspeed digital camera (Motion Pro-10000) produced by American
REDLAKE MASD with a spatial resolution of 512 % 512 pixels. A Nikon AF Micro 60 mm f/2.8D
macro lens with a magnification of 1 and a filter size of 62 mm was used. A LED light was used as
the light source, which is composed of 99 small LED lamps with 100 W illumination brightness. It
can well meet the light source requirements of the experiment. The diameter of single-hole and group-
hole nozzle used in the experiment were 0.17 and 0.12 mm, respectively, and their cross-sectional areas
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were kept constant to ensure that they have the same flow rate. The spray experiment was carried
out at room temperature of 25°C and standard atmospheric pressure. The injection pressures were 40
and 60 MPa. The spray atomization image was obtained in the atmospheric back-pressure, therefore
the penetration distance was longer. The difference of light and dark level can reflect the density and
uniformity of droplet distribution [38]. The spray processes of the group-hole and single-hole nozzle
under different injection pressures were experimented using backlight method, the spray shape was
observed, and the penetration length was measured.
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Figure 4: Schematic of experimental setup

2.4.2 Model Validation

The accuracy of the numerical models is validated by contrasting the penetration length of numer-
ical result with experimental results under the same injection pressure. Fig. 5 shows the numerically
calculated and experimental penetration length from 0.1 to 2 ms under the injection pressure of 40
and 60 MPa. It can be observed from Fig. 5 that the profiles of simulation are basically consistent
with the points measured from the experiment, which demonstrates that the simulation results showed
approximately good agreement with the experimental results. This indicates a good accuracy of the
numerical model adopted in this study.
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Figure 5: Model validation for spray penetration length of experimental and numerical results
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3 Results and Discussion

3.1 Effect of Intake Conditions on Spray Characteristics

The spray characteristics of single-hole nozzle and group-hole nozzle were studied under different
inlet conditions. The geometry of the single-hole and the group-hole nozzle used in this study remained
the same to ensure consistent flow rates. The intake conditions included temperature and pressure in
the constant volume chamber, and their values are shown in Table 2.

Table 2: Diesel temperature and pressure in the constant volume chamber

Intake conditions Value

Diesel temperature (K) 293.15, 313.15, 333.15
Pressure of constant volume (MPa) 0.1,0.5,1

3.1.1 Effect of Fuel Temperature

Fig. 6 shows spray characteristics of single-hole nozzle and group-hole nozzle under different fuel
temperature. It can be seen from Fig. 6a that the penetration length of the group-hole and single-
hole nozzle were very close, but the penetration length of single-hole nozzle was a bit longer than
that of the group-hole nozzle. The penetration length of both the group-hole and single-hole nozzles
decreased slightly as the diesel temperature increased. The results obtained from the current numerical
simulation are similar as those of Park, who used the Bosch tube method in an experiment to obtain
the injection pattern of the group-hole and single-hole nozzles and found that under the same intake
conditions, the injection pattern of group-hole nozzle is similar to that of the single-hole nozzle [39].
As shown in Figs. 6b and 6¢, in the first 2 ms of the spray process, with increase in fuel temperature,
the diesel evaporation mass increased and the SMD value gradually decreased. This is because as
the temperature of the fuel increases, the evaporation rate of the fuel increases, resulting in a smaller
diameter of the fuel droplets. Compared to single-hole nozzle, group-hole nozzle has smaller SMD
value and larger evaporation mass. This indicates that the group-hole nozzle has more advantages than
the single-hole nozzle in spray characteristics, which can make fuel and gas mix faster, thus improving
the fuel atomization performance.

3.1.2 Effect of Pressure

Fig. 7 shows spray characteristics of single-hole nozzle and group-hole nozzle under different
initial pressure. As shown in Fig. 7a, when the pressure in the constant volume bomb was raised from
0.1 to 1 MPa, the air density became larger, and the air resistance of the spray droplets increased
during the movement, resulting in a shorter spray penetration. Compared to the results of changing
fuel temperature, spray characteristics are more sensitive to the environmental pressure changes. The
penetration length of the single-hole nozzle is larger than that of the group-hole nozzle, but the trend is
the same for both with pressure changes. As it can be seen in Fig. 7b, the evaporation mass of the two
nozzles decreased with increase in the pressure in the constant volume bomb, and the variation trend
of evaporation mass was consistent with the time. The evaporation mass increased rapidly with time
under the pressure of 0.1 MPa, while the growth rate decreased gradually with pressure. However, no
matter what the pressure was, the evaporation mass of group-hole nozzle is always slightly higher than
that of single-hole nozzle, and the difference between them was more obvious after the disappearance
of cavitation (t > 0.8 ms). Fig. 7c shows that when t < 0.76 ms, SMD value decreased with time
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continuously, while when t > 0.76 ms, SMD value basically remained unchanged. It can also be
concluded that the penetration length decreases with the increase in pressure. This is because as the
pressure increases, the mass of the droplet decreases and the propagation kinetic energy of the droplet
decreases accordingly, thus reducing the penetration length. Similarly, the SMD value of droplets
injected by group-hole nozzle is smaller than that of single-hole nozzle, therefore the penetration length
is also slightly smaller than that of single-hole nozzle.
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3.2 Effect of Nozzle Geometry on the Flow and Spray Characteristics

Numerical simulations were also carried out to investigate the flow and spray characteristics of the
group-hole nozzle under different nozzle geometry. The spray characteristics of single-hole nozzle and
group-hole nozzle under different nozzle geometry were also compared. The nozzle geometry includes

hole length (L) and orifice entrance curvature radius (R), and their values are shown in Table 3.

Table 3: Geometric structure of the group-hole nozzle

Item

Value

Hole length (mm)

0.55-0.75

Orifice entrance curvature radius (mm) 0-0.025
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3.2.1 Effect of Nozzle Length on the Flow and Spray Characteristics

Fig. 8 shows the internal flow of the group-hole nozzle with different hole length. As shown in
Fig. 8a, with the hole length increasing from 0.55 to 0.75 mm, the pressure distribution inside the
nozzle hole remained the same. However, as shown in Figs. 8a and 8b, as the length of the nozzle
became longer, the flow resistance also increased, which led to a decrease in the flow velocity of the
liquid phase, an increase in the turbulent kinetic energy dissipation time and a decrease in the turbulent
kinetic energy. Fig. 9 shows average velocity and kinetic turbulent energy in the group-hole nozzle with
different hole length. The average velocity and kinetic turbulence energy in the nozzle hole showed a
decreasing trend with increase in the hole length. This is because with increase in hole length, the
resistance of fuel flow through the nozzle hole increases significantly, resulting in a decrease in the
average flow velocity. At the same time, the average turbulent kinetic energy also showed a decreasing
trend. This is not only due to the factor of decreasing average velocity, but also due to the weakening of
the cavitation in the nozzle hole, which makes the breakage of cavitation bubbles disappear, resulting
in the weakening of turbulent flow.

Fig. 10 shows the cavitation distribution of different nozzle length. It can be seen from the figure
that increasing the hole length did not cause a dramatic change in the volume fraction of the gas phase,
and the cavitation area remained almost the same. However, for the nozzle hole with short length,
such as 0.55 mm, the cavitation area accounted for a large proportion of the space, and there was a
tendency of super cavitation. While the nozzle hole with long length, such as 0.75 mm, did not show
this tendency. Therefore, the nozzle length had little effect on cavitation, but only that the droplet in
the long nozzle hole had broken and disappeared before reaching the nozzle outlet, while in the short
nozzle hole, the droplet breaking effect was more obvious.

According to Hiroyasu et al. [9], a complete injection process generally consists of two stages.
The first stage is the primary breakup from the beginning of spraying to the breaking moment of
droplets. In this stage, the penetration length of spray increases linearly with time. After .., large
droplets break up into smaller droplets, and new cavitation bubbles grow during secondary breakup.
The secondary breakup plays a significant role in increasing the total fuel and liquid surface to bolster

the combustion and fuel evaporation. The break up time in this study was calculated from Eq. (1) as
tbren/c = 076 mes.
tbreak = 2865 . p/D/ (pgAP)().S (1)

where AP is the difference between injection pressure and ambient pressure; p, is the density of gas in
the constant volume bomb; p, is density of fuel; D is the nozzle diameter.

Fig. 11 compares the SMD value of the group-hole nozzle and single-hole nozzle with different
nozzle lengths at ¢ = ¢,,., = 0.76 ms. It can be seen that the SMD value of either group-hole nozzle
or single-hole nozzle decreased slightly with increase in nozzle length. Combined with the analysis
results of the internal flow, it can be seen that this was due to increase in the nozzle length, the internal
cavitation phenomenon was weakened and the droplet breaking was weakened, resulting in a larger
SMD value. It can also be seen from the figure that the increase in the nozzle length changed the
location of cavitation in the nozzle hole. When the length of the group-hole increases to 0.75 mm,
the cavitation time was advanced, which made the cavitation phenomenon occur when R/D = 0.12,
resulting in no change in the SMD value. At the same time, when the nozzle length of the single-hole
nozzle was 0.75 mm and R/D = 0.12, the SMD value changed significantly, which was different from
that of other nozzle lengths. This was also caused by the early occurrence of the cavitation phenomenon
due to the movement of the cavitation position. The SMD of the group-hole nozzle was smaller than
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the SMD of the corresponding single-hole nozzle at different R/D, which indicates that the group-hole
nozzle has better spray characteristics and is more advantageous for evaporative combustion than the
single-hole nozzle.
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Fig. 12 shows the variation of spray penetration length with R/D for the group-hole nozzle and
single-hole nozzle at different nozzle lengths at ¢ = #;,., = 0.76 ms. Due to the droplet collision during
spray process of the group-hole nozzle, the kinetic energy was reduced, therefore the penetration length
was slightly less than that of the single spray hole with equal cross-section. However, the effect of nozzle
length on the penetration distance of single-hole nozzle and group-hole nozzle was similar. It can be
seen from the results of internal flow field characteristics that the change in length-diameter (L/D) ratio
can inhibit the occurrence of cavitation, which determines the injection velocity and the penetration
length. With decrease in the nozzle length, the cavitation occurred more intensely, the flow velocity at
the outlet of the nozzle increased, and the penetration distance increased.
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Figure 12: Effects of nozzle length on spray penetration length

Fig. 13 presents the variation of evaporation mass with R/D for the group-hole nozzle and single-
hole nozzle at different nozzle lengths at ¢ = ¢,,., = 0.76 ms. When R/D < 0.12, the evaporation mass
of group-hole nozzle was greater than that of single-hole nozzle. The droplets sprayed from group-
hole nozzle were more widely distributed in the radial direction due to its special structure, and the
atomized droplets could contact the air as much as possible, which was conducive to the evaporation
of fuel. Therefore, the fuel evaporation mass of the group-hole nozzle is greater than that of single-
hole nozzle. As can be seen from the previous discussion, increasing the nozzle length would inhibit
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the cavitation flow, resulting in an increase in the SMD value of the droplet and a slight decrease in
the evaporation mass. For the nozzle with L = 0.75 mm, cavitation would occur in advance when R/D
> (.12, and the evaporation mass of fuel would remain unchanged.
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Figure 13: Effects of nozzle length on evaporation mass

3.2.2 Effect of Orifice Entrance Curvature Radius on the Flow and Spray Characteristics

Fig. 14 shows the internal flow of the group-hole nozzle with different orifice entrance curvature
radius. With the orifice entrance curvature radius increasing from 0 to 0.025 mm, the pressure
distribution inside the nozzle hole remaining the same, and increase in orifice entrance curvature
radius, the flow resistance at the nozzle entrance decreased, allowing the fuel to transition from the
nozzle body to the nozzle hole more smoothly, and the velocity direction of the fuel flowing from the
nozzle pressure chamber to the nozzle hole did not show a large angle of rotation. The distribution of
velocity and turbulent kinetic energy was also smoother and more uniform, and the maximum range
of velocity and turbulent kinetic energy was reduced. Therefore, in order to improve the injection rate
and the flow coefficient of the nozzle, many injection nozzles are designed to be rounded at the inlet
part of the injection hole.

Fig. 15 shows the average velocity and kinetic turbulent energy in the group-hole nozzle with
different orifice entrance curvature radius. With increase in orifice entrance curvature radius, the
average velocity at the outlet of the nozzle hole increased, and the kinetic turbulent energy decreased.
The entrance curvature at the inlet of nozzle hole reduced the flow resistance, which made the flow
of fuel into the injection hole go smoothly and suppressed the formation of cavitation. As the orifice
entrance curvature radius continued to increase, the kinetic turbulent energy increased because the
pressure in the downstream of the nozzle hole rose rapidly, which accelerated the bubble breaking
process in the nozzle hole and promoted the turbulent flow of fuel.

Fig. 16 shows cavitation distribution of different orifice entrance curvature radius. With increase
in the orifice entrance curvature radius, the volume fraction of the gas phase decreased, which indicated
that cavitation had been suppressed and fuel mass flow increased. Besides, the pressure at the outlet of
the nozzle also rose rapidly, making the bubbles break quickly, the degree of cavitation was gradually
weakened, and the length of cavitation was gradually reduced. The cavitation disappeared at the outlet
of the nozzle hole with the orifice entrance curvature radius of 0.025 mm.
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The effects of changing radius of orifice entrance curvature radius (R) on spray characteristics,
such as SMD value, spray penetration length and evaporation mass, are shown in Figs. 17-19,
respectively. The nozzle length was 0.75 mm, and the R/D (orifice entrance curvature radius/nozzle
hole diameter, D = 0.75 mm) value increased from 0 to 0.16. Fig. 17 shows that with increase in R/D,
the cavitation effect gradually disappeared, the number of bubbles formed by cavitation decreased, and
the volume fraction of gas phase decreased, resulting in increase in SMD and decrease in atomization
effect. It can also be seen from the figure that the curves of R/D =0.12, 0.14 and 0.16 almost coincided,
and the SMD value no longer changes, indicating that the cavitation effect had disappeared.
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Figure 17: Effects of R/D on SMD

As shown in Fig. 18, when R/D = 0, the inlet of the nozzle hole was sharp, according to previous
analysis of the internal flow field, the cavitation phenomenon was much more obvious than that of the
rounded inlet in this case, the gas phase volume fraction in the injection hole was large. The effective
flow cross-sectional area of the fuel in the injection hole was narrow, the flow resistance increased,
and the velocity of fuel flowing out of the nozzle was low. With increase in orifice entrance curvature
radius, the turbulent kinetic energy at the nozzle entrance increases and the influence of cavitation
was weakened, therefore the penetration length became longer. Similar to the trend of SMD, when
R/D > 0.12, the curves almost coincided, indicating that the cavitation phenomenon disappeared at
these cases and the penetration length reached its maximum and no longer changed with change in
the orifice entrance curvature radius.

Fig. 19 shows the variation in evaporation mass for different R/D during the 2 ms injection period.
At the beginning of the spray, there was little difference in evaporation mass. The fuel evaporation was
low because the SMD value was high. As the spray proceeds, the cavitation bubbles had the secondary
breakup, resulting in smaller SMD and higher spray evaporation, therefore allowing better mixing
of the fuel mist and air. The existence of fuel vapor bubbles allowed more air into the spray, and then
the fuel evaporation mass changed. With continuous increase in R/D, the droplet diameter increased,
the surface area of the droplet in contact with the air medium correspondingly increased, the droplet
heat dissipation increased, the surface temperature decreases, and the evaporation quality decreased.
When R/D > 0.12, the cavitation phenomenon completely disappeared, therefore the evaporation mass
of fuel atomization would not change.
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In this study, a nozzle spray model coupled with internal cavitating flow model based on CFD
software AVL FIRE was established to study the flow and spray characteristics of group-hole nozzle.
The effects of intake conditions (injection pressure and temperature) and nozzle geometry parameters
(orifice entrance curvature radius and nozzle length) on spray characteristics were numerically investi-
gated. The differences in Sauter mean diameter (SMD), penetration length and fuel evaporation mass
between single-hole nozzle and group-hole nozzle under different nozzle geometry were discussed. The
major conclusions are as follows:

1) With increase in fuel temperature, the evaporation mass of the group-hole nozzle increases, the
penetration length and the SMD value decreases. However, all of them decrease with increase
in ambient pressure. Under the same intake conditions, the atomization effect of group-hole
nozzle is better than single-hole nozzle.

2) The geometry of the nozzle has an important effect on cavitation flow and subsequent spray
characteristics. With increase in nozzle length, cavitation effect is weakened, resulting in the
reduction of droplet fragmentation, increase in SMD value, and decrease in evaporation mass.

Therefore, the atomization effect of short nozzle is better than that of long nozzle.
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3) Withincrease in the orifice entrance curvature radius, the average velocity and turbulent kinetic
energy of the liquid phase increase, which is conducive to improving the injection rate and
flow coefficient of the nozzle. Meanwhile, the penetration length and SMD value rise, while
evaporation mass drops. When the ratio of the orifice entrance curvature radius (R) to diameter
of injection hole (D) equals to 0.12, the spray characteristics reach a constant state due to the
elimination of cavitation.
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