 Indian Academy of Sciences

Sådhanå (2021)46:56
https://doi.org/10.1007/s12046-021-01581-9

Sadhana(0123456789().,-volV)FT3](012345
6789().,-volV)

Effects of injection pressure and length-diameter ratio on the velocity
and cavitation inside injector nozzle
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Abstract. Computational investigation was conducted to understand the effects of various parameters on
nozzle ﬂow and cavitation in a diesel fuel injector for a diesel engine. The effects of injector parameters were
simulated for different conditions including the injection pressure, the outlet pressure, the position of the needle
lift, and the length of the nozzle. Results show that some parameters have obvious inﬂuence on cavitation
associated with nozzle ﬂow. When the outlet pressure was constant, the velocity through the nozzle increased
with the injection pressure, resulting in the cavitation at the injection pressure over 120 MPa. When the injection
pressure was constant, the velocity inside nozzle decreased with the outlet pressure. As the needle tip moved
closer to the bottom of minisac, the velocity inside nozzle decreased and the cavitation did not take place. The
length of the nozzle hole had little effect on the velocity at inlet, but it affected the velocity distribution at outlet.
Keywords.

Fuel injector; cavitation; nozzle hole; diesel engine; performance.

1. Introduction
Recent diesel engines operate at a high injection pressure
over 2200 bar for the full load condition. It is reported that
primary breakup of fuel occurs in the region extremely
close to the nozzle tip as a result of turbulence, aerodynamics, and inherent instability caused by the cavitation
inside the injector nozzle oriﬁces [1]. In addition, cavitation
may increase the velocity of liquid fuel at the nozzle exit,
because the exit area available for the liquid fuel to ﬂow
may be reduced due to the cavitation. Cavitation patterns
are developed from the starting point around the nozzle
oriﬁce inlet to the exit, where they inﬂuence the formation
of the spray. The improved spray development can lead to
complete combustion, reducing fuel consumption and the
emission of particulate matter [1]. On the other hand, the
cavitation can decrease the ﬂow efﬁciency due to the
reduction of the actual exit area, and cause erosion of
materials. Since the cavitation is a double-edged sword, the
cavitation is needed to be optimized for designing more
efﬁcient nozzles.

*For correspondence

Wang and Su reported that the high-frequency ﬂuctuation of pressure upstream of the injection nozzle hole has
been recognized as an important cause for the instability of
the diesel spray shape [2]. Because the existence of high
pressure and the cavitation of the ﬂow are key factors to the
development of a fuel injection strategy, it is important to
investigate the relationship between these two phenomena,
which frequently occur inside a diesel injector. In general,
the cavitation inside a diesel nozzle hole tends to increase
with the injection pressure. For diesel fuel injectors, the
cavitation is known to have beneﬁcial effects to the
development of the fuel sprays, since the primary breakup
and subsequent atomization of the liquid jet can be
enhanced. Many researchers have been using both the
experimental and the numerical methods to better understand this phenomenon and the effects on the performance
and durability of diesel fuel injection [3–5].
From the point of engine performance, exhaust emissions, and the surface erosion in a valve covered oriﬁce
(VCO) nozzle under diesel engine operating conditions,
Gavaises concluded that (1) the cavitation damage is correlated with the area of the bubble collapse and (2) the
string cavitation structure inside nozzle might be associated
with the increased engine exhaust emissions [5]. However,
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Figure 1. (a) Schematic of the minisac nozzle investigated in this study. (b) Regions of interest for long (0.37 mm) and (c) short (0.2
mm) nozzles.

some studies reported that the cavitation within the conical
diesel sprays could provide a solution in terms of better
fuel/air mixtures and improve fuel efﬁciency for diesel
PCCI (Premixed charge compression ignition) engines [6].
For PCCI engines, an early fuel injection can produce wall
wetting that may cause inefﬁcient combustion and an oil
dilution due to the over-penetration of the fuel. Thus, the
fuel injector should be carefully designed to improve the
homogeneity of the fuel/air mixtures for better automization processes and to reduce the adhesion of fuel to the

wall. Payri et al reported that cavitation increased the spray
cone angle as well as the ﬂow outlet speed, and measured
the spray momentum in order to explain the effects of
nozzle geometry [7, 8]. Badock et al investigated the cavitation phenomena in a real-size diesel injection nozzle
hole, observing the cavitation ﬁlms and the core of the ﬂow
inside the spray hole using a light sheet method [9]. Tuan
et al reported that cavitation near the inlet part reduced the
fuel ﬂow area which led the reduction in fuel injection mass
inside a single-hole nozzle injector [10]. The ﬂow patterns
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Table 1. The values for constants used in the simulation model.
Constants

Values
0.09
1.44
1.92
1.0
1.3

Cl
Ce1
Ce2
rj
re

Table 2. The injection pressure, the outlet pressure and the
needle lift position are shown for three cases of simulation.
Injection
pressure
(MPa)

Outlet
pressure
(MPa)

Needle lift position
(mm)

Simulation 30, 60, 120, 220 5
0.25
1
Simulation 220
0.1, 1, 10, 20 0.25
2
Simulation 220
5
0.25, 0.20, 0.15, 0.10
3

Table 3. The dimensions of the minisac nozzle hole.
Hole diameter
(mm)
Minisac
nozzle

0.1

Hole length
(mm)
0.2, 0.37

Hole angle (,
degree)
150

at the injector and at the journal bearing of turbo charger in
diesel engine has been recently investigated due to the
importance of cavitation in tribology characteristics [11].
In this study, the internal nozzle ﬂow characteristics and
cavitation inside a minisac of a diesel injector is investigated using computational method. The injection pressure,
the outlet pressure, the needle lift position and the ratio of
nozzle length to hole diameter are used to characterize the
effect of various injector parameters on the internal nozzle
ﬂow and cavitation.

2. Methods
The overall geometry of the minisac nozzle is shown in
ﬁgure 1(a), and the computational simulations were conducted in the two-dimensional nozzle geometries with
different lengths as shown in ﬁgures 1(b) and (c). The
origin is shown in ﬁgure 1(a). We used triangular structured
grids for the entire geometry. The Geometrical features of
one oriﬁce/nozzle hole were L/w = 3.7, L = 0.37 mm,

56

w = 0.1 mm, where L and w were oriﬁce/nozzle hole
length and hole diameter, respectively. In addition, the
other geometrical features were L/w = 2, L = 0.2 and
w = 0.1 mm. The nozzle has 4 cylindrical holes with
diameter of 0.1 mm at an included angle of 150. For the
computational simulations, the j–e turbulence ﬂow model
in COMSOL Multiphysics was employed to investigate the
effect of the injection pressure, the outlet pressure, the
needle lift and the ratio of nozzle length to the hole
diameter (L/w) on the ﬂow characteristics inside the nozzle,
the cavitation and the turbulence levels at the inlet and
outlet at the maximum ﬂow rate.
The temperature and density of the fuel were 300 K and
834.5 kg/m3, respectively. The viscosity and the vapor
pressure of the fuel were 2.71495910-3 kg/m s and
0.14369 kPa at this temperature, respectively. The cavitation number K and turbulence kinetic energy (TKE, j) were
used to characterize the nozzle ﬂow and described below.
The cavitation index K was deﬁned as,
K¼

P  Pb
;
Pb  Pv

ð1Þ

where P is the local pressure, Pb is the back pressure and Pv
is the vapor pressure at a speciﬁc temperature. The turbulence was considered in the current simulation study and
mainly characterized by a wide range of ﬂow scales: the
largest scale can be used to describe a ﬂow ﬁeld comparable to the geometry in question, and the smallest scale can
represent a quickly-ﬂuctuating ﬂow. Intermediate scales
can describe a turbulent ﬂow between the largest and the
smallest scales. The tendency for an isothermal ﬂow to
become turbulent was determined by the Reynolds number:
Re ¼

qUL
;
l

ð2Þ

where l is the viscosity, q is the density. U and L are the
velocity and the characteristic length scales of the ﬂow,
respectively. Based on the equation (2) with the maximum
velocity (540 m/s) and the characteristic length (hole
diameter, w = 0.1 mm), Re was calculated to be approximately 16,600, which proved that the ﬂow was completely
turbulent. The Navier–Stokes equations can be used for
turbulent ﬂow simulations, although this would require a
large number of elements to capture the wide range of
scales in the ﬂow. The presentation below assumes that the
ﬂow ﬂuid is incompressible and Newtonian, in which case
the Navier–Stokes equations take the following form:
h

i
ou
þ qðu  rÞu ¼ r  pI þ l ru þ ðruÞT þ F
ot
r  u ¼ 0;
q

ð3Þ
where u is the velocity vector, p is the pressure, F is the
volume force vector, T is the transpose operator. In
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Figure 2. Velocity distributions (unit: m/s) with Pi = 30, 60, 120 and 220 MPa under the constant outlet pressure, Po = 5 MPa.

addition, we assumed that thermal effects were neglected,
so that the thermal effect was not coupled with the ﬂow in
the governing equation.
The j-e model is one of the most frequently used turbulence models for industrial applications, thus, it is
advantageous to use this model for versatile calculations
[12]. This model introduces two additional transport
equations and two dependent variables: the TKE, j, and the
dissipation rate of turbulence energy, e. Turbulent viscosity
was modeled by
lT ¼ qCl

K2
;


ð4Þ

where Cl is a model constant.
The transport equation for j is as follows



oK
l
þ qu  rK ¼ r 
l þ T rK þ PK  q; ð5Þ
q
ot
rK
where the production term is




2
2
T
2
PK ¼ lT ru : ru þ ðruÞ  ðr  uÞ  qKr  u
3
3
ð6Þ
The transport equation for e is as follows,
q


o
l  

þ qu  r ¼ r  u þ T r þ C1 PK
ot
K
r
2
 C2 q :
K

ð7Þ

The model constants in the above equations are listed in
table 1 and the detail simulation parameters are shown in
tables 2 and 3.
A stochastic statistical approximation was used to simulate the cavitation bubbles based on the discrete bubble
model approach [13]. This approximation allowed us to
relate the bubble dynamics to the interfacial mass and
momentum exchange between liquid and vapor phases [14].
The mass exchange, C, is modeled as
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Figure 3. Velocity proﬁles at the regions of interest, (a) IN and
(b) OUT for different injection pressures under the constant outlet
pressure, Po = 5 MPa.

Cc ¼ qd N 000 4pR2 R_ ¼ Cd ;

ð8Þ

where N¢¢¢ is the bubble number density and R is the bubble
radius. N¢¢¢ was calculated through an empirical formula
with the initial bubble density, No¢¢¢ [14]:
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0.6

0.8

w (mm)

(b)
Figure 4. Cavitation indices at the regions of interest, (a) IN and
(b) OUT for different injection pressures under the constant outlet
pressure, Po = 5 MPa.

interfacial area density, respectively, which are easily calculated as follows.
mr ¼ md  m c

N000 ¼ N000
ð@ad  0:5Þ
 o 
or 2 No000  1 ð1  ad Þ þ 1ð@ad [ 0:5Þ:

ð10Þ
1

1

A000 ¼ pD2b N 000 ¼ ð36pÞ3 ðN 000 Þ3 a3

In addition, the time derivative of R was estimated through
the classical Rayleigh–Plesset equation [14]:
3
Dp
:
RR€ þ R2 ¼
2
qc

-1

1.0x10

2

ð11Þ

In equation (16), bubble diameter Db is deﬁned as Db= (6ad/pN¢¢¢)1/3, where ad is the volume fraction.

3. Results and discussion

The momentum exchange is deﬁned as
1
Mc ¼ CD qc A000
i jmr jmr þ CTD qc kc rad ¼ Md
8

3.1 Effect of the injection pressure
ð9Þ

In equation (9), CTD was set to be 0.1 as Zandi et al [15]. In
addition, vr and A¢¢¢ are the relative velocity and the

In typical diesel engines, the injection pressure varies from
few hundred to 2200 bar, or higher, so the characteristics of
the internal nozzle ﬂow were studied over a wide range of
pressure. Figure 2 shows the velocity distributions at four
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Figure 5. Velocity distributions (unit: m/s) with Po = 0.1, 1, 10 and 20 MPa under the constant injection pressure, Pi = 220 MPa.

different inlet pressures (Pi) while the outlet pressure (Po)
was kept at 5 MPa. As shown in ﬁgure 2, the velocity
increased with the injection pressure. Som et al conducted
computational simulations at different injection pressures
from 2 to 2400 bar with the ﬁxed back pressure, 1 bar, and
observed three distinctive ﬂow regimes according to the
correlation between Cd and Re, such as the laminar, turbulent and cavitation regimes [1]. Cd is a function of square
root of Re in the laminar regime, while Cd is almost
independent of Re in the turbulent regime. In the cavitation
regime, Cd is inversely proportional to Re, due to the
increase of the injection pressure, as the amount of the fuel
vapor in the exit stream increases. Because the simulation
conditions and the nozzle geometries in this study were
similar to those in Som et al’s study [1], we expected that
the results obtained in the present study were also close to
their observations.
Figure 3 shows the velocity proﬁle at both inlet area and
outlet area. The maximum velocity at the inlet and outlet
for each pressure condition were almost the same, however,

the peak appeared at 0.07 and 0.05 mm for the inlet and
outlet areas, respectively. Figure 4 shows the cavitation
indices for the two different areas. Cavitation is known to
occur if the cavitation index is lower than -1. As shown in
ﬁgure 4(a), the cavitation did not take place in the inlet area
with the pressures of 30 MPa and 60 MPa. Instead, the
cavitation took place obviously at the 120 MPa and, especially, at 220 MPa. It indicates that the cavitation in the
inlet area occurred at the injection pressure higher than 60
MPa with the ﬁxed outlet pressure. In addition, the cavitation became more severe as the injection pressure
increased due to the change of the cavitation index.
In the outlet area, however, the cavitation did not take
place, even at the injection pressure higher than 60 MPa. As
described in the equation (1), the cavitation index (K) is
determined by the local pressure, the outlet pressure and the
vapor pressure. In the present study, the vapor pressure was
kept unchanged and the outlet pressure was ﬁxed as 5 MPa
at the same temperature. So the cavitation index was
determined only by the local pressure. In this sense, the
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Figure 6. Velocity proﬁles at the regions of interest, (a) IN and
(b) OUT for different outlet pressures under the constant injection
pressure, Pi = 220 MPa.

results showed that the local pressure at inlet area was
lower than that at the outlet area. Based on the simulation
results, we concluded that the higher injection pressure
easily allowed the cavitation to occur and evolve at the inlet
area of the nozzle hole. Som et al also investigated the
evolution of cavitation under similar conditions [1]. The
injection pressure increased as 1, 4, 10, 50 and 136.7 MPa
at a constant outlet pressure, 0.1 MPa. Som et al also found
that the further increase of the injection pressure enhanced
the level of the cavitation, and the cavitation patterns
eventually reached the nozzle exit. However, the increase
of the injection pressure did not modify the cavitation
characteristic (that is, the cavitation occurred between
w=0.08 and 0.1 mm) signiﬁcantly [1], which well agrees
with our simulation results.

3.2 Effect of the outlet pressure
Figure 5 shows the velocity distribution at four different
outlet pressures, ranging from 0.1 to 20 MPa. We could

0.8

1.0x10

-1

w (mm)

(b)
Figure 7. Cavitation indices at the regions of interest, (a) IN and
(b) OUT for different outlet pressures under the constant injection
pressure, Pi = 220 MPa.

observe that there was very little difference in color and
peak values in the velocity distribution between the four
cases. It is concluded that the outlet pressure almost had no
signiﬁcant effect on the velocity for very high injection
pressures. As shown in ﬁgure 6, the peak of velocity was
found at w = 0.07 and w = 0.05 mm for the inlet and outlet
areas, respectively. In addition, the velocity proﬁles both at
the inlet and the outlet areas for different inlet pressures
were almost identical.
Figure 7 shows the cavitation index for different outlet
pressures, and we could observe that no cavitation took
place in the inlet area except for the outlet pressure (Po) of
0.1 MPa. It seems that the cavitation was determined by the
outlet pressure for the injection pressure of 220 MPa. Jia
et al performed simulations for various ambient pressures
from 0.1 MPa to 35 MPa with a ﬁxed injection pressure of
100 MPa in order to investigate the inﬂuence of the ambient
pressure [6]. For the ambient pressure of 35 MPa, no cavitation took place inside the nozzle, and as the ambient
pressure decreased to 30 MPa, the cavitation occurred
upstream of the nozzle exit, and the cavitation extended
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Figure 8. Velocity distributions (unit: m/s) at needle lift positions 0.25 mm, 0.20 mm, 0.15 mm, 0.10 mm under the injection pressure,
Pi = = 220 MPa, and the outlet pressure, Po = 5 MPa.

along the nozzle wall with decreasing the ambient pressure.
The cavitation reached the nozzle exit with further decrease
of the ambient pressure down to 1 MPa. Eventually, the
fully developed cavitation was observed at the ambient
pressure of 0.1 MPa [6]. Similar to Jia et al’s results, the
high outlet pressure blocked the development of the cavitation in the outlet area. Similar trend was also observed in
the outlet area. Results show that the outlet pressure did not
affect the generation of cavitation except for the case of
Po = 0.1 MPa. In other words, the increase of outlet pressure does not create the cavitation, when the injection
pressure is high enough. As Jia et al analyzed for the cases
with a low ambient pressure, the extension of cavitation to
nozzle exit signiﬁcantly improved the fuel automization by
increasing the injection velocity [6]. Similar trend was also

observed in our study, even though our nozzle geometry
was different from Jia et al’s.

3.3 Effect of the needle lift on cavitation
and nozzle characteristics
The injection event is inherently transient, as the injection
pressure varies depending on the needle lift position. The
maximum needle lift position for the injector in the present
study was 0.25 mm. In order to study the effect of the
needle lift position on the cavitation, simulations were
made for different lift positions relative to the base nozzle
with an outlet pressure of 5 MPa and an injection pressure
of 220 MPa. Figure 8 shows the velocity distribution at
different needle lift positions. The velocity became lower
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Figure 9. Velocity proﬁles at the regions of interest, (a) IN and
(b) OUT for different needle lift positions under the injection
pressure, Pi = 220 MPa, and the outlet pressure, Po = 5 MPa.

with decreasing the needle lift, when both injection pressure and the outlet pressure were maintained at a constant
value, which indicates that the needle lift position has
obvious effects on the velocity. Figure 9 shows that the
velocity was inﬂuenced by the needle lift. The difference in
the velocity values according to the needle lift positions
was signiﬁcant. The velocity obviously decreased as the
needle lift position changed from the fully open (0.25 mm)
to the smallest value (0.10 mm). The peak values of the
velocity were found at w = 0.7 and 0.5 mm for the inlet and
outlet regions, respectively. Som et al examined the effect
of the lift positions at 0.275, 0.2, 0.15, 0.1, and 0.05 mm
with a back pressure of Pb=30 MPa, and captured the
transient ﬂow behavior by showing the signiﬁcant changes
in the size and the location of the cavitation region
depending on the needle lift position [1]. Figure 10 shows
that the cavitation occurred at the area from w = 0.8 to 1.0
mm in the inlet region when the needle lift position was
fully open (0.25 mm), but the cavitation occurred more
rarely when the needle lift position decreased. Especially,
when the needle position decreased to the smallest value,

-1.0
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0.4

0.6

0.8

1.0x10

-1
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(b)
Figure 10. Cavitation indices at the regions of interest, (a) IN
and (b) OUT for different needle lift positions under the injection
pressure, Pi = 220 MPa, and the outlet pressure, Po = 5 MPa.

0.10 mm, no cavitation occurred in the outlet region. It is
concluded that the cavitation slightly changed at a ﬁxed
injection pressure and outlet pressure as the needle lift
position decreased from 0.25 to 0.10 mm. As can be seen
from the equation (1), the needle lift position has an effect
on the local pressure in the inlet region. The local pressure
decreased as the needle lift position decreased. But there
was no obvious effect on the outlet region. Som et al [1]
claimed that the cavitation patterns were dramatically
shifted as the needle lift position changed during an
injection event. In their results, the region of signiﬁcant
cavitation shifted from the top to the bottom of the oriﬁce,
when the needle position changed from 0.275 (fully open)
to 0.1 mm. The behavior might be associated to the effect
of needle position on the ﬂow patterns upstream of the
oriﬁce. However, our results are different from Som et al’s
ones [1]. Even though the needle position in our simulation
was changed from 0.25 (fully open) to 0.1 mm, the cavitation still appeared between w = 0.08 and 0.1 mm.
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Figure 12. Velocity at the regions of interest, (a) IN and
(b) OUT for different nozzle length to hole diameter under the
injection pressure, Pi = 220 MPa and the outlet pressure, Po = 5
MPa.
Figure 11. Velocity distributions (unit: m/s) with inlet pressure
220 MPa and outlet pressure 5 MPa at L/w = 2 and L/w = 3.7
nozzle hole of inlet area.

3.4 Effect of the ratio of nozzle length to hole
diameter
Keeping the inlet and outlet pressures at 220 and 5 MPa,
respectively, we investigated the effect of the nozzle length
to the diameter of the nozzle hole diameter ratio (L/w) on
the cavitation. The ratio, L/w, is a non-dimensional
parameter that can describe the internal ﬂow patterns. In
this section, we investigate the relationship between the
L/w ratio and the velocity as well as the cavitation number.
Figure 11 shows the velocity distributions for the two different ratios, L/w = 2 and 3.7. The ratio, L/w, had little
effect on the velocity. The velocity distribution for the
shorter nozzle was similar to that for the longer one at the
inlet region, but was different from that for the longer one
at the outlet region. From ﬁgure 12, we observed that they
had almost the same velocity and a little difference of the
peak values in the inlet region. However, the velocity

changed, and the nozzle with smaller ratio, L/w, showed
higher velocity in the outlet region. When the nozzle was
short, the injection velocity was high. Suh and Lee made
simulations with a rectangular oriﬁce inlet that has
L/w = 1.8 and 2.7 to investigate its effect on the formation
of the cavitation in the nozzle and the external ﬂow
behaviors [16]. They claimed that the increase of injection
pressure induced an increase of the ﬂow rate. In addition,
the length of the nozzle (w) was long enough at L/w = 3.7
so that the ﬂow reﬂected from the nozzle wall could be
recovered fully, thus having the maximum velocity at the
center. However, the ﬂow at the other condition, L/w = 2.0,
did not fully recovered, being skewed to the nozzle wall.
Figure 13 shows the cavitation index for the two cases. In
the case of inlet region, the cavitation occurred for the
longer nozzle from 0.9 to 1.0 mm, though there was no
cavitation for shorter one. In the case of outlet region, there
was no cavitation. Thus, we could claim that the small L/w
can restrict the occurrence of cavitation. The local pressure
of the nozzle hole with L/w = 2 was larger than that of one
with L/w = 3.7. Because the Pb was larger than Pv, the local
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We investigated the internal nozzle ﬂow characteristics and
cavitation inside a 4 holes minisac diesel injector. Our
simulations were conducted using COMSOL Multiphysics.
The computational models at different conditions, such as
the injection pressure, the outlet pressure, the needle lift
position and the ratio of nozzle length to hole diameter has
been used to characterize the effect of various injector
parameters on the internal nozzle ﬂow and cavitation. The
conclusions were described as follows.
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Figure 13. Cavitation index at the regions of interest, (a) IN and
(b) OUT for different nozzle length to hole diameter under the
injection pressure, Pi = 220 MPa and the outlet pressure, Po = 5
MPa.

pressure P for the nozzle with L/w = 3.7 must be smaller
than Pb and the local pressure P for the nozzle with L/w = 2
if a cavitation occurred. Suh and Lee, who used a rectangular oriﬁce inlet, claimed that the cavitation could not be
observed for the nozzle with L/w = 1.8, when the cavitation
number was larger than 1.13 due to turbulence [16]. From
0.46 to 1.13 of the cavitation number, the cavitation was
generated and developed along the nozzle oriﬁce, and the
ﬂow characteristics changed to the hydraulic ﬂip characteristics in the range under the 0.46 of cavitation number.
On the other hand, the cavitation was observed for the
nozzle with L/w = 2.7, when the cavitation number was
1.61, to which increased from 0.54, and hydraulic ﬂip
occurred within the range of 0.54 of cavitation number [16].
Our results with a circular oriﬁce one showed that the
cavitation occurred easier with the higher ratio of nozzle
length to hole diameter (L/w). This research will also help
to analyze the ﬂow characteristics in a swirl injector [17].

1. For a constant injection pressure, the velocity inside the
nozzle increased and the cavitation index decreased as
the outlet pressure was reduced. When the injection
pressure reached 220 MPa or higher, the outlet pressure
almost had no effect on the injection velocity.
2. For a constant outlet pressure, the velocity inside the
nozzle increased and the cavitation index decreased as
the injection pressure increased. In addition, from the
result of the cavitation number, we could conclude that
high injection pressure facilitated the cavitation.
3. The effect of the needle movement on the nozzle ﬂow
has been investigated. The injection velocity became
lower as the needle position was changed from 0.25
(fully open) to 0.10 mm. For the constant injection
pressure and outlet pressure, the velocity inside the
nozzle and the cavitation index decreased as the needle
lift position was changed from 0.25 to 0.10 mm.
4. With the same diameter of the nozzle hole, a cavitation
occurred at the longer length (L) of the nozzle hole (w),
and no cavitation occurred at the shorter one, indicating
the conﬁnement effect of the small ratio (L/w) on the
cavitation. The local pressure was higher in the small
ratio.
5. Our approach has limitations including the inability to
capture swirl or non-uniform effect at some region due to
the lack of a relevant computational resource for a mesh
convergence study, but has an advantage of rapid
calculation. Therefore, it is desired to use our approach
to apply in a real situation in the industry to immediately
diagnose the faults of nozzle ﬂows.
The hallmark of our study is that the harshest conditions
in the development of diesel engines for passenger vehicle
was applied to the investigation of the ﬂow characteristics
for a nozzle in a diesel fuel injector. Our study will help to
advance the technology regarding the development of diesel engine injector from the perspective of durability
enhancement.
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