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Abstract:
In this work, fluid flow inside three liquid fuel injector nozzles was simulated numerically using Ansys-Fluent v16 commercial
code. A mixture model along with the k-ε turbulence model was used to handle the two-phase and turbulent nature of this flow.
The Schnerr-Sauer model was used to model the cavitation phenomena. After validation of the present numerical scheme using
Winklhofer rectangular shape nozzle, a real size four-hole injector nozzle was used to investigate in detail the effects of pressure
difference, cavitation number and needle height on the flow pattern. It was found that with increase of the cavitation number the
cavitation length increases. The results indicate that for the case with larger needle height, the vapor volume fraction inside the
injector nozzles is significantly larger. It was also concluded that increasing the cavitation number and needle height can increase
discharge coefficient until occurrence of a fully cavitating field inside the injector. In the second part of the present study; VCO
(Valve-Covered-Orifice), improved and standard injector nozzle with different seat shapes were simulated in order to investigate
the effect of the valve seat shape on the cavitation phenomena. Numerical simulation also shows that in all three injector nozzles
that have been computationally analyzed in this work, increasing the cavitation number can increase the discharge coefficient, but
for the injector with standard seat shape, the discharge coefficient has smaller value in comparison with the other two injector
nozzles. In addition, flow separation area due to the low pressure field is much larger in the standard nozzle compared to VCO
nozzle and the improved nozzle. Under similar boundary conditions, the standard nozzle has larger vapor volume fraction length
than in case of two other nozzles, while the vapor volume fraction region for the improved nozzle is much shorter. Lastly,
formation of turbulent intensity along the orifice of the three aforementioned nozzles is highly different. The turbulent intensity
for standard nozzle is larger compared with the two other nozzles. Therefore, it can be pointed out that although standard nozzle
has lower discharge coefficient compared to the two other nozzles analyzed, the higher value of turbulent intensity and vapor
volume fraction for this type of nozzle shows that air-fuel mixtures have better quality in this injector nozzle than in two other
nozzles considered in this analysis.
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1.

INTRODUCTION

Flow pattern inside internal nozzle flow can have strong
impact on spray and it’s atomization [1-5]. Since 1892, diesel
engines, has always been an integral part of propulsion and
energy for higher thermal efficiency [6-8]. Cavitation, inside
nozzle plays an important part on the internal flow in diesel
injector nozzles [9-12]. In high pressure, previously, a research
team lead by Wei Shyy [13, 14] presented excellent analytical
modeling, numerical simulations and verification against
experimental results for external cavitating flows. Zeidi and
Mahdi [3-6] investigated cavitation inside rectangular shape
nozzle of Winklhofer nozzle that has rectangular cross section
by utilizing Ansys Fluent v14 software and by developing an
Eulerian-Lagrangian analysis code. Using Eulerian-Lagrangian
code, they calculated forces acting on the surface of the bubble
and concluded that added mass force is much higher than other
five forces acting on the bubble’s surface especially in the
direction of gravity. Singhal cavitation model [15] was used in
their paper to calculate the effect of several parameters
including the effects of contraction inside nozzle’s orifice,
effect of compressibility, nozzle contraction, and orifice entry
for low pressure nozzle. It was found that increasing
contraction will decrease maximum outlet velocity of the
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nozzle. The effect of compressibility of vapor phase in a
rectangular shape nozzle can also increase discharge
coefficient. They also found that increasing viscosity can
decrease velocity of fluid in the near wall region [16-17].
Salvador et al. [18] studied cavitation phenomena inside nozzle
by acquisition of numerical methods under different degrees of
needle lift. It was found that under different degree of needle
lift, formation of cavitation phenomena and mass flow rate
inside nozzle will change greatly. Molina et al. [19] was able
to compare flow and cavitation phenomena inside the oval and
round nozzles by using numerical modeling method. It was
found that inside oval nozzle discharge coefficient is very low
and possibility of cavitation occurrence is not high; on the
other hand, for round nozzle cavitation can be occurred much
easing and also discharge coefficient was reported much
higher. Wang and Su [20] investigated the unstable cavitation
phenomena due to pressure fluctuation inside the nozzle and it
was found that due to local pressure and flow rate, occurrence
of cavitation phenomena will be delayed. Sun et al. [21] by
acquisition of semi steady method for investigation of
cavitation phenomena inside nozzle, could find factors that can
effect mass flow rate and fuel injection. Salvador et al. [22, 23]
by comparing cavitation phenomena inside microsac and VCO
nozzle, could find that various nozzle and nozzle chamber can
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highly affect cavitation. Most two different approaches is used
to perform cavitation modelling: Continuum model and two
fluid model [24–27]. In continuum model, vapor and liquid are
treated as homogenous, while, two fluid model considers liquid
and vapor separately. In the mentioned two models, pressure
and velocity are related together with an equation of state for
calculating cavitation growth. Forty plain different orifices was
measured by Ohrn et al. [28]. It was found that discharge
coefficient can significantly be affected by condition of nozzle
inlet, in which Reynolds number and length diameter ration
where not affected that much. Kato et al. [29] by measuring
discharge hole and distribution of pressure in a sac nozzle
could find that cavitation phenomena is affected by both inlet
whole geometry and nozzle sac geometry. Payri et al. [30, 31]
found that cavitation phenomena can increase speed of flow at
the outlet and also spray cone angle can be increased.
Bergstrand [32] after comparing five different nozzle for five
different hole shapes, it was found that lower fuel consumption
and lower emissions can be achieved in lower fuel rate.
Sibendu Som et al. [33] investigated hydro-grinding and whole
conicity on combustion processes and spray by coupling spray
simulation and injector flow. It was found that hydor-grinding
and conicity can decrease turbulence and cavitation inside
nozzle that can augment spray penetration. In this paper,
cavitation inside real size 3D fuel injection nozzles will be
investigated. A comprehensive comparison of performance
among nozzles having different seat shapes will also be
performed.
2. GOVERNING EQUATION
For simulating flow inside injector nozzle, the model was
created inside Gambit and afterward flow inside injector
nozzle is modelled using Ansys Fluent software. Due to using
computation fluid dynamic model and significant effect of
mesh topology on the final result, investigating mesh
dependency is very important. In this study, two phase flow is
modelled with single fluid model (homogenous mixture).
Continuity and momentum equations are as following:

(1)
(2)
𝑣𝑚 is velocity vector for homogenous flow, 𝜌𝑚 is density of
mixture and 𝜇𝑚 is viscosity of mixture which are as following:
(3)
(4)
𝛼 is vapor volume fraction for each phase. α𝑣 is vapor volume
fraction for vapor phase and 𝛼𝑙 is vapor volume fraction for
liquid phase. If we assume radius of bubble as 𝑅𝐵 , α𝑣 can be
calculated as following:

Also source term can be calculated as following:

For linkage between numbers of vapor volume fraction of
bubbles in a unit volume of liquid, the following equation is
used:

Radius of bubble can be calculated from the following
equation:

Mostly discharge coefficient and cavitation number are
introduced for defining flow inside diesel injector nozzle when
cavitation occurs. Discharge coefficient is ratio of real mass
flow rate to ideal mass flow, which can be calculated form
Bernoulli equation:

𝑚 is real mass flow rate and A is cross sectional area of the
nozzle. Cavitation number can be defined as following:

In which 𝑃𝑣 is vaporization pressure, Pin is inlet pressure and
Pback is back pressure. The mathematical derivation used by
Zeidi et al. [35-38] is also used in this study and the current
quality of calculation is increasing by used the mentioned
procedure.
3.VALIDATION
In order to validate result that was obtained from AnsysFluent, at first rectangular shape nozzle from Winklhofer et al.
[34] in which experimental data is available was modeled in
Gambit and simulated in Ansys-Fluent. Figure 1a shows
Winklhofer rectangular cross section shape nozzle in which the
geometry is specified. Moreover, in figure 2a, mesh for
Winklhofer rectangular shape nozzle is demonstrated in which
hexahedral mesh is dominant. Figure 2 also shows variation of
mass flow rate versus pressure in which Winklhofer
experimental data was also used to validate current numerical
procedure. As figure 2 shows, current numerical solution can
predict mass flow very well in cavitation inception (pressure
difference is 60 bar), super cavitation (pressure difference is 75
bar) and choke condition (pressure difference is 80 bar). From
figure 2, it can also be inferred that mass flow rate in choke
condition will not change, so that the current numerical method
can be predict it. 𝑘 − 𝜀 turbulent model was used since it had
lower discrepancy for the current study in comparison with
𝑘 − 𝜔.

(5)
In equation (5), nb is number of bubbles in a unit of volume.
For calculating mass transfer from liquid to vapor, Schnerr and
Sauer Cavitation model is used [34]. The mentioned equation
for vapor volume fraction has the following general shape:
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increasing pressure difference can cause super cavitation to
occur.
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Figure 2. Variation of mass flow rate versus pressure
difference
Figure 3 also shows formation of vapor volume fraction for
cavitation inception (∆𝑃 = 6 𝑀𝑃𝑎) and super cavitation
(∆𝑃 = 2.5 𝑀𝑃𝑎). As this figure shows at lower pressure
difference formation of vapor volume fraction is trivial, while

Figure 3. Vapor volume fraction for cavitation inception
and super cavitation
Table 1 show the boundary condition which was used in the
current study. In this table inlet and outlet boundary conditions
which was used in this is utilized in order to investigate the
flow inside nozzle. Also material properties such as density,
viscosity and surface tension are mentioned in table 1.
Cavitation parameters have also been mentioned in table 1.
According to table 1, inlet pressure is 10 𝑀𝑃𝑎 and outlet
pressure varies from 1 𝑀𝑃𝑎 to 6 𝑀𝑃𝑎. Material properties
which was suggested by Darvish et al. [39- 43] and
Kadkhodapour and Raeisi [44], has been very helpful to find
the following properties which are very critical to estimate for
appropriate simulation.

Table.1. Initial boundary condition for the current simulation

4. GEOMETRY OF FOUR HOLE REAL SIZE NOZZLE
Figure 4 shows geometry of four-hole injector nozzle. As this
figure shows for reducing calculation cost only one-fourth of
the nozzle is modeled and instead of that periodic boundary
condition is used. Also in figure 4, pressure inlet and pressure
outlet are clarified. A mesh of 245600 cells was used in this
part of the current study. Figure 5 shows length of the orifice
area beside inlet and outlet radius of orifice area. Moreover,
needle height is also shown in this figure. Figure 5 shows
important dimensions for modeling nozzle. Diameter of orifice
is 0.32 𝑚𝑚 and length of orifice is 1.3 𝑚𝑚. Injector has a
needle which control mass flow rate as it goes up and down.
The distance between needle surface and chamber is shown
with in figure 5. The nozzle which is shown in figure 5 is
standard nozzle and as needle goes down, mass flow rate
decreases and flow which enters to orifice will decrease.
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Standard nozzle has a sac region in which orifice hole is
located in it. In this study as it is shown in figure 4, structured
mesh is used.

Figure.4. Geometry of four-hole injector nozzle
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decreasing value of static pressure is more probable; hence,
occurrence of cavitation can be predicted.

Figure .5. Dimensions of real size nozzle
5. RESULT AND DISCUSSION
In this study, by changing inlet pressure and needle height
different simulations are done. 𝑘 − 𝜀 turbulence model which
has been previously used by Hamedi et al and Ketabdar and
Hamedi [45-48] and validated by experimental results [49-51]
is used with wall functions. SIMPLE algorithm has also been
used for pressure and velocity linkage. Shnerr and Sauer
cavitation model is used to evaluate cavitation phenomena in
the current study. Number of bubble in a unit volume of
liquid, 𝑛𝑏 , is an important parameter in simulating the flow
inside nozzle. Most this parameter is evaluated experimentally.
For the current nozzle 𝑛𝑏 was calculated for water previously;
therefore carrying fluid in this part of study is water.

Figure .6. Velocity distribution in mid-plane of the nozzle
for 𝒉 = 𝟎. 𝟏𝒎𝒎 and 𝒌𝟎.𝟓 = 𝟏. 𝟎𝟗𝟒
Figure 7 shows formation of vapor volume fraction in different
cavitation numbers. Lower cavitation numbers shows that
pressure difference between inlet and outlet is not that much so
vapor volume fraction forms only at the inlet of nozzle.
According to figure 12a to 12f, cavitation length increases as
cavitation number decreases in the nozzle. In other word, by
increasing pressure difference, length of cavitation increases.

Table 2. Thermodynamic properties of water
Carrying fluid
water
Density kg/m3

998

2

Viscosity Ns/m

0/001

Vaporization pressure Pa

2360

Temperature K
Number of bubble in unit
volume of liquid

293

1/9

1011

By fixing outlet pressure of nozzle, inlet pressure should
change according to cavitation number in the simulations in
this study. Injector height changes from maximum value which
is ℎ = 0.54 𝑚𝑚 to minimum value which is ℎ = 0.04 𝑚𝑚.
For each needle height relevant simulations is also performed.
Figure 6 shows velocity distribution in mid-plane of the nozzle
𝒉 = 𝟎. 𝟏𝒎𝒎 and 𝒌𝟎.𝟓 = 𝟏. 𝟎𝟗𝟒. When flow enters to orifice,
due to sudden decrease in cross sectional area, velocity of flow
increases, while decreasing static pressure causes the phase to
change and cavitation will form. Since the flow is stagnant in
the sac region and acts like obstacle in front of flow, there for
incoming flow in the upper part of orifice is much more and
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Figure.7. Distribution of vapor volume fraction when h=0.1
mm for different cavitation numbers.
As figure 8 shows, simulation of nozzle’s flow for three
different needle lifts was performed. When needle height is
large, mass flow rate is big enough to create longitudinal
cavitation (figure 8a). By decreasing needle height, length of
cavitation will decrease. In the lowest amount of needle height,
mass flow rate will decrease significantly which can cause
cavitation to occur very slightly and it forms near needle rather
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than orifice (figure 8c); In this case erosion due to bubble
collapse is a probable phenomena. Figure 9 shows discharge
coefficient versus square root of cavitation number in five
different needle heights. According to figure 9 increasing
cavitation number in a real size injector nozzle, can increase
discharge coefficient at first but after increasing square root of
cavitation number can no longer increase discharge coefficient.
Furthermore, increasing needle height can increase discharge
coefficient significantly. In most of graphs for large and small
cavitation numbers, discharge coefficient is independent from
cavitation number. For lower cavitation numbers, length of
cavitation is big enough which occupy the whole orifice area;
therefore, decreasing cavitation number in this case will not
affect discharge coefficient. By decreasing cavitation number
(increasing inlet pressure), discharge coefficient due to
decrease in cavitation length and

the end of the needle surface region. And finally, according to
figure 7c, In VCO nozzle, orifice is is located at the beginning
of the needle surface region.
5. CONCLUSION
In the present study, flow inside real-size diesel injector nozzle
is investigated. Winklhofer rectangular shape nozzle is used
for comparing experimental and numerical procedure that was
chosen in the current study and it was found that the current
setup has a good correlation with experimental results.
The following results are found in the current paper:
1Decreasing cavitation number can increase length of
vapor volume fraction which should be controlled since
increasing vapor volume fraction can cause corrosion inside
nozzle.
2Decreasing needle lift can decrease length of vapor
volume fraction and in the lowest amount vapor volume
fraction forms at the nozzle inlet.
3Discharge coefficient increases as cavitation number
increases.
4Increasing needle lift also increases cavitation
number.
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