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Abstract—Cavitation inside a diesel injector nozzle is investigated
numerically in this study. The Reynolds Stress Navier Stokes set of
equations (RANS) are utilized to investigate flow behavior inside the
nozzle numerically. Moreover, K-¢ turbulent model is found to be a
better approach comparing to K-o turbulent model. The Winklhofer
rectangular shape nozzle is also simulated in order to verify the current
numerical scheme, and with the mass flow rate approach, the current
solution is verified. Afterward, a six-hole real size nozzle was
simulated and it was found that among the different fuels used in this
study with the same condition, diesel fuel provides the largest length
of cavitation. Also, it was found that at the same boundary condition,
rapeseed methyl ester (RME) fuel leads to the highest value of
discharge coefficient and mass flow rate.

Keywords—Cavitation, diesel fuel, CFD, real size nozzle,
discharge coefficient.

LINTRODUCTION

AVITATION in modern combustion engines is of interest

and can affect the efficiency of the combustion process
significantly. Cavitation occurs when the pressure drops
noticeably, and the liquid turns to vapor, which are shown as
vapor volume fraction in most of the studies [1]-[3]. There are
two different phenomena that can cause vapor formation: the
first one is boiling, that occurs due to temperature increment,
and the second one is cavitation that happens due to sudden
pressure drop. There are occasions in which both increasing
temperature and decreasing pressure occur simultaneously,
which is not in the scope of the current study. There are two
approaches for modeling cavitating flow depending on the
problem of interest, which are the Euler-Euler approach and the
Euler-Lagrange approach [4], [5].

By utilizing the Eulerian-Eulerian approach, which is so
called two-fluid approach, each phase using its own
corresponding velocity is solved for both phases [6], [7]. The
predominant hypothesis in the mentioned models is thermal
equilibrium in which it assumes that phase change is very rapid
and achieving thermal equilibrium is much quicker when the
time interval is utilized [8]-[11]. The second approach is
Eulerian-Lagrangian, in which two different couplings can be
used that are one-way coupling and two-way coupling. Within
one-way coupling, Eulerian solution is obtained first and then
will feed the Lagrangian solution, while in the two-way
coupling there is an interactive relationship between Eulerian
phase and Lagrangian phase [12]-[14].

One of the first experimental studies that was done in diesel
injector cavitation was by Winklhofer et al. [15]. He reported
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static pressure, velocity field and vapor fraction inside the
channel. Then, the mentioned study is used afterward in many
literatures for verification purposes.

II.MATHEMATICAL MODEL

In this study, two phase flow is simulated based on single
fluid approach for homogenous framework. The continuous and
momentum equations for homogenous flow can be written as
follows:
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in which p, is mixture density, V,, is the mixture velocity
vector and p,, is the mixture viscosity, where mixture density
can be written as p_=0,p,ta,p_ and mixture viscosity can be
written as p_=oyp, o, p, .

Vapor volume fraction is a criterion in which it determines
the estimate of vapor presence versus liquid and can be shown
as follows:
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where a,, is the vapor volume fraction, n, is number of
bubbles per unit volume and Ry is the bubble radius.

In order to obtain mass transfer, Shnerr-Sauer model is
utilized [14]:

0 py-p da
~(ayp,) + V.(a,,.pv.VV):Tl.d—t” (4)
in which the source term is define as R:%d%. Bubble
dius is also defined as Ry=(-2-2 L)
radius is also defined as Ry (1-a,,4nnb)

Discharge coefficient and cavitation number are the two
important parameters that are respectively defined as following:
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where m is mass flow rate, P, is vaporization pressure, P, is
inlet pressure and P, is the outlet pressure.

A. Verification

In the beginning, the flow is verified by comparing to a
previous experiment that was done by Winklhofer et al. [15].
Fig. 1 shows mass flow rate versus pressure difference when
two different turbulent approaches are utilized, namely K — ¢
and K — w. When compared to experimental data, it was found
that K — ¢ has better accuracy. It was also found that as pressure
difference increases, mass flow rate increases as well until it
does not change anymore.
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Fig. 1 Mass flow rate versus pressure

III.REAL-SIZE NOZZLE

Fig. 2 shows the geometry of the real size nozzle. It can be
seen that the inlet radius is 13 mm, the maximum needle height
is 250 um, orifice diameter is 170 wm and orifice length is
970 um. Also, in order to save time and resources, only one-
sixth of the nozzle is simulated by the acquisition of periodic
boundary conditions.
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Fig. 2 Geometry of the real size nozzle

Table I shows the properties of the fuels utilized in this study.
Diesel fuel has the lowest value of density among all three fuels,
while Rapeseed pure vegetable oil (R-PVO) has the highest
value. The property of rapeseed methyl ester (RME) is between
R-PVO and Diesel fuel.

TABLEI
PROPERTIES OF FUELS USED IN THIS STUDY

Diesel fuel RME! fuel R-PVO? fuel

Density (kg/m?) 830 880 890
Dynamic viscosity (Ns/m?)  3.61 x 10% 4.62 x 10° 6.31 x 103
Vaporization pressure (Pa) 890 923 996

Temperature (K) 293 293 293

Number of bubbles per unit volume 10''x 1.9 10''x 91  10'"'x .91
IV.RESULT AND DISCUSSION

Fig. 3 shows the mass flow rate versus pressure difference
when different fuels are utilized. As can be seen from Fig. 3,
increasing pressure difference increases mass flow to a certain
value, and after that, any further increase would not change the
mass flow rate. The highest value of mass flow rate is seen in
both RME and R-PVO fuel, while the lowest value is observed
for diesel fuel. In all three fuels at maximum needle height,
increasing pressure difference has the same trend, but for RME,
the case is a little bit different, and a decreasing trend is
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visualized after it reached a certain value. The increase in the
value of the mass flow rate by pressure increase was very steep
for R-PVO compared to the other two fuels.

Fig. 4 shows the discharge coefficient versus cavitation
number at the maximum needle height when three different
fuels are utilized. According to Fig. 4, increasing the cavitation
number would increase the discharge coefficient to a certain
value, and after that, a further increase in the cavitation number
would not increase the discharge coefficient, and it remains
constant. The highest value of the discharge coefficient is
visualized for RME fuel, while the lowest value is observed for
diesel fuel. It can be concluded that even though the mass flow
rate can show a similar trend with the discharge coefficient,
other factors can play a crucial role; since the difference in the
discharge coefficient of RME and R-PVO when the cavitation
number increases at the maximum needle height are noticeable,
while the difference between the mass flow rate of RME and R-
PVO as the pressure difference increases is not very bold.
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Fig. 3 Mass flow rate versus pressure difference when three different
fuels are used
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Fig. 4 Discharge coefficient versus cavitation number when different
fuels are utilized

Fig. 5 shows the distribution of the vapor volume fraction
when the needle height has its maximum value, the pressure
inlet is 30 MPa, and the pressure outlet is 3 MPa. It can be seen
that R-PVO has the shortest distribution of vapor volume
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fraction through the nozzle, while diesel fuel has the largest
distribution of vapor volume fraction through the nozzle. The
primary and key factor for the mentioned behavior of vapor
volume fraction is viscosity as the highest value of viscosity is
for R-PVO fuel, and the lowest value of viscosity is for diesel
fuel.

(a) R-PVO fuel
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(b) RME fuel

(c) Diesel fuel
Fig. 5 Vapor volume fraction distribution at the mid nozzle plane
when three different fuels are utilized

Figure 6 shows the distribution of vapor volume fraction when
different back pressures are utilized. As the mentioned figure
represents, by increasing backpressure when the inlet pressure
is fixed, the length of vapor volume fraction increases. The inlet
pressure is fixed to 30 Mpa, and the outlet pressure varies. Also,
the needle height is 250 pm. It was also found that further
decrease in the back pressure from 1 MPa would not affect the
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formation of vapor volume fraction.
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Fig. 6 Vapor volume fraction distribution at the mid nozzle plane
when three different back pressures

Effect of needle height on the formation of vapor volume
fraction has also been investigated. As figure 7 shows, by
increasing the needle height, the length of the cavitation area
increases. When needle height was h=30um, cavitation formed
out of the orifice area in the needle region. While as needle
height increases, the length of the vapor volume fraction is
augmented. And finally, at h=250pm, cavitation covered the
whole orifice.
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Fig. 7 Vapor volume fraction distribution at the mid nozzle plane
when three different needle height

V.CONCLUSION

In this study, a six-hole nozzle is simulated in order to
investigate the effect of different fuels on the formation of vapor
volume fraction, the value of discharge coefficient, and mass
flow rate. The results were also verified with previous
experimental data obtained by Winklhofer et al. [15] in terms
of mass flow. The Schnerr-Sauer cavitation model is also
utilized to predict cavitation inside the nozzle. It was found that
at the same condition, diesel fuel has the largest length of vapor
volume fraction, while R-PVO fuel has the smallest length.
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RME fuel also has the highest value of discharge coefficient as
the cavitation number increases at maximum needle height,
while diesel fuel has the lowest value. Mass flow rates for both
RME and R-PVO experience the same trend and are much
higher than diesel fuel as pressure difference increases. Also, it
was found that increasing needle height would increase the
length of vapor volume fraction, which means that cavitation
length increases. Finally, decreasing backpressure would
increase the length of the cavitation area. A further decrease
from 1 Mpa in the backpressure would not affect cavitation
formation significantly.
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