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Abstract

In this paper a computational study on hexane flow in a fuel injector is presented. Large Eddy Simulation (LES) was used
to capture the turbulent patterns present in the flow. The main aim was to investigate the cavitation phenomenon and its
interaction with turbulence as well as the influence of injection pressure and backpressure on fuel mass flow and flow condi-
tions. Analysis of the approach to define the outlet boundary conditions in terms of convergence time and fluid mass outflow
oscillations formed a crucial part of the study. Numerical simulations were performed with AVL Fire CFD (Computational Fluid
Dynamics) software. The Euler-Euler approach and multifluid model for multiphase flow modelling were applied. Injector
needle movement was included in the simulation. Results show that the additional volumes attached to the nozzle outlets
improved the convergence of the simulations and reduced mass outflow oscillations. Fuel mass flow at the outlets was depen-
dent on inlet pressure, position of the needle and backpressure, while the influence of backpressure on fuel mass flow was
negligible. The presence of the vapor phase at the exit of the nozzles did not affect average fuel mass flow. All the simulations
showed interaction between the gaseous phase distribution and the turbulence of the flow.

Keywords: cavitation; cavitating flow; in-injector flow; Eulerian multiphase; multiphase flow; numerical simulation; Large
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1. Introduction

Economic growth in the industrial sector in recent decades
has been a key driver in the increase in emissions to the
atmosphere. Every year, natural resources of planet Earth
are shrinking and more CO2 is released into the atmo-
sphere. Therefore, there is a general awareness that emis-
sions should be reduced wherever possible. The flaring of
associated gas and other light hydrocarbons in the oil fields
is an example of a practice that is both wasteful and pol-
luting. The reason for that situation is the fact that many
gaseous and liquid hydrocarbons resulting as by-products
from industrial processes are characterized by a composi-
tion that varies over time, leaving them unsuitable for con-
ventional energy conversion equipment. However, with the
right technology, they might offer opportunities for replacing
the conventional fuels used to generate electricity or me-
chanical drive power. At first glance, it seems that from the
economic point of view, the process of converting such fuel
into useful energy has to be profitable. Nevertheless, there
are some requirements which need to be met. Most existing
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technologies are sensitive to fuel quality. Thus, any switch
to ’difficult fuels’ of varying composition and containing un-
desirable compounds may lead to a dramatic decrease in
TBO (Time Between Overhaul) and an increase in operating
costs, which could easily outweigh any possible profits to be
made from using this kind of fuel. One possible solution is to
supply the heavy-duty piston engines working directly on the
oil fields with a specially designed fuel system for hydrocar-
bons of these types. The prospective fueling technology is
a dual-fuel direct injection system where the second fuel will
provide reliable ignition. This approach requires studies on
high pressure direct injection of light hydrocarbons. In pis-
ton engines equipped with a direct injection fuel system the
crucial issues influencing the combustion process are: spray
atomization and evaporation which strongly depend on the
fuel properties, injection pressure and geometry of the injec-
tor. These parameters influence the spray process in two
main ways, directly and by influencing the phenomena tak-
ing place inside the injector. Among the phenomena taking
place inside the injector, the fundamental one which strongly
influences spray development is cavitation. Due to the fact
that light hydrocarbons have higher vapor pressure at a given
temperature compared to diesel fuel, they might contribute to
the intensification of the cavitation phenomenon inside the in-
jector nozzles. Therefore, in this study special attention was
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focused on development of the cavitation phenomenon and
its impact on the inner nozzle flow parameters. There is ex-
perimental evidence which shows that liquid jet atomization
near the nozzle exit depends on cavitation [1] and that cavita-
tion probably favors the atomization of the spray [2, 3]. It may,
however, induce a mass flow collapse in the internal nozzle
flow [4, 5]. Thus, the cavitation phenomenon in fuel injectors
can have a positive impact on engine performance and emis-
sions by improving the atomization process as well as a neg-
ative impact, by limiting power output through choking the
mass flow. Therefore, this phenomenon is of major impor-
tance. Although a number of previous works have factored
in cavitation and turbulences, the detailed nature of internal
nozzle flow is a subject which requires further investigation.
In recent years some experimental and numerical studies in
this field have been carried out. Most of the recent numeri-
cal studies used the Large Eddy Simulation method for this
purpose and stated that this method provides sufficient ac-
curacy [4, 6]. Salvador et al. [6] used the LES approach to
simulate cavitation in diesel injector nozzles. They validated
the code at real operating diesel engine conditions against
experimental data with the following parameters: mass flow,
momentum flux and effective velocity. They found the CFD
code slightly overestimated all of the compared parameters.
The deviation of mass flow between the experimental and
computational values was around 10%; for velocities it was
always lower than 5%. They stated that the code could
be considered able to predict the behavior of the flow with
a sufficient degree of confidence. Payri et al. [4] conducted
a combined experimental and computational study in order to
evaluate the ability of the homogeneous multiphase model to
predict the behavior of fuel flow and cavitation in the injector
nozzles. An extended validation of a code for modelling cav-
itation was performed in diesel injector nozzles, comparing
the CFD results with experimental data and showing a devi-
ation of around 7% between both results. The appearance
of cavitation predicted by the numerical simulations showed
a cyclical behavior. The continuous changes in vapor dis-
tribution had a strong influence on the velocity profile at the
exit, and therefore on the air–fuel mixing process in the com-
bustion chamber. Another work of Payri et al. [7] concerned
numerical simulations of internal flow in diesel injectors in
terms of assessing the capabilities of the LES approach for
capturing the turbulent patterns present in the flow. The
results were compared to the RANS results and validated
against the experimental values and DNS data. Two geo-
metrical models, full geometry of the nozzle and one quar-
ter of the nozzle, were compared. The results showed that
the calculations performed on the full geometry model were
more accurate. In general, the results showed good agree-
ment with the experimental values and the LES approach
turned out to be more accurate than RANS, mainly in the
boundary layer. In [8] Payri et al. extended the model with
compressibility of the fluid, obtaining even more accurate re-
sults. In one of the most recent studies by Ji et al. [9] nu-
merical simulation of the unsteady cavitating turbulent flow
around a NACA66 hydrofoil was carried out by means of

LES coupled with a homogeneous cavitation model. The
predicted cavitation shedding dynamics behavior, including
cavity growth, break-off and collapse downstream, agreed
fairly well with the experimental observations. The LES re-
sults helped to better clarify the physical mechanism for the
cavitation induced turbulence and pressure fluctuations. Jol-
let et al. [10] evaluated several models concerning cavitation.
They investigated different combinations of two multiphase
models (multifluid and homogeneous model) and two cav-
itation models (Schnerr-und-Sauer, Zwart-Gerber-Belamri).
The results clearly showed the differences between multi-
phase models, but it is as yet unknown which one of them
is nearer to reality. The differences between the two inves-
tigated cavitation models were found to be small and the
effects of different vapor pressure values were negligible.
In the present investigation, after taking into consideration
the accuracy of the results from the presented studies, the
multifluid approach was chosen, which assumes that two or
more phases co-exist at every point in the flow field and each
phase is governed by its own set of conservation laws [11].

2. Numerical Model

In recent decades CFD codes have become powerful tools
in design processes. It is a branch of fluid mechanics that
uses numerical methods and algorithms to solve and an-
alyze problems that involve fluid flows. The most popu-
lar method for representing and evaluating partial differen-
tial equations in the form of algebraic equations is the finite
volume method, in which values are calculated at discrete
places on a meshed geometry. “Finite volume” refers to the
small volume surrounding each node point on a mesh. One
of the solvers based on that method is AVL Fire, which was
used for the numerical simulations presented in this paper.

2.1. Turbulence
Experimental study of the turbulence developed within in-

jector nozzles and its interaction with the cavitation phe-
nomenon presents huge difficulties due to the extremely
small size of the holes, the existence of a multiphase flow
and high velocities. Therefore, the Large Eddy Simulation
method has become a great alternative to simulate internal
flow. Researchers who used the LES method in their numer-
ical studies of cavitation in fuel injectors have stated that this
method provides sufficient accuracy [4,6]. Therefore, LES
was chosen for this investigation. LES is based on capturing
the large scale motions of the flow and modelling the scale
motions smaller than the mesh spacing. It is a compromise
between Direct Numerical Simulation (DNS) which is cur-
rently unavailable in commercial use and Reynolds Averaged
Navier–Stokes (RANS), the method of the lowest computa-
tional resources demands. In the LES approach, the equa-
tions describing the flow are spatially filtered using a filter
function. Large scale motions, such as movement and in-
teractions between large eddies, are calculated directly from
Navier-Stokes equations. In contrast, the small scale mo-
tions and the influence of small eddies on the large ones
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are modelled. The filtering operation can be defined as fol-
lows [12]:

φ(x, t) =

∫ ∞

−∞

∫ ∞

−∞

φ(r, t′)G(x − r, t − t′)dt′dr (1)

where G is a convolution kernel unique to the filter type
used and φ is the filtered parameter. The most popular filter
functions are Gaussian, Ideal Low Pass Filter and Box Filter,
as described in [13] and [14]. In general, the filter coeffi-
cient depends on the size of the mesh elements. Once the
filtering operation (1) is applied to the governing equations,
the filtered equations of the motion are obtained. For tur-
bulent structures bigger than the mesh, these equations are
solved directly and govern the evolution of the large, energy-
carrying scales of motion [15]:

∂ui

∂xi
= 0 (2)
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∂t
+

∂

∂x j
(uiu j) = −

1
ρ

∂p
∂xi
−
∂τi j
∂x j

+ ν
∂2ui

∂xi∂x j
(3)

Structures smaller than the mesh spacing are taken into
account by defining subgrid-scale (SGS) velocity u′i = ui − ui

and introducing a subgrid-scale (SGS) stress term [15]:

τi j = uiu j − uiu j = Li j + Ci j + Ri j (4)

where: Li j = uiui − uiui are the Leonard stresses, Ci j =

uiu′j + u′iu j are the cross terms and Ri j = u′iu
′
j are the SGS

Reynolds stresses.
The Leonard stresses represent interactions between re-

solved scales that result in subgrid-scale contributions, the
cross terms represent interactions between resolved and un-
resolved scales, and the SGS Reynolds stresses represent
interactions between small, unresolved scales. In the LES
method, the dissipative scales of motion smaller than the
mesh spacing are resolved poorly or not at all. Therefore,
a SGS model is needed to account for these scales. The
role of the SGS model is very important, because the sub-
grid scale stress contains 20% of the flow turbulence kinetic
energy. Over the years, several SGS models have been de-
veloped [16, 17]. Most of them are eddy-viscosity models of
the form [15]:

τi j = −
δi j

3
τkk = −2νT S i j (5)

where S i j is the large-scale strain-rate tensor:

S i j =
1
2

(
∂ui

∂x j
+
∂u j

∂xi

)
(6)

The SGS model used in this study was the Smagorinsky
model [18]. Although recently more advanced SGS models
have been developed and used for turbulence modeling [9],
the Smagorinsky model is still one of the most convenient
and widely used models for channels and internal flows [7].
This particular model was also used in recent works [6, 8] for

LES numerical modeling of cavitation and its interaction with
the turbulence developed in diesel injector nozzles. There-
fore it should also be suitable for this study. The eddy viscos-
ity in the Smagorinsky SGS model is defined as [15]:

νT = C∆2
√

2S i jS i j (7)

where: ∆ is the grid size and C is the model constant.
The most important advantage of the LES method is a sig-

nificant computational cost reduction compared to the DNS
method, which according to [19] can be estimated as:

NLES +

(
0.4

Re0.25

)
NDNS (8)

In combination with much higher accuracy than the RANS
model results, the LES became a real alternative to simulate
internal flow in commercial applications.

2.2. Cavitation

Two-phase flow through the injector nozzle with liquid fuel
as the continuous phase and fuel vapor as the dispersed
phase is one of the basic cases of multiphase flows. This
type of the flow requires modeling, using the most general
approach called Euler–Euler. In this approach, the differ-
ent phases are treated mathematically as interpenetrating
continua. Since the volume of a phase cannot be occupied
by another phase, the concept of volume fraction is intro-
duced. The volume fractions of each phase are assumed to
be a continuous function of space and time, and their sum
is equal to one. The conservation equations for each phase
are derived to obtain a set of equations, which have a sim-
ilar structure for all phases [20]. The cavitation is modeled
by including source terms of mass, momentum and energy
exchange in the conservation equations. The liquid-vapor
mass transfer (evaporation and condensation) is governed
by the vapor transport equation [21]:

∂

∂t
(αvρv) + ∇ · (αvρv ~vv) = Re − Rc (9)

where: αv refers to the volume fraction of the vapor phase,
ρv is the density of the vapors phase, ~vv the velocity of the
vapor phase, Re and Rc describe the mass transfer related to
the vapor bubbles expansion and collapse.

In the cavitation model, one must assume that there are
plenty of nuclei for the inception of cavitation. Thus, the pri-
mary focus is on proper accounting of bubble growth and
collapse. The bubble dynamics equation can be derived from
the generalized Rayleigh–Plesset equation [22]:

RB
d2RB

dt2 +
3
2

(
dRB

dt

)2

=

(
PB − P
ρl

)
−

4νl

RB

dRB

dt
−

2σ
ρlRB

(10)

where RB is the bubble radius, σ is the liquid surface ten-
sion, ρl is the liquid density, PB is the bubble surface pres-
sure, P is the local far-field pressure, νl is the liquid kinematic
viscosity.
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The simulations presented in this paper were done using
the multifluid model, which requires by default the calculation
of the complete set of the conservation equations and vol-
ume fraction equation for each phase representing the basis
of Euler-Euler approach in modeling the multiphase flows.
As for the cavitation phenomenon model used in this study, it
was based on a simplified version of Rayleigh-Plesset equa-
tion, where viscosity, surface tension forces and bubble in-
teraction are neglected [23].

RB
d2RB

dt2 +
3
2

(
dRB

dt

)2

=

(
Psat − P
ρl

)
−

2
3

CEkl (11)

where kl is the turbulent kinetic energy of the liquid phase
and CE is the Egler coefficient which depends on the local
turbulence level [20].

2.3. Boundary conditions and computational mesh

Table 1: Parameters of investigated cases

Investigated fuel n-hexane

Nozzle diameter, mm 0.65
Number of nozzles 3

Injection duration 18oCA (4 ms)
Needle lift, mm 1.85

Investigated fuel pressure, MPa 35, 50, 65
Investigated backpressure, MPa 6.5, 9.3, 11.0

The injector under investigation and presented in this pa-
per consists of three cylindrical nozzles, each with a diam-
eter of 0.65 mm. Its unique design is an initial requirement
and derives from its location in the chamber, which is not the
subject of this study. For numerical simulations the entire
domain was taken into consideration, even though the sym-
metrical shape of the injector permitted the use of only half
of the injector interior. This was done in order to avoid sym-
metry plane going through the nozzle, which could restrict
the growth of any large eddy [7]. Payri et al. [7], when sim-
ulating cavitation in the injector nozzle, stated clearly that it
is with for full geometry of the nozzle that the LES methodol-
ogy works properly and typical turbulent structures are gen-
erated. The whole injection process and movement of the
needle last 18° of crankshaft angle at specified engine speed
of 750 rpm. During the first 2° the needle was opening and
during the last 2° it was closing. The maximum lift of the nee-
dle was 1.85 mm. Hexane was selected as the fluid flowing
through the injector due to the fact that it is a constituent of
natural gas condensate which stays liquid in ambient con-
ditions. The temperature was set at 315 K and fluid prop-
erties such as liquid density ρl, gaseous density ρg, liquid
dynamic viscosity µl, gaseous dynamic viscosityµg and sat-
uration pressurepsat were taken from [23] and entered in the
solver settings. Three different fuel pressures at the inlet
(35 MPa, 50 MPa, 65 MPa) and three different backpres-
sures at the outlet (11 MPa, 9.3 MPa, 6.5 MPa) were un-
der investigation. In order to best reflect real conditions, the
initial conditions were introduced as follows: the volume of

the injector above the needle tip filled with the fuel of pres-
sure equal to the inlet pressure, the volume below the needle
tip together with nozzles filled with fuel of pressure equal to
the backpressure. Due to the low number of test variables
and levels of each variable, the classical factorial approach,
where each variable is tested at every level of the other vari-
ables, was used to select the cases for the investigation. This
approach led to a total number of 9 investigated cases. A
summary of the considered parameters is given in Table 1.

A number of numerical studies done in the area of cavitat-
ing flows in fuel injectors applied two different approaches to
defining the outlet boundary condition. In the first one, the
outlet boundary condition is applied directly on the nozzle
outlet [4, 6, 24–27]. In the second one, additional volumes
are attached to the nozzle outlets and the outlet boundary
condition is located on the external surfaces of the attached
volumes [28–31].

Figure 1: Two different models with applied boundary conditions; a) simple
model; b)extended model

In this study, both approaches were analyzed in order to in-
vestigate the influence of the additional volume at the nozzle
flow. For this purpose two models were prepared – simple
one and extended one with additional discharge volumes at
the outlet of the nozzles (Fig. 1). In both of them the pressure
boundary condition was applied at the inlet of the injector. In
the simple model the pressure outlet boundary condition was
applied at the outlets of the nozzles. In the model with at-
tached volumes the pressure outlet boundary condition was
applied at the external surfaces of the additional volumes.
The calculations were initialized with volumes filled with air of
pressure equal to the backpressure, while the rest of the do-
main was initialized in the same way as for the simple model.
Thanks to this approach, in the cases where gaseous phase
was present at the outlets of the nozzles, it could condense
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in the additional volumes and did not reach the outlets. It
improved the solution convergence and reduced numerical
oscillations in cases where gaseous phase reached the pres-
sure outlet boundary condition. A similar solution for numer-
ical investigations was recommended by He et al. [28, 29].
They concluded that when the surrounding pressure bound-
ary condition is used directly on the exit of the nozzle, the
accuracy of the calculation results may be affected [29].

Figure 2: Extended model mesh used for simulations

The mesh used for the simulations presented in this study
consisted of ten moving layers between the needle tip and
the needle seat, in order to simulate the movement of the
needle and determine its influence on the flow. For the model
with additional volumes, the mesh consisted of 828408 ele-
ments and is presented in Fig. 2. For the simple model, the
mesh comprised 741432 elements and lacked the discharge
volumes. The smallest element sizing was inside the nozzles
and was of 0.02 mm. The number of mesh elements was re-
stricted by the available computational resources. Assuming
that integral turbulence length scales inside the nozzle would
be the order of magnitude of the turbulent scales in the fully
developed duct flow, which is 0.07 of the hydraulic diameter,
the biggest expected scales in the investigated cases are to
be 0.07×0.65 mm = 0.046 mm. Therefore, these scales can
be resolved directly on the described mesh by LES. However,
the turbulence induced by the cavitation bubbles growth and
collapse is expected to be of much smaller scales and will be
resolved by the SGS model.

Figure 3: Extreme positions of the needle; left – fully closed, right – fully
open

A section through the injector mesh showing the needle in
extreme positions is presented in Fig. 3.

3. Results

3.1. Mesh comparison

Figure 4: Fuel mass flow results obtained with two different models where
pin=65 MPa and pb=9.3 MPa

Figure 5: Gaseous phase distribution for case pin=65 MPa and pb=9.3 MPa
and two different models; a) without b) with volumes at the outlet

The comparison of the hexane mass flow at the outlet of
the nozzles for two different models and the case where the
fuel pressure pin was of 65 MPa and the backpressure pb

was of 9.3 MPa is presented in Fig. 4. Although the average
value of the fuel mass flow during the full injection process
was the same, the results obtained with the simple model
showed strong fluctuations of the flow parameters. This is
due to the fact that in this case the gaseous phase reached
the outlet of the nozzles and surfaces with specified pres-
sure outlet boundary condition (Fig. 5). Interestingly, these
fluctuations were observed in only two of the three nozzles,
which is hard to explain and might be just due to the geomet-
rical parameters of the injector. The difference between the
nozzles in the gaseous phase distribution is shown in Fig. 5.
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The results obtained using two different models confirm
that application of the discharge volume provides a more re-
alistic outlet boundary condition, improves solution conver-
gence and reduces numerical oscillations in cases where the
gaseous phase reaches the pressure outlet boundary condi-
tion. Hence, the model with discharge volumes at the outlet
of the nozzles was chosen for simulations of all the investi-
gated cases.

3.2. In-injector cavitation

Figure 6: Vapor phase distribution for each nozzle (left, central and right),
for different injection pressure and for backpressure of 11MPa and graph
presenting corresponding fuel mass flow at the outlets

In this section, the detailed results of the gaseous phase
distribution and fuel mass flow are presented. The vapor
phase distribution results shown in Fig. 6, 7 and 8 represent
the moment when the needle was fully opened and the flow
was steady, which provides an opportunity to compare these
results between the cases and the nozzles in each case.
Furthermore, the averaged results of the hexane mass flow,
gaseous phase volume fraction and gaseous phase outlet
mass flow are presented in order to show the influence of
the fuel pressure and backpressure on the mass flow and
cavitation intensity.

The mass flow at the outlet versus the needle lift graphs
presented in Fig. 6, 7 clearly show that the movement of
the needle strongly affects the flow, especially in the opening

Figure 7: Vapor phase distribution for each nozzle (left, central and right)
for different injection pressure and for backpressure of 9.3MPa and graph
presenting corresponding fuel mass flow at the outlets

stage. The hexane mass flow reaches the maximum value
after about 1o in every case. At this point the needle is still
being lifted, but the mass flow is limited by the pressure dif-
ference and the area of the cross-sections of the nozzles.
Until 2o strong fluctuations of the mass flow can be observed.
When the needle reaches the maximum lift, the mass flow
becomes steady. At 16o, the process of the injector clos-
ing starts. The fuel mass flow is maintained constant until
around 17o and after that it collapses rapidly. The closing
process proceeds mildly, without any strong fluctuations, un-
like the opening process.

The results differ between the nozzles. This is caused by
the asymmetrical arrangement of the nozzles. The vapor
phase in each nozzle is clearly divided into two cores, which
was also observed by other authors [6, 32]. This kind of
behavior could be related to the turbulence present in the
flow.

The results presented in Fig. 9. clearly show that the high-
est values of turbulence energy can be seen at the inlet and
at the outlet of the nozzles - the places of growth and col-
lapse of the vapor bubbles. Furthermore, if the vapor phase
within the nozzle is compared to the vorticity (Fig. 9.), it can
be stated that the highest values of vorticity occur where
the vapor bubbles grow, reach maximum values at the in-
terphase region and collapse. Similar conclusions about in-
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Figure 8: Vapor phase distribution for each nozzle (left, central and right)
for different injection pressure and for backpressure of 6.5MPa and graph
presenting corresponding fuel mass flow at the outlets

Figure 9: Vapor phase distribution (a), vorticity (b) and total turbulence en-
ergy (c) for each nozzle for case pin=65MPa and pb=9.3MPa

teraction between cavitation and turbulence were presented
in [6].

In Fig. 10 and 11 the averaged results of the hexane mass
flow for all cases are compared in order to verify the influence
of fuel pressure and backpressure on mass flow. It transpires
that the hexane outlet mass flow mostly depends on the fuel
pressure. The influence of backpressure on this parameter

Figure 10: The influence of backpressure on fuel outlet mass flow

Figure 11: The influence of injection pressure on fuel outlet mass flow

Figure 12: The influence of backpressure on the vapor phase volume frac-
tion

in conditions which were under investigation in this study is
negligible. In Fig. 12 and 13 the average values of gaseous
phase volume fraction are presented. The results are at the
same level of 0.24–0.26% for eight of nine cases. Only in
the case where the injection pressure p_in was 35 MPa and
the backpressurepb was 11 MPa did the vapor phase vol-
ume fraction reach the level of 0.12%. This means that for
the investigated conditions the intensity of cavitation was not
affected by either the fuel pressure or the backpressure ex-
cept in one case, where the pressure difference between the
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Figure 13: The influence of injection pressure on the vapor phase volume
fraction

inlet and the outlet had a minimal value. This one case in-
dicates that the intensity of cavitation will decrease with the
decrease in the difference between inlet and outlet pressure.

Figure 14: The influence of backpressure on the vapor phase mass flow

Figure 15: The influence of injection pressure on the vapor phase mass flow

Although the vapor phase volume fraction is almost the
same in all cases, its mass flow at the outlet varies, as is
shown in Fig. 14 and 15. Only in two cases where the fuel
pressure at the inlet pin was 35 MPa and the backpressure pb

was 11 MPa and 9.3 MPa does the gaseous phase not reach
the outlet of the nozzles. In all of the other seven cases it
reaches the outlet with different intensity, depending strongly
on both fuel pressure and backpressure.

4. Conclusion

A total of nine simulations for three different hexane pres-
sures and three different backpressures were conducted.
The results were presented to show the influence of pres-
sure and backpressure on fuel flow. The LES model was
used to track flow turbulence and its interaction with cavita-
tion. Two approaches to defining outlet boundary condition
were investigated. In the first one, the outlet boundary condi-
tion was applied directly on the nozzle outlet. In the second
one, additional volumes were attached to the nozzle outlets
and the outlet boundary condition was located on the exter-
nal surfaces of the attached volume. Based on the results
obtained, the following conclusions were made:

• The additional volumes at the outlets improved the con-
vergence of the simulations. These volumes let the va-
por phase condense after exiting the nozzles, so the
vapor phase did not reach the outlet with the specified
pressure outlet boundary condition.

• The fuel outlet mass flow was dependent on the inlet
pressure, backpressure and position of the needle.

• The inlet pressure had the biggest influence on the max-
imum fuel mass flow, but the influence of backpressure
on fuel mass flow under investigated conditions was
negligible.

• The presence of the vapor phase at the exit of the noz-
zles did not affect average fuel mass flow.

• The maximum mass flow was reached at about half
of the needle lift, which means that a lift as high as
1.85 mm is not necessary and can be reduced to about
1 mm without decreasing the mass flow.

• The vapor phase volume fraction and the mass flow
at the outlet was dependent on both fuel pressure and
backpressure. More vapor can be observed at the exit
of the nozzles, when fuel pressure increases and back-
pressure decreases. It is related to the differences in
fuel velocity in the nozzles caused by pressure differ-
ences.

• Interaction between cavitation and turbulence is ob-
served in the flow through the injector nozzles. Turbu-
lence is enhanced by cavitation, since the highest val-
ues of vorticity and turbulence energy are found in re-
gions of growth and collapse of vapor bubbles and at
the liquid-vapor interphase.
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