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ABSTRACT
In this paper a combined experimental and computational study was carried out in order
to assess the ability of a Homogeneous Equilibrium Model in predicting the
experimental behaviour observed from the hydraulical characterization of a nozzle. The
nozzle used was a six-orifice microsac nozzle, with cylindrical holes, and therefore
inclined to cavitate. The experimental results available for the validation purpose
comprised measurements of mass flow rate and spray momentum flux, which correctly
combined provide also fundamental information such as discharge coefficient, nozzle
exit effective velocity and area contraction. The model was proved to be able of
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reproducing the experimental results with high degree of confidence and, through the
exploration of the internal flow, allowed the explanation of widely reported
experimental findings related to cavitation phenomena: the mass flow choking induced
by cavitation and the increment of effective injection velocity.
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LIST OF NOTATION.

NOMENCLATURE
a: speed of sound
A: area
Aeff: outlet effective area
Ao: outlet area
BP: back pressure
Ca: area coefficient
Cd: discharge coefficient
CM: momentum coefficient
Co: courant number
Co acoustic: acoustic courant number
Cv: velocity coefficient
Deff: effective diameter
Di: diameter at the orifice inlet
Do: diameter at the orifice outlet
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K: cavitation number K 

Pinj  psat
Pinj  Pback

k-factor: orifice conicity factor
L: orifice length
: mass flow
: momentum flux
p: pressure
Pback: discharge back pressure
Pinj: injection pressure
psat: vaporisation pressure
Ro: outlet radius
r: rounding radius at the inlet orifice
t: time
u: velocity
ueff: effective velocity
uth: theoretical velocity
uy: velocity in the y direction

GREEK SYMBOLS:

: vapour mass fraction
ΔP: pressure drop, ΔP=Pinj -Pback
∆t: time step
Δx: cell size
µ: fluid viscosity
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µl: liquid viscosity
µv: vapour viscosity
ρ: fluid density
ρl: liquid density
ρlsat: liquid density at saturation
ρlo: liquid density at a given temperature condition
ρvsat : vapour density at saturation
ρv: vapour density
Ψ: fluid compressibility
Ψl: liquid compressibility
Ψv: vapour compressibility

SUBSCRIPTS:
exp: experimental
model: numerical simulation

1. INTRODUCTION
It is well known that the characteristics of the internal nozzle flow have a strong impact
on the spray and its atomization characteristics [1-5]. This is particularly true when
cavitation occurs in the holes of fuel injector nozzles under the high injection pressures
at which operate modern Diesel engines. Nevertheless, due to extremely small geometry
of the holes, whose length is about 1 mm and whose diameter ranges from about 0.1
mm to 0.2 mm for most automotive Diesel engines, experimental and computational
studies of the flow inside the real-size nozzle are still not satisfactory. From the point of
view of the experimental research, although useful information has been obtained from

4

large scale nozzle experiments, scale effects have been recognized to be very important
[6, 7]. As a clear example, cavitation structures differ from large scale nozzles (clouds
of bubbles) to real scale nozzles (cavitation pockets) [6].
As far as computational studies is concerned, two-phase approaches involving
cavitation phenomena are not a mature art as is the case with one-phase calculations and
it still needs improvements in order to increase the confidence in the results.
Following, the major experimental findings on the influence of cavitation on internal
nozzle flow are summarized, as well as cavitation modelling approaches and limitations.
It is widely known that cavitation induces to a mass flow collapse [7-10] and, indeed,
this mass flow choking has been used for several researchers to determine the inception
of cavitation by a non-intrusive way. Nevertheless, the reasons of mass flow chocking
and its consequences on the flow are not completely justified yet.
Cavitation generates vapour into the flow which in turn increases the maximum velocity
in the liquid core. It is believed, but not yet probed, that velocity increases for two
reasons when the fluid is cavitating:
 On the one hand, if there is vapour along the wall, friction losses will be
reduced, thus allowing the velocity of the liquid phase to increase [3]. As it will
be discussed in the analysis section of this paper, the diminution of friction
losses can be justified by the big difference in viscosity between vapour fuel and
liquid fuel, and thus, inducing to a more square velocity profile across the hole
channel.
 On the other hand, when the fluid is cavitating the liquid phase (with high
density) cannot fill the entire channel, and so, the effective diameter is reduced
compared to the geometrical one because of the zones occupied by the vapour
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(low density) [3, 6]. It is important to remark that the density ratio between
liquid and vapour reaches values of several thousands.
Furthermore, cavitation increases spray cone angle and so it is expected to improve the
air-fuel mixing process [11, 12]. Nonetheless, the reasons still remained unclear.
Experimental investigations of cavitating nozzle flow have been often accompanied by
numerical modelling [10, 12–16]. The use of computational fluid dynamics tools (CFD)
to predict internal nozzle flow has increased in the last decade due to the reduction of
lead times, the possibility to study systems where controlled experiments are difficult to
perform and the unlimited level of details provide by numerical simulations without any
type of restriction. In modern Diesel engines the liquid fuel injection pressure has been
increased above 180 MPa. In such adverse conditions, nozzle flow models based on
empirical correlations are likely to become increasingly inaccurate and full three
dimensional nozzle flow solutions based on the governing Navier-Stokes equations are
required. Due to the complexity of cavitation phenomena, which involves two phases
with very different properties in terms of density or viscosity, a compromise between
model stability and level of accuracy is needed.
In numerical simulations of internal nozzle flow, three approaches are mainly
considered:
 Interface tracking methods. These models only solve the physical equations in
the liquid phase and assume that the pressure in cavities is equal to that of the
vapour pressure of the liquid. In this way, the liquid–vapour interface is
explicitly tracked in conjunction with a wake model to handle the cavity closure
region and predict the shape of the cavity. Interface tracking models normally
use grid regeneration (adaptive grids) to conform to the cavity shape and has
been demonstrated to work reasonably well for steady state sheet cavitation [17],
6

but require extensive reworking for cases of bubble growth, bubble collapse and
bubble detachment.
 Two-fluid nozzle flow models, which treat the liquid and vapour phases
separately, i.e. two sets of governing equations (one for each phase) are solved
and interaction between the phases are modelled by an additional source term.
This models can be grouped in two mainly categories: Eulerian–Eulerian models
[18, 19] and Eulerian–Lagrangian models [20]. The Eulerian–Eulerian models
are based on the transport of volume fraction, and a source term representing
phase transition that is governed by the difference between local pressure and
vapor pressure. Cavitation phenomenon is assumed to take place due to the
presence of bubble nuclei within the liquid phase, which can grow or collapse
and are taken into account by the Rayleigh’s simplified bubble dynamics
equation.
On the other hand, the Eulerian–Lagrangian models consider liquid as the carrier
phase in a Eulerian frame of reference and vapor bubbles as the dispersed phase
using a Lagrangian frame of reference, using bubble parcels to simulate the
entire population of actual vapour bubbles. In order to start the cavitation
phenomenon, nuclei are artificially created defining the size of each nucleus
from a probability density function. For these models the bubble dynamics is
calculated using the complete Rayleigh–Plesset equation.


Continuum nozzle flow models or homogeneous equilibrium models [21-23],
henceforth mentioned as HEM, on which it is assumed that liquid and vapour
phases are always perfectly mixed in the sub-grid cell and also the temperature is
constant. These homogeneous equilibrium models are most widely used and
have various forms depending on how the equation of state and pressure
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equation are formulated. In these models, an equation of state relating pressure
and density (barotropic equation) allows the calculation of the growth of
cavitation to be done.
Previous works in the field have modelled cavitating liquid, but not the ambient air in
the combustion chamber due to the difficulty of resolving three phases while
maintaining reasonable times. More recently, OpenCFD  Ltd [24] developed a code
handling liquid, cavitating liquid and ambient air. The purpose of the code was to
simulate cavitating Diesel fuel injected into a chamber filled with air. Even though the
code can have others uses, simulating Diesel injections was its original purpose [23]. A
simpler but most robust code was also developed as part of the previously mentioned
three phase code for cavitating nozzles which is implemented in the version 1.5 of
OpenFOAM [24]. This last one has been the model used for the present investigation.
Although a validation of the code can be found in the literature for small pressure drop
conditions [25], its validation at high pressure drops and for small orifices which are
both typical characteristics of Diesel injector nozzles has not been done yet. The aim of
this paper has been to evaluate the potential of the code to treat cavitation in such
conditions by comparing the results from numerical simulations with experimental
measurements. One of the main contributions of the present investigation and what
makes it different from previous works in the literature is the consideration of extended
experimental data for validation purpose: mass flow together with momentum flux and
effective injection velocity at the nozzle exit, which are both important features
describing the behaviour of the inner nozzle flow. Conventional publications in the area
take into account qualitative parameters as cavitation morphology or discharge
coefficient. Nevertheless, momentum flux, aside from being one of the most important
parameter that controls the air-fuel mixing process in the spray [26], provides, in
8

combination with mass flow, basic information such as effective injection velocity or
effective injection section [3], which allow the study of the internal flow to be done in a
non-intrusive way, without the needed of visualizing it. The results obtained from
simulations and their comparison with available experimental data showed that the
model is able to predict with enough level of confidence the behavior of the fluid in
such conditions. Therefore, the main physical process taking place such as mass flow
choking induced by cavitation and the increase of effective injection velocity owing to
the friction losses reduction, have been observed and explained with the help of the
code.
As far as the structure of the paper is concerned, it has been divided in 8 sections. First
of all, in section 2, a description of the CFD approach is made, where the equations
governing the model and how they are solved are explained in detail. Secondly, the
nozzle geometry characteristics and the experimental data available for validation are
presented in section 3. The derivation of three important one-dimensional parameters
describing the nature of the inner flow and the experimental operating conditions are
made in section 4 and 5 respectively. Following, in section 6, the particularities of the
mesh used for the computational study, fluid properties and simulation conditions are
described. The numerical results obtained from a multi-hole nozzle simulation and their
comparison with those coming from the experimental facilities are presented and
discussed in section 7. Finally, the main conclusions of the investigation are drawn in
section 8.

2. DESCRIPTION OF THE CFD APPROACH
2.1 Model equations.
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In section 1 was stated the two main approaches for modelling cavitation phenomena. In
the case which we are dealing with, the use of a HEM with a barotropic equation of
state seems to be the most suitable method due to high pressures and velocities that
occur in diesel injectors. In the code, it is assumed that liquid and vapour are always
perfectly mixed in each cell and the compressibility of both phases is taken into
account.
A common barotropic equation of state is the non-equilibrium differential equation:
D
Dp

Dt
Dt

(1)

with, the compressibility of the mixture, which is the inverse of the speed of sound
squared:


1
a2

(2)

This equation can be introduced directly in the continuity equation to formulate a
pressure equation. The equation of state should be consistent with the liquid and vapour
equations of state both at the limits when there is pure liquid or pure vapour, and also at
intermediate states when there is a mixture of them. Both phases can be defined with a
linear equation of state:

 v  v  p

(3)

 l   l0  l  p

(4)

To determinate the amount of vapour in the fluid, the parameter  is used. It is worked
out as:

 

  lsat
vsat  lsat

where

 vsat  v  psat

(5)
(6)
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It can be seen that in a flow with no cavitation = 0, whereas for fully cavitated flow

=1. In Eq. (6), Ψv is the compressibility of the vapour.
The density of the mixture is calculated taking into account the amount of vapour in the
fluid () together with a correction term based on the pressure (mixture´s equilibrium
equation of state):

    v  (1   )  l  ( p  psat )  (1   )·l0  [( · v  (1   )· l )  ]·psat  ·p
(7)
with

l0  l , sat  l  psat

(8)

As far as the mixture’s compressibility is concerned, it is modelled by a simple linear
model:
    v  (1   )  l

(9)

with Ψl equal to the compressibility of the liquid.
Despite of there are models which describe the compressibility of the mixture in a more
physical way (Wallis or Chung), a linear model was used basing it choice on the
convergence of the results and their stability.
As done for compressibility, it is possible to obtain the viscosity of the mixture with a
linear model:

    v  (1   )  l

(10)

The methodology used by the solver starts solving the continuity equation for  (Eq.
(11):

 (   u )  0
t

The spatial discretization of ρ in the divergence term ( ·u)

(11)
is made by using a

Gauss upwind numerical scheme. It is well known that a first-order scheme leads to a
much stable numerics, but it is more sensitive to mesh coarseness and it normally
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presents more numerical diffusion than a second-order scheme. Nevertheless, because
of large gradients in pressure and density present in Diesel nozzles, stability is a main
argument and so, an upwind scheme has been used. Numerical diffusion and gridindependence have been controlled by an adequate-mesh refining done in a previous set
up of the model where a mesh sensitivity study was performed.
Despite of a MUSCL scheme was used by Kärrholm et al. [25] to validate the code for
small pressure drops, in diesel injector nozzles at high injection pressures and high flow
velocities this numerical scheme provided an unstable solution. As can be seen in
Figure 1, where the mass flow of a one-hole nozzle is depicted as a function of time for
three different divergence schemes (TVD MUSCL, TVD Van Leer and Gauss upwind),
the MUSCL scheme shows important instabilities, even with negative mass flows, so
the use of this scheme for the present investigation was ruled out. Comparing all them,
Gauss upwind seems to be the most stable and so the most suitable scheme for solving
for the divergence terms in the continuity equation.

The value of

obtained, is used to determine preliminary values for γ and Ψ

by

means of Eq. (5) and Eq. (9), and also, for solving momentum equation (Equation 12)
which is used to get the matrices used to calculate the pressure-free velocity, u:
(   u )
 (   u  u )  p  (  f  u )
t

(12)

The same Gauss upwind numerical scheme is used for the velocity divergence scheme
and a Gauss linear corrected scheme (second order) is used for the Laplacian term
discretization.
Following, an iterative PISO algorithm is used to solve for p and correct the velocity to
achieve continuity. The equation solved for the PISO loop is the continuity equation
transformed into a pressure equation by use of the equation of state (Eq. (7)):
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(  p)


 (  l0  (l  v )  psat ) 
 psat 
 (   u )  0
t
t
t

(13)

Once continuity has been reached, the properties ρ, , and Ψ are updated by means of
equations (7), (5) and (9) respectively which are taken into account to solve again
momentum equation, and so, repeating the algorithm until convergence.
The time step is limited by both the Courant number and the acoustic Courant number,
defined as:

 u 
Co  max  t
 x 

(14)

 1 
Coacoustic  max 
t
  x 

(15)

The Courant number was chosen to be limited to 0.4, while the acoustic Courant
number was limited to 12.5. Both values have been chosen after an extended study
about the influence of these parameters on the results accuracy, taking also into account
the computational cost. As indicates Equation 14, the time step decreases as the Courant
number decrease, so if this parameter is very small, computational cost can increase
considerably. However, if the Courant number is sufficiently high, the accuracy of
numerical results provided by the code can get worse. Similar analysis can be done for
the acoustic Courant number.
Taking into account the important velocities that are normally found in Diesel
applications (in the present investigation up to 500 m/s) and the small size of the cells as
a result of a preliminary study that allowed the appropriate mesh fineness to be chosen,
time steps used are around 10-9s.

2.2 About the advisability of using turbulence approach.
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One can find in the literature some contradictories thoughts about the convenience of
modelling turbulence when cavitation is present in the inner nozzle flow. On one hand,
Desantes et al. [26] demonstrated that, despite of using high pressure drops, the fact of
having so small diameters entails that the flow could be considered as transitional
between laminar and turbulent. This analysis was made by studying the discharge
coefficient behaviour against Reynolds number. In the same sense, Faeth et al. [27] has
shown that turbulence does not have time to fully develop due to the short length of the
orifice (around 1 mm). On the other hand, several experimental investigations and
numerical studies have shown a significant effect of turbulence on cavitating flows [18,
28, 29]. According to Ruiz and He [30], turbulence in unsteady cavitating flows cannot
be modelled as typical turbulence. Further research is needed in order to understand the
physical processes governing cavitation-turbulence interactions.
In this research, the authors assume, as a first approximation, that cavitation is the main
process taking place in the holes of a Diesel injector and so, turbulence does not play a
major role on the flow features [31]. This assumption seems to be appropriate in the
very low pressure regions, that is, near inlet hole corners, where pressure decreases
dramatically. Furthermore, turbulence models introduce and added complication in any
flow calculation and their validity is limited.

3. EXPERIMENTAL FACILITIES
In this section, the injection system, the nozzle characteristics, fluid properties and the
experimental test benches for the hydraulic characterization of the nozzles are
described.
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3.1 Injection system, nozzles and fluid properties
The injection system used throughout this study is a conventional Common Rail Fuel
Injection system which makes it possible to reach high and relatively constant pressure
values (up to 160 MPa) [32]. The injector where the nozzles were mounted is a second
generation solenoid Bosch injector. With the aim of obtaining stabilized conditions
without disturbing influences of needle lift, a very large energizing time of four
milliseconds has been used.
A six-orifices microsac nozzle was used for this study. In order to determine the
nozzle’s exact internal geometry a methodology described by Macián et al. [33] was
used. The methodology is based on the use of a special type of silicone in order to
obtain internal moulds of the nozzles. Once the moulds have been obtained, pictures of
them are taken with a scanning electron microscope (SEM). A picture of this facility is
depicted in Figure 2. The internal characteristics obtained by means of this methodology
are reported in Table 1 where the degree of conicity involving inlet and outlet diameters
is evaluated by the k-factor, defined as:
k  factor 

Di  Do
10

(16)

As can be seen from the table, k-factor for the nozzles is 0. Thus, the nozzle is
cylindrical and so, inclined to cavitate [11]. The value of r in Table 1, is the rounding
radii at the inlet orifice, which together the k-factor are the most important factors
inducing nozzles to cavitate [11, 31]. Obviously, geometrical values correspond to the
mean value of all orifices. The fluid used for the experimental was a Repsol CEC RF06-99 fuel, and some of its characteristics are depicted in Table 2.
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3.2 Injection Rate Meter
Tests of injection rate were carried out with an Injection Rate Discharge Curve Indicator
(IRDCI) commercial system. This device makes it possible to display and record the
data that describe the chronological sequence of an individual fuel injection event, with
an uncertainty value of 1.5 %. The measuring principle used is the Bosch method rate
meter [34], which is a measurement device designed to obtain the injection rate from
pressure waves created inside a fuel-filled tube. The fuel discharge produces a pressure
increase inside the tube which is proportional to the increase in fuel mass. The rate of
this pressure increase corresponds to the injection rate [35]. A pressure sensor detects
this pressure increase and an acquisition and display system further processes the
recorded data for obtaining the mass flow rate.

3.3 Spray Momentum test Rig
With this experimental equipment it is possible to determine the impact force of a spray
on a surface. This force is equivalent to the spray momentum flux. Figure 3 shows a
picture of the momentum test rig. In that test rig, the sprays are injected into a chamber
that can be pressurized with nitrogen up to 10 MPa, in order to simulate pressure
discharge conditions that are representative of real pressure conditions inside the engine
combustion chamber during the injection process. The impact force is measured with a
calibrated piezo-electric pressure sensor in order to measure force which is placed at 5
mm from the hole exit, as shown in the zoomed image of Figure 3. This equipment
provides the momentum flux measurement with an uncertainty of around 1.8 %. The
sensor frontal area and position are selected so that spray impingement area is much
smaller than that of the sensor. Under this assumption, and due to the conservation of
momentum in axial direction, the force measured by the sensor will be the same as the
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momentum flux at the hole outlet or at any other axial location, since the pressure inside
the chamber is constant and surrounds the entire spray, and fuel deflected is
perpendicular to the axis direction [3].

4. PARAMETERS DESCRIBING THE INNER NOZZLE FLOW
Cavitation in a Diesel nozzle appears at the inlet of the nozzle hole. In this region, and
due to the strong change in cross-section and flow direction, the boundary layer tends to
separate from the hole wall and a so-called “vena contracta” is established. As a
consequence, a recirculation zone appears between the “vena contracta” and the orifice
wall. In this zone there is a pressure depression due to the acceleration of the fluid. If
the static pressure falls below vapour pressure then the phenomenon of cavitation will
arises. A simplified sketch of this situation can be observed in Figure 4. Due to the
complexity of the problem, it is difficult to choose which are the proper parameters to
characterize the flow. The usual measured pressures are the injection pressure Pinj and
the discharge backpressure Pback. These two values will be used for calculation and
analysis purposes. The pressure drop (P) across the orifice will be calculated by
subtracting Pback from Pinj. This statement implies that the loss coefficients used
throughout this paper will be representative of all losses between the injector inlet and
the discharge chamber. In fact, most of the losses in the injection system are located
inside the nozzle hole [11, 31, 36].
From the mass flow and momentum flux some important considerations can be stated.
Under cavitating conditions, the flow at the outlet hole section will have an arbitrary
velocity profile, as well as a density profile with liquid and vapour zones. This situation
is depicted in the Figure 5a. Under such conditions mass flow and momentum flux are
defined as:
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m
 f  A u··dA

(17)

M f   u 2··dA

(18)

o

Ao

This complex flow configuration can be simplified, as can be seen in Figure 5b.,
considering that all the fluid is in liquid phase and it flows through an effective area,
Aeff, with a constant effective velocity, ueff, so that mass flow and momentum flux keep
the same value than in the actual situation. From such conditions, the following
definitions for the effective velocity and effective area can be obtained:

u eff 

M f

(19)

m f
2

m f
Aeff 
l ·M f

(20)

The effective area is smaller than the geometrical one, since there are section losses due
to the presence of vapour voids and the existence of non-uniform velocity profiles at the
outlet section of the hole. If the effective area is considered as circular, an effective
diameter, Deff, can also be defined.
On the other hand, by using Bernoulli’s equation between the inlet (Pinj) and the outlet
(Pback) of the nozzle hole, and assuming that the inlet velocity is negligible, it is possible
to obtain the theoretical velocity at the outlet section, uth:
Pinj  Pback 

u th 

1
l ·uth 2
2

(21)

2 P

l

(22)

With the outlet theoretical velocity, a theoretical mass flow is obtained by assuming a
constant cross-section and density. A first non-dimensional parameter, the discharge
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coefficient Cd, is obtained by dividing the actual mass flow by the theoretical mass
flow:
Cd 

m f
m f

Ao·l ·uth Ao 2·l ·P

(23)

With the use of a theoretical momentum flux a new non-dimensional parameter, CM , or
momentum coefficient is defined:
CM 

M f
Ao·l ·uth

2



M f
2·Ao·P

(24)

In order to describe the inner flow in more detail, losses included in the discharge
coefficient could be divided into two parts, as Eq. (25) shows: the velocity coefficient,
Cv, which takes into account the loss in the velocity term, and the area coefficient, Ca,
which takes into account the loss of section and density variations. Accordingly, the
velocity coefficient, Cv, is defined as the relationship between effective velocity and
theoretical velocity, Eq. (26), whereas the area flow coefficient, Ca, is defined as the
effective area divided by the geometrical area, Eq. (27).

Cd  Cv  Ca
Cv 

u eff

Ca 

Aeff

(25)

(26)

u th

Ao



Deff
Do

2

2

(27)

5. EXPERIMENTAL OPERATING CONDITIONS
Mass flow rate and momentum flux measurements were performed at different
injections conditions which are summarized in Table 3. As can be seen in the table, tests
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were conducted at two values of injection pressure, i.e. nozzle inlet pressure of 30 MPa
and 80 MPa. For each one of them, four different backpressures were tested: 9 MPa, 7
MPa, 5 MPa and 3 MPa. As explained in the introduction, the aim pursued was to create
different cavitation intensity in order to evaluate the potential of the numerical model to
reproduce the experimental results. Also to explain or clarify some experimental
findings related to cavitation is expected from the theoretical model. For all the injection
conditions, mass flow rate and momentum flux measurements were used to obtain the
effective velocity and the three non- dimensional flow parameters described above.

6. NOZZLE MESH DESCRIPTION AND SIMULATION CONDITIONS
Because of nozzle symmetry, the domain of calculations has been reduced to 1/6 (60º)
of the total nozzle. In Figure 6 the mesh used is depicted. The geometry faithfully keeps
the geometrical parameters in Table 1, which, as established in section 3, are the mean
values of all orifices. In order to compare with stabilized flow conditions of mass flow
and momentum flux, the geometry representing of fully needle lift conditions (i.e. 250
µm) has been modelled [5, 36]. The computational domain was properly discretized in
cells. As far as the structure of the grid is concerned, a partly structured grid that follows
as much as possible the direction of the flow (as shown in the grid depicted in Figure 6),
and a small unstructured zone, just at the orifice entrance (noticeable in the zoomed grid
in Figure 6), was used. In previous studies [31], it was found that the partly structured
grid performed better from the point of view of the stability and convergence rate. In
addition, the large gradients that occur at the rounded orifice inlet are better captured
with this type of mesh, since it follows the flow direction and creates less numerical
diffusion. As it is known that the first cavitation bubbles appear at or just after the
nozzle rounding, it was deemed necessary to refine particularly.
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Preliminary CFD Diesel nozzle calculations were done to allow the choice of the most
appropriate mesh fineness for the calculations. Other important considerations about the
cell size and meshing process from other authors in the literature about the cell size and
meshing process were also taken into account [15, 16, 19, 20, 22, 23]. Figure 7 shows
some results of the study done to choose the most suitable cell size in multihole nozzles.
The mesh chosen (with almost 400000 cells) corresponds to a cell size of 4 µm in the
orifice core (Di/42.5), varying to a minimum of 0.8 µm in the wall. In order to
accurately capture the gradients of pressure, density and viscosity expected in the near
nozzle wall, which is the most critical zone of the orifice and when cavitation is
expected to occur, the boundary layer is made up of 14 layers with cell sizes ranging
from 0.8 µm to 4 µm gradually.
As far as the fluid properties used for simulations is concerned, properties of a Repsol
CEC RF-06-99 fuel at a temperature of 20ºC at which the experiments were performed
are used. The liquid compressibility has been taken from measurements of the sound
speed in Diesel fuel. The vapour properties have been obtained for a similar fuel from
Peng Kärrholm [23, 25].
Regarding to the pressure operating conditions used for simulations, the injection
pressures (Pinj) and backpressures (Pback) are given in Table 3 together with the
experimental conditions.
Transient calculations of around 375 µs were performed which, as it will be seen in
section 7, is enough to obtain a stable solution. The convergence criteria used for the
calculations are twofold: on the one hand, residuals for all equations have to reach a
value of 10-7 at least; on the other hand, mass flow has to be as much stabilized as
possible. As an example of the time consuming, the simulation Pinj = 80 MPa - Pback = 5

21

MPa lasted 6 days using parallel simulation (4 process) on an Intel® Xeon E5405 @ 2
GHz, Quadcore 8 Gb RAM.

7. NUMERICAL AND EXPERIMENTAL RESULTS
7.1 Cavitation appearance
In Figure 8, and as an example of cavitation behaviour, the vapour field evolution
between 360 s and 371 s microseconds is shown for the injection condition Pinj= 80
MPa – Pback =3 MPa. Images showed are 1 microsecond apart and the running time is
depicted at the bottom of each sample. In those pictures, dark zones correspond to
vapour phase fraction, and thus, low density, whereas white zones are those occupied by
pure liquid. As can be seen, the vapour field showed, what could be considered a cycle
of a cyclical process, where a large vapour “bubble” formed along the upper wall of the
nozzle. The cavitation shape was not stable. The cavity life cycle provided by the model
follows the stages identified by others researchers in the literature, either experimentally
or numerically [16, 22, 38, 39]. As they did, it can be identified the following phases in
the cyclic behaviour of cavities: formation and growth, collapse and break-off. In that
figure, the formation and growth can be observed from 360 s to 368 s. The
asymmetry found is considered normal taking into account that the liquid enters the
orifice mainly by the upper part of the nozzle and, therefore, the flow detachment and
recirculation zone, which is, as it is well known, the origin of cavitation phenomena,
take place in the inlet upper corner region of the hole. As will be shown in section
7.2.3, cavitation has a strong influence on the velocity profile at the hole exit, so
continuous changes of vapour distribution induced by cyclic behavior force to a
continuous changes of the velocity profile, and therefore in the subsequent air-fuel
mixing process in the combustion chamber.
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7.2 Numerical and experimental results comparison
7.2.1 Mass flow rate
In Figure 9, the mass flow obtained from experiments and simulations is depicted for all
injection conditions against pressure drop (

). In the upper part of

the figure, the results obtained for Pinj=30 MPa are shown for the backpressures of
9MPa, 7 MPa, 5MPa, and 3MPa, both experimentally and numerically. Additionally,
results from simulations with backpressures of 1 MPa and 0.1 MPa has been added to
the graph. In this graph the time-averaged vapour fields for all conditions in the
symmetry plane, have been added in Figure 9. In the bottom part of the Figure, a
comparison in the same terms is made for Pinj= 80 MPa and backpressures of 9MPa, 7
MPa, 5MPa, and 3MPa. Different aspects can be noticed from the results:
From the experimental values, as shown in the figure, for Pinj= 30 MPa, the mass flow
rate increases proportionally with the root of pressure differential until the point where
it stabilizes. At this point, what is called “choked flow” occurs, and pressure conditions
needed to arrive to this situation are named critical cavitation conditions. In fact, the
detection of mass flow choking beginning is normally used to detect cavitation by a
non-intrusive way in real nozzles, because of the difficulties of taking direct information
about the internal flow [3, 9, 10, 11, 16]. For Pinj=80 MPa, the flow is always choked,
remaining unchanged whichever the backpressure. In this case, due to experimental
limitations, it was not possible to use higher backpressures in order to detect critical
cavitation conditions, or characterized the mass flow rate in non-cavitating conditions.
In simulations results, the mass flow rate obtained is the time-averaged during last 175
microseconds (62 times the time needed by a fluid particle to cover the whole orifice
length). It is calculated by integrating equation (17) in the outlet section of the orifice,
and multiplying by six, to consider the total mass flow rate of the nozzle. As it can be
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seen, it not only follows the same behavior shown by the experimental data but also, in
quantitative terms, the predictions of the model are quite close to the experimental
values. On one hand, for low injection pressures (30 MPa) the transition from noncavitating condictions to cavitating conditions is captured with high level of accuracy
and the differences in mass flow rate are not higher than 1 %. On the other hand, in the
case of 80 MPa of injection pressure, although, as in the experimental case, the mass
flow is choked for all conditions, the level of approaching to the experimental values is
lower than in the previous case. In fact, the error is around 4 %.
The time-averaged vapour fields for Pinj= 30 MPa, show that cavitation intensity is
higher as the backpressure decrease. In the case of discharge pressures of 5, 7 and 9
MPa, the cavitation detected is incipient, and a zoomed image of the orifice entrance has
been used instead of a full-image of the hole. One important conclusion can be drawn if
computational mass flow rate results are compared with vapour fields: a first evidence
of cavitation can be seen for a backpressure of 9 MPa where a small zone with vapour
can be seen just in the upper rounding radii at the orifice inlet. However, mass flow
collapse does not appear until the discharge pressure is decreased to 5 MPa. This fact
implies that, although cavitation critical conditions are close to cavitation inception,
rigorously speaking, cannot be considered as the point (or conditions) at which
cavitation starts.
These results agree with some other experimental investigations in the literature [40, 41]
where bubbles from cavitation are visualized, coming out the orifice, for a pressure
difference smaller than that of the critical conditions.
As stated before, all the simulations performed at Pinj= 80 MPa are at cavitating
conditions, remaining constant the mass flow and showing vapour bubbles along the
upper surface of the orifice wall. The pressure conditions simulated are far from critical
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cavitation conditions, so the differences found in the amount of vapour phase were
expected.
In order to explain the reasons of the mass flow collapse, the internal nozzle flow
behavior in terms of static pressure has been examined just in the section after the
rounding radius and, obviously, by means of the code. In Figure 10, the pressure areaaveraged in the inlet section of the orifice for all injection conditions is plotted against
root of pressure difference. In the upper part, the evolution of that mean pressures at the
throat for the injection pressure of Pinj= 30 MPa and varying the discharge pressure are
shown. At the bottom, the results related to the injection pressure Pinj= 80 MPa are
depicted. If Figure 9 and Figure 10 are compared, a clear conclusion can be stated:
looking at the results for 30 MPa, one can see that for the operating conditions where
the mass flow is not choked, i.e. between 9MPa and 5MPa, the pressure area-averaged
at the throat decreases. For backpressures lower than 5 MPa, for which the mass flow
rate does not increase further, the pressure at the throat keeps constant in a value of 8.5
MPa. For Pinj= 80 MPa, the mean pressure is constant for all conditions with a value of
24 MPa. As a conclusion, it can be stated that, the reason of mass flow choking is the
establishment of a constant pressure in the throat (orifice inlet) where there are cells
(zones) with vapour pressure (just in the zone occupied by vapour, i.e. near the wall)
and others, around of the orifice core, where pressures are much higher. So, in choking
conditions the mass flow rate is controlled by the pressure drop between nozzle inlet
(injection pressure) and the pressure at the orifice inlet, where cavitation has appeared.
In that situation, mass flow rate is not further a function of the pressure drop over the
nozzle but of the pressure drop between nozzle inlet and the hole throat. The
explanation of the mass flow rate choking is easy if we consider Bernoulli´s equation
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between nozzle inlet and orifice throat to calculate the mass flow rate along the nozzle,
and considering, as it is compulsory, mass flow conservation along the orifice.

7.2.2 Momentum flux, injection velocity and one-dimensional flow coefficients
In Figure 11, the time-averaged computational and experimental results of momentum
flux and effective velocity are plotted against the root of pressure difference. Effective
velocity has been worked out by applying equation (19). Results belonging to the
injection pressure of 30 MPa are depicted on the left, and those represented on the right
come from the injection pressure of 80 MPa. Each point in the graphs represents a
different backpressure. As experimental and numerical results show, and opposite to
mass flow, momentum flux does not present any collapse. This result has been observed
and discussed in other previous studies [3]. The agreement between experimental and
numerical results is good, especially at low injection pressures, considering that there
are experimental uncertainties linked to the determination of the real geometry, or
needle deformation effects, which has not been considered for the computational study.
In fact, needle deformation can lead to actual needle lifts higher than the needle’s
mechanical stroke, which in turn, influences the mass flow rate. Indeed, it is known that
for high injection pressures, needle deformations can be of same order than needle lifts
[31, 36]. This effect should be further studied because it could be one of the reasons of
the higher discrepancies found between the experimental and numerical results at high
injection pressure, where the differences (lower-prediction) reach a value of around 9%.
Additional explanations to these differences are also given in section 7.2.3.
Owing to the increase of momentum flux when decreasing the discharge pressure and
the mass flow collapse, taking into account equation (19), an increment in the effective
velocity is expected (and observed) in the graph, at the bottom of the Figure 11.
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Although this result could be considered normal because of the increment in pressure
difference, in Figure 12, where flow coefficients are represented against the root of
pressure difference, it can be noted that, the increase in effective velocity when
decreasing the backpressure (and so increasing cavitation intensity) is higher than the
expected due to the increase in pressure drop. This result can be observed when looking
at the velocity coefficient, Cv which is easily derived by combining the effective
velocity and the theoretical one by means of Eq. (26). Indeed, this coefficient
experiences an increase with cavitation intensity. This result has been observed
experimentally before [3, 11] but in this case, has also been corroborated by numerical
results. The increase in velocity coefficient is gradual for the case of Pinj= 30 MPa,
starting from Pback= 5 MPa, at which cavitation begins spreading along the walls, as was
observed in previous section. For Pinj= 80 MPa (Figure 13), the velocity coefficient, and
thus effective velocity, experiences a more important increment from the beginning than
in previous case, as the backpressure decrease. In this case, as seen before, the hole is
always cavitating and mass flow is always choked. The increment of injection velocity
as a consequence of cavitation phenomena will be discussed in more depth in section
7.2.3.
As stated before, other factors describing the flow across the nozzle are the discharge
coefficient, Cd and the flow contraction coefficient, Ca. As was established in section 4,
the discharge coefficient, Cd, is evaluated by means of Eq. (23), and, the contraction
coefficient, Ca, is obtained from Cd and Cv by using Eq. (25). As a consequence of the
quite good approximation between experimental and computational results in terms of
mass flow rate, the discharge coefficient obtained numerically agree with those
provided by the experiments, and obviously, with the same level of confidence as the
mass flow rate results discussed above. In physics terms, and as a consequence of the
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mass flow collapse and Eq. (23), the discharge coefficient has a dramatic decrease with
cavitation development. As far as the contraction coefficient is concerned, its decrease
with cavitation intensity is captured by the model with high level of accuracy, either for
Pinj= 30 MPa or Pinj= 80 MPa of injection pressure. Taking into account the complexity
of simulating cavitation, results can be considered quite acceptable and thus, the model
is able to provide results with high level of approximation of those obtained
experimentally. It should be remarked that validation is made from two different points
of view involving mass flow and momentum flux results which is not common in
similar works that can be found in the literature.
Up to now, it has been seen that the model is able to reproduce the mass flow collapse
and it has also allowed justifying it: the stabilization of the pressure area-averaged at the
hole throat. Also, it has been seen above, that as was found experimentally, cavitation
produces a considerable increment in the effective velocity. As was stated in the
introduction section, it is believe that the presence of vapour in the near wall region
originates a diminution of friction losses, which in turn, influences the velocity. In the
following section the influence of cavitation on velocity profile is dealed successfully
by means of an on-purpose numerical simulation.
7.2.3 Influence of cavitation on velocity profile
To study the influence of cavitation on the velocity profile, a nozzle with only one
orifice and with axial symmetry has been used. This kind of geometry allows isolating
the effect of cavitation from the disturbances originates by the asymmetry in the flow
with the real six-hole nozzle considered for the present study. In fact, taking into
account that the pressure inlet condition in the multi-hole nozzle configuration is placed
in the upper part of the nozzle, the flow enters preferably from above and, as a
consequence, the cavitation effects remain hidden under an important asymmetry
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induced by the geometry. To avoid that asymmetry, a one-hole nozzle has been modeled
as the one showed in Figure 14 (at the top, on the left). For that geometry, two different
simulations have been performed: on the one hand, a simulation aiming at inducing
cavitation phenomena was performed by using an injection pressure and backpressure
of Pinj= 27.1 MPa and Pback=0.1 MPa respectively. On the other hand, a simulation with
the intention of keeping the same pressure drop (and thus the same theoretical velocity),
but avoiding cavitation phenomena, was performed by using an injection and
backpressure of Pinj= 39 MPa and Pback= 12 MPa respectively. Vapor field timeaveraged is depicted for both simulations in Figure 14. For the first simulation
cavitation has appeared and extended along the nozzle wall, by contrast in second
simulation cavitation has not appear, as was expected. As in previous cases, black zones
in the picture represent the area occupied to some degree by vapor. In that Figure, on the
right, density and axial velocity radial profiles are depicted at the hole exit against the adimensionnalised radial coordinate (dividing by orifice radius), which takes a value of 0
in the orifice axis, and 1 in the wall. Results of the cavitating simulation are represented
with continuous line and those of the non-cavitating simulation are depicted with
pointed line. As can be seen in the density graph, for radial coordinate of around 0.7, the
density decreases from the liquid density value to the vapour density value, which
means that the density experiences a decrease of about six thousand times as shown in
Table 2. Although is not depicted, the viscosity behaves in a similar way, varying from
the viscosity of the pure liquid to that of the pure vapour. In that case, taking into
account Table 2, the variation in viscosity is of around six hundred times. As shown in
section 2.1, the viscosity of the mixture is obtained by means of Eq. (10), which is a
function of the vapour mass fraction. The consequences of the viscosity reduction can
be noted in the velocity profiles depicted above the density profiles. As can be seen, the
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velocity profile in the cavitating flow is more squared as a consequence of the viscosity
reduction in the vapour occupied zone. If the effective velocity is worked out by means
of Eq. (19), the values obtained are 241.19 m/s and 225.38 m/s for the cavitating and
non-cavitating case respectively. This result leads to a velocity coefficients values of
Cv= 0.94 and Cv= 0.88. According to Eq. (19), the increment of effective velocity with
cavitation is the reason because the momentum flux does not present any collapse
despite of having the mass flow chocked. Obviously, in this particular modeled case
where cavitation extend along the whole orifice wall, effects on effective velocity are
more important than in the multi-hole case, where, as it was seen in Figure 8, the vapour
collapses due to the use of higher backpressures and thus, it affects to a lesser extend the
effective velocity.

7.3 Future actions in progress in order to improve the model accuracy
In order to improve the accuracy of the cavitation code, the authors believe that the
following points have to be managed in future research activities:


The possibility of including needle deformation effects. In fact, it is known that
for high injection pressures, needle deformations can be of same order than
needle lifts, and so, this effect should be further studied [31, 36]. It would surely
improve results at high injection pressures conditions at which deformations of
the needle become non negligible.



Effects of turbulence, studying the cavitation phenomena taking into account the
turbulence effects by RANS or LES methods. The introduction of the turbulence
effects could help to advance in the knowledge of the internal flow and resolve
the issues that are still unclear. It does not expect important changes in the
numerical results, but they can present some differences. For example, Figure 15
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shows a comparison of a preliminary RNG k-ε simulation (RANS) against a
laminar one at Pinj= 30 MPa – Pback= 7 MPa. As can be seen comparing both
simulations, there are few differences in the vapour field averaged, since
cavitation seems to be more developed in the turbulent case. As stated before,
the use of RANS or LES methods (especially the last one) will be dealt with in
the near future expecting to improve the accuracy of the code.


The use of non-reflective boundary conditions at the nozzle exit. By this way, it
would be possible to take into account pressure waves propagation. A typical
NSCBC (Navier-Stokes characteristic boundary conditions) formulation seems
to be the best approach for this kind of flow [22].



As an alternative to the previous point, extended geometries (i.e. meshes) taking
into account a part of the injection chamber could also result in better
predictions. Indeed, the authors believe that the nature of the vapour structures
provided by the code could be affected by a “numerical collapse” owing to the
use of a rigorous pressure condition at the orifice outlet. The imposition of that
boundary condition downstream of the orifice exit probably leads to a more
extended cavitation and so, less friction in the hole, which in turn, leads to
higher values of effective velocity and mass flow rate and so, predictions closer
to the experimental results at high injection pressure.

8. CONCLUSIONS
From the present investigation the following main conclusions can be drawn:
 An extended validation of a code for modeling cavitation has been performed in
diesel injector nozzles comparing the CFD results against experimental data,
showing a deviation of around 7% between both results. In contrast to

31

conventional publications, this validation covers mass flow, momentum flux,
effective velocity and flow coefficients, so it can be considered as exclusive
features on this type of works, which normally take into account qualitative
parameters as cavitation morphology or, at the most, mass flow or discharge
coefficient.
 Cavitation behavior predicted by the numerical simulations, showed a cyclic
behaviour. A cavity life cycle was provided by the model following clear
phases: formation and growth, collapse and break-off. The continuous changes
in vapour distribution have a strong influence on the velocity profile at the hole
exit, and therefore on the air-fuel mixing process in the combustion chamber.
 The mass flow choking induced by cavitation phenomena has been explored
revealing that the reason of this collapse is a constant pressure at the throat. In
addition, it has been demonstrated that, although critical cavitation conditions
(c.c.c.) are very close to cavitation inception, cannot be considered as the point
at which cavitation starts, since first vapour bubbles appear just before c.c.c.
 Finally, a comparison of a one-hole nozzle at cavitating and non-cavitating
conditions has allowed studying and justifying the increase of injection velocity
induced by cavitation. This velocity rise can be justified due to the reduction of
viscosity as a consequence of the presence of vapour.
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Nozzle

Di [μm]

Do [μm]

k-factor [-]

r [μm]

r/Do [-]

L/Do [-]

6-hole

170

170

0

13

0.074

5.71

Table 1: Nozzle´s geometrical characteristics obtained by SEM visualization.

Density (kg/m3)
Viscosity (kg/ms)
Compressibility (s2/m2)
Saturation Pressure (MPa)

Liquid
830
3.67 10-3
5 10-7

Vapour
0.1361
5.95 10-6
2.5 10-6
5.4 10-3

Table 2: Fluid properties considered throughout the work.

Injection Pressure (MPa)

Backpressure (MPa)

Experimental

30 MPa

9-7-5- 3

Modelling

30 MPa

9-7-5-3-1-0.1

Experimental

80 MPa

9-7-5-3

Modelling

80 MPa

9-7-5-3

Table 3: Injection conditions used in the study.
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Figure 1. Comparison of divergence terms (left: Gauss upwind, center: Van Leer, right:
MUSCL).
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Figure 2. Nozzle Geometrical characterization procedure.
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Figure 3. Momentum test rig.
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Figure 4. Cavitation in a nozzle.

43

Figure 5. Cavitation phenomena simplification.
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Figure 6. 3D nozzle view and details of the grid.
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Figure 7. Mesh sensitivity study done for multihole nozzles.
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Figure 8. Vapour phase field as a function of time. Images are 1 microseconds apart.
Pressure conditions Pinj=80 MPa – Pback =3 MPa.
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Figure 9. Mass flow results (experimental and numerical) and vapour field average.
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Figure 10. Mean values of pressure at the inlet section of the hole.

49

Figure 11. Comparison of time-averaged momentum flux and effective injection
velocity as a function of

for all conditions at Pinj= 30 MPa and at Pinj= 80 MPa.
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Figure 12. Computational results against experimental data for the different flow
coefficients. Pinj= 30 MPa – Pback= 3 MPa.
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Figure 13. Computational results against experimental data for the different flow
coefficients. Pinj= 80 MPa – Pback= 3 MPa.
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Figure 14. Density and velocity profiles in cavitating and non-cavitating conditions in a
one-hole nozzle.
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Figure 15. Comparison of vapour phase average laminar-RANS simulation for Pinj=30
MPa – Pback= 7 MPa.
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