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ABSTRACT

A computational study focused on the inner nozzle flow and cavitation phenomena has been
reported in this paper in order to investigate the two most common types of diesel injector nozzles
at the present: microsac and valve covered orifice (VCO). The geometrical differences among both
types of nozzles are mainly located at the needle seat, upstream of the discharge orifices. In the
case of microsac nozzles there is a small volume upstream of the discharge orifices which is not
present in VCO nozzles. Due to these geometrical differences among both type of nozzles,
differences in the inner flow and the cavitation development have been found and analysed in this
research. For the study, two cylindrical nozzles with six orifices and the same outlet diameter have
been experimentally characterized in terms of mass flow rate. These measurements have been used
to validate the CFD results obtained with the code OpenFOAM used for the analysis of the internal
nozzle flow. For the simulations, two meshes that reproduce the microsac and VCO nozzles seat
geometry while keeping the same geometry at the orifices have been built. The simulations have
been carried out with a code previously validated and able to simulate cavitation phenomena using a
homogeneous equilibrium model (HEM) and with RANS approach for the turbulence modelling

(RNG k-g).

For the computational study, three injection pressures and different geometries simulating different
needle lifts have been used. The comparison among nozzles has been made in terms of mass flow,
momentum flux and effective velocity and in terms of other non-dimensional parameters which are
useful for describing the inner nozzle flow: discharge coefficient (Cq), area coefficient (C,) and
velocity coefficient (Cy). The analysis performed by studying and comparing the particularities of
the flow in each nozzle has been useful in order to explain the experimental differences found in

terms of mass flow rate and critical cavitation conditions.
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One of the main conclusions of this study is the higher influence of the needle on the mass flow,
momentum and injection velocity results for the VCO nozzle as compared to the microsac one.

Hence, whereas in the first one these variables scale with the needle lift value, in the second one
there is an intermediate needle lift from which they stop being influenced by the presence of the

needle.

Furthermore, the study has also revealed important differences in the proneness to produce
cavitation and its morphology. For the VCO nozzle, cavitation phenomenon occurs only in the
upper part of the orifice inlet. However, for the microsac nozzle cavitation appears both at the upper

and the lower part of the nozzle orifice entrance.

KEYWORDS

Nozzle, Diesel, Valve Covered Orifice (VCO), microsac, CFD, injection, cavitation.

LIST OF NOTATION

Aeri  outlet effective area

Ao outlet area

Ca area coefficient

Cq discharge coefficient

Cv velocity coefficient

C.; constant for € transport equation calculation

2, variable for € transport equation calculation
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C82

Di

Do

constant for € transport equation calculation

constant for turbulent viscosity calculation

speed of sound

diameter at the orifice inlet

diameter at the orifice outlet

K cavitation number

k

L
Mf

my

Py
Pin
Pvap

Pk

turbulent kinetic energy

orifice length

momentum flux

mass flow

pressure

discharge back pressure

injection pressure

vaporisation pressure

production of turbulent Kinetic energy

rounding radius at the inlet orifice

time
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u velocity

i averaged velocity
u’  fluctuating velocity
Uetr  effective velocity
um theoretical velocity
S mean strain

Sij strain tensor
GREEK SYMBOLS:

AP pressure drop, 4P=Pin -Pp

v

g

Py

(043

ak

fluid compressibility

liquid compressibility

vapour compressibility

constant for ¢ transport equation calculation

constant for k transport equation calculation

constant for the turbulence model

vapour mass fraction

turbulence dissipation rate



100 p  fluid viscosity

101w liquid viscosity

102 pr turbulent viscosity

103 My Vvapour viscosity

104 7 expansion parameter

105 7, constant for the turbulence model

106 p  fluid density

107 pi liquid density

108  pisat liquid density at saturation

109  p°® liquid density at a given temperature condition
110  pvsat Vapour density at saturation

111 py  vapour density

112 6 nozzle angle

113

114 1. INTRODUCTION

115  The study of modern Diesel engines is highly focused on the reduction of pollutant emissions like
116  particulates and nitrogen oxides as well as fuel consumption, due to the new emission standards,

117  global environmental awareness and fossil fuels prices ([1][2]). Both topics are related to the air-
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fuel mixing process and the subsequent combustion. The air-fuel mixing process depends on the
injector characteristics and nozzle geometry ([3][4]1[5][6][71[8]) and the physical characteristics of

fuel and air, which in turn depend on the pressure and temperature ([9][10]).

Among the different types of Diesel injectors nozzles that can be found in commercial use, the two

most common ones are the microsac nozzles ([11][12][13][14]) and the VCO nozzles

([15][16][17][18]).

Other types like rotating nozzle [19], elliptical nozzles [20] and many others have been proposed,
but in most cases they are only prototypes which are not in commercial use or their use is very

scarce.

Some researchers have focused their studies on VCO nozzles ([15][16][17][18]). The internal
nozzle flow characteristics of VCO nozzles [15], the sprays characteristics ([16][17]) and the
combustion process [17] have been experimentally characterized in investigations reported in the
literature. Internal nozzle flow and spray characteristics have also been studied computationally for
this kind of nozzle [18]. The same type of studies have been conducted to study the particularities of

the flow and the spray in the case of microsac nozzles ([11][12][13][14]).

Although there are some studies in the literature where microsac and VCO nozzles have been
compared in terms of spray characteristics ([21][22]), computational studies on internal nozzle flow
aiming at the investigation of the particularities of the flow in order to try to explain the differences

observed experimentally have been not reported yet.

One of the broadest and most conclusive studies comparing the VCO and microsac nozzles
experimentally was conducted by Bermudez et al. ([21]). In this study, two nozzles with the same

diameter with the only difference of its seat type were compared. The authors carried out mass flow
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rate, momentum flux and spray characterization measurements in non-evaporative conditions. The

main conclusions of the comparison in stationary conditions with maximum needle lift were:

e The microsac nozzle exhibited a higher discharge coefficient.

e The microsac nozzle featured a higher effective injection velocity.

e The spray penetration was higher for the microsac nozzle, whereas the spreading angle was

higher for the VCO nozzle.

Being a purely experimental study, the results could only be justified in an intuitive manner,
attending to the differences existing in the nozzle part. However, these differences could not be
verified nor a deeper study on them could be conducted, since a computational study was not
carried out in parallel. The fact of working with nozzles with a high degree of convergence on their
orifices and therefore non-cavitating [15] made it possible to compare both nozzles, decoupling the
differences observed from the cavitation phenomena and attributing them exclusively to the
geometrical differences among the nozzles. Thus, a study to determine the proneness of both kinds
of nozzles to cavitate, as well as the differences in their cavitation structure and the consequences

on the flow was not performed.

Considering the aforementioned conditions, the objective of this article is to compare both kinds of
nozzles from the point of view of the behaviour of the inner flow, thus trying to explain the
experimental evidences that were found in other studies in the literature and in the experimental

tests carried out for the present study.

Both nozzles have the same orifice geometry, but they differ in the seat structure. Moreover, in

order to perform a more complete analysis, nozzles with cylindrical orifices (thus prone to cavitate
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[15][23]) have been used, so as to be able to study how cavitation affects the flow peculiarities in
both geometries. With the aim of extending the comparison as far as possible, both nozzles have
been compared using mesh geometries that simulate different needle lifts, since the flow
particularities may be affected in a different way in both kinds of nozzle geometry due to the

presence of the needle.

For this study, a Homogeneous Equilibrium Model (HEM) implemented in the version 1.5 of
OpenFOAM® [24] and able to model the cavitation phenomenon was used. This code has been
extensively validated against experimental data in terms of mass flow measurements, momentum
flux measurements and injection velocity at the nozzle outlet reported in previous studies
([25][26][27]). The results obtained from simulations and their comparison with the experimental
data showed that the model is able to accurately predict the behaviour of the fluid in both cavitating

and non-cavitating conditions.

However, for both geometries to be analysed, injection rate measurements are performed, which
allow yet again to validate the code results in terms of mass flow rate as a function of the pressure

difference, as well as in terms of determining the cavitation critical conditions.

As far as the structure of the paper is concerned, it has been divided into 6 sections. First of all, the
CFD approach will be briefly described (section 2) and validated for both nozzles at two different
injection pressures with experimental steady mass flow rate at maximum needle lift (section 3).
Following, in section 4, an extensive comparison between both nozzles at six different needle lifts
in terms of mass flow, momentum flux, effective velocity, non-dimensional parameters and

cavitation appearance will be presented. Finally, the main conclusions of the present investigation
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and the relationship with previous experimental findings reported in the literature will be drawn in

section 5.

2. DESCRIPTION OF THE CFD APPROACH

2.1 Cavitation modelling.

As explained in [27], three approaches are mainly considered for modelling cavitation: two-phase
flow models, interface tracking-capturing methods and continuum flow models (or one-fluid
models). The first ones treat the liquid and vapour phases separately, solving a set of Navier-Stokes
equations for each phase and linking them to mass and momentum transfer terms. Interface tracking
and capturing methods assume the cavitating flow as two immiscible phases with different but
constant densities, neglecting the viscous effects. For each phase, the model solves the continuity,
momentum and energy equations, leaving the interface between both phases aside. The continuum
flow models or homogeneous equilibrium models consider the liquid and vapour as a homogeneous
mixture of two fluids behaving as one, making it unnecessary to solve the Navier-Stokes equations
for each phase. The density of the fluid changes between the density of the pure liquid and pure

vapour and it is calculated from an equation of state which generally relates pressure and density.

The code used in the present study for modelling cavitating flows is implemented in OpenFOAM ®
[24]. This model, validated in calibrated orifices, one-hole and multi-hole nozzles by Salvador et al.
in its laminar [25][26][27], turbulent RANS [14] and LES [28] versions belongs to the
homogeneous equilibrium models (HEM), and therefore assumes the flow as a perfect mixture of

liquid and vapour phases in each cell of the domain.



203  In HEM models, the assumptions of local kinematic equilibrium (local velocity is the same for both
204  phases) and local thermodynamic equilibrium (temperature, pressure and free Gibbs enthalpy

205  equality between phases) are made. This kind of model cannot reproduce strong thermodynamic or
206  Kkinetic non-equilibrium effects, but it is often used for numerical simulations due to its simplicity
207  and numerical stability. These two advantages are the main reasons why this model was chosen by

208 the authors.

209  As stated before, the homogeneous equilibrium model calculates the growth of cavitation using a
210  barotropic equation of state (Eq. (1)), which relates pressure and density through the compressibility

211 of the mixture, being the compressibility the inverse of the speed of sound squared (Eg. (2)):

op(t, P(X, 1))\ _ 1)
<T>t =¥

1 2

v=— @

212 The amount of vapour in the fluid is calculated with the void fraction y (Eq. (3)), which is 0 in a
213 flow without cavitation and 1 for fully cavitating flows.

— 3
Y = max <min (M, 1),0) @)

Py.sat — Plsat

214 The compressibility of the mixture (Eq. (4)) is calculated from ¥, and ¥ (vapour and liquid
215 compressibility, respectively) using a linear model. Although more accurate and complicated
216  models can be found in the literature (Chung [29] and Stewart [30]), the linear model has been

217  chosen due to its convergence and stability.
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In the case where there is only vapour or liquid, the following linear equation of state can be

derived from Eq. (1) if the speed of sound is considered constant:
Py = ¥,P ®)
p,=p) +¥P (6)
The linear model has also been used to calculate the density and the viscosity of the mixture:
p=(-y)p) +¥P @

m=yu+ 1 -y (8)

The iteration process to numerically solve the fluid behaviour starts with the continuity equation

(Eg. (9)) to get a provisional density.

Z—Ft)+|7-(pﬁ)=0 ©)
According to previous studies performed by the authors [27], the divergence term V - (pt0)is
discretized in the space by using a Gauss upwind scheme to improve the stability, whereas an
implicit discretisation in time is used for the density in the divergence term. With respect to the

partial derivative over time, an Euler scheme is used for time discretisation. When the provisional

density is computed, preliminary values for y and ¥ are determined using Eqgs. (3) and (4).

The next step is the calculation of a predictor for the velocity from the momentum conservation
equation (Eg. (10)). The same procedure as before is followed: an Euler scheme for the partial

derivatives over time and a Gauss upwind scheme for the divergence terms.
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at

(10)

+V-(pu-u) =-VP + V- (u(Vu+val))
Then the continuity equation (Eq. (9)) is modified with the equation of state (Eq. (7)) and the

following equation is solved by an iterative PISO algorithm:

a(¥P)
at

(11)

0 oY R
- (plo + (llul - lluv)Pvap)a_ Pvap%'i' V- (pu) =0
When the continuity convergence has been reached, the variables p, y and ¥ are updated using Eqgs.

(7), (4) and (3), and the PISO algorithm is started again until convergence.

The convergence criteria used for all the simulations run in the present study is based on the local
continuity and the residuals of all the flow variables. The local continuity is defined as the sum of
all the cell flux imbalances and remains always below 1e-8 for all the needle lifts and pressure
conditions simulated, which is a clear sign of the good convergence and stability of the code. The
second criterion used to check the convergence of every simulation is the evolution of the residuals
for each flow variable. The residuals are evaluated by substituting the current solution into the
equation and taking the magnitude of the difference between the left and right hand sides and are

forced to remain constant below le-8.

2.2 Turbulence modelling

The turbulence is modelled using a RANS (Reynolds-averaged Navier-Stokes) method. In the
RANS methods the solution is split into an averaged solution and a fluctuating solution. In
particular the RNG k-¢ model [31] used for the present work uses the Boussinesq assumption to

model the turbulent viscosity:



249

250

251

252

253

254

255

256

257

258

259

260

261

T Ju; 0w 20w 2 (12)
—U UG = e _+axi_§a_xk6ij —3kpdy

The eddy or turbulent viscosity is defined as:

k? (13)
pe = pCy &

Where k and ¢ are the turbulent kinetic energy and the turbulence energy dissipation, respectively.

Two transport equations are associated with these variables:

apk =
T+ (phil) = 7 [(u + wew) VK] + pi — pe (14)
22 17+ (pell) = 7+ [(u + ) Vel + Cor Spi = Cp S (15)
ot p = UT Uee slkpk 2P X
With:

Cﬂn3(1—l)
2= Coo t =3 (16)

The new variables are the production of turbulent kinetic energy (py), expansion parameter (n) and

the mean strain modulus(S), defined as:

Pk = UeS? (17)
k
n="= (18)

S = ,/ZSijSl-j (19)
The coefficients used in the RNG k-& model correspond to the values given by Yakhot et al. [31]:

Coy = 1.42
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C., = 1.68

a, = 1.39
a. = 1.39
C, = 0.0845
No = 4.38
f =0.012

3. NUMERICAL SIMULATIONS DESCRIPTION

3.1 Nozzles geometry.

The nozzles used for the study are cylindrical multi-hole nozzles with 6 orifices. In order to focus
on the effect of the needle seat, the same geometrical characteristics of the orifices have been kept
for both types of nozzles. In Table 1, the parameters defining the geometry of the orifices, such as
the orifice length (L), rounding radius (r), diameter at the inlet (D), diameter at the orifice outlet

(Do) and nozzle angle (6) are given. These parameters are geometrically defined in Fig. 1.

As mentioned before, the difference between both types of nozzles is mainly located at the needle
seat: in the case of the VCO nozzle, when the nozzle is closed, the needle totally blocks the nozzle
orifice. In the case of a microsac nozzle, even when the nozzle is totally closed, the orifice keeps
connected with a small fuel reservoir in the nozzle sac. This situation can be observed in Fig. 1

considering the case of needle lift equal to 0.

Due to the symmetry of the geometry and from the point of view of the calculations, the nozzle has

been reduced to only one of the holes (60°) in order to speed up the simulations. Two types of
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Diesel injector nozzles at 6 different needle lifts ranging from 50um to 250um (full needle lift
condition [21]) have been considered for the simulations for both the microsac nozzle and the VCO

nozzle.

For the present investigation, the 12 geometries (2 nozzles and 6 needle lifts) have been discretised
into hexahedral cells keeping a partially structured grid that follows the direction of the flow
(improving the stability and convergence rate [32]) and a small transition zone just before the
orifice inlet. Sensitivity studies of the mesh reported in previous studies ([27], [32]) made it
possible to choose the most appropriate mesh refinements for the RANS calculations. As a result of
those studies, it was established that the cell size in the hole should vary from around 7 pm in the
orifice core to a minimum value of 1.15 um near the wall region. For the rest of the cells at the
nozzle, the cell size is fixed to 22.5 pum. With this cell size, the final mesh has around 200,000-
240,000 cells. To perform the simulations, the supercomputer Tirant at the University of Valencia
(Spain) [33] was used. It is formed by 256 IBM bladecenter JS20 on SUSE Linux Enterprise Server

10 and it has a computing power of 4.5 Tflops.

3.2 Boundary conditions and fluid properties.

The relevance of choosing a proper set-up for the boundary conditions to be able to ensure the
convergence and the accuracy of the simulations is well-known. In the present study, as depicted in
Fig. 2, a fixed pressure condition has been used at the inlet where the injection pressure is set,
whereas a mean pressure condition has been established for the outlet (backpressure). The mean
pressure condition keeps the mean desirable value, allowing zones with very low pressures as a
result of the presence of vapour in the flow due to cavitation phenomenon. This boundary avoids

the imposition of a rigorous pressure outlet that could affect the vapour structures developed as a
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consequence of the cavitation phenomenon [27]. A non-slip condition for the velocity has been used

at the walls. Finally, symmetry conditions have been employed at the symmetry surfaces.

In order to extensively characterize and compare both nozzles in both cavitating and non-cavitating
conditions, three representative injection pressures of actual engine running conditions have been
considered: a low injection pressure (30 MPa), a medium injection pressure (80 MPa) and a high
injection pressure (160 MPa). As far as the backpressure is concerned, seven different values have
been simulated for the case of 30 MPa and nine different values for the case of 80 MPa. For the
case of injection pressure of 160MPa, a more extensive range of backpressures has been chosen for
the VCO nozzle in order to detect critical cavitation conditions with a total of 15 different values.
For the microsac nozzle, 9 different values have been enough to characterize the critical cavitation
conditions. All this information can be seen in Table 2. The aforementioned simulations pursued a
double goal: on one hand, to characterize and compare both nozzles in a wide range of Reynolds
numbers (from 6000 to 24000, approximately) and so, from a smaller to a higher degree of
turbulence; on the other hand, to capture the injection conditions at which cavitation starts (critical
cavitation conditions). Those conditions are expected to be different for each nozzle, and therefore
the flow parameters describing the nature of the flow could behave in a different manner depending

on the geometry.

With respect to the fluid properties introduced in the calculations, the density and viscosity values
were taken from a commercial diesel fuel at 25°C. The liquid compressibility was calculated from
speed of sound measurements in diesel fuel [10] and the vapour properties have been obtained from

a similar fuel from Ké&rrholm et al. [34].

3.3 Model validation.
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As stated in the introduction, the code has been extensively validated using experimental
measurements of standard nozzles based on measurements of mass flow and momentum flux
([14][25][26][27][28]). It is important to remark that momentum flux, apart from being one of the
most important parameters that control the air-fuel mixing process in the spray ([35][36]), provide,
in combination with mass flow measurements, important information such as effective injection
velocity or effective injection area. The results of the numerical simulations were compared to the
experimental data showing the ability of the model to predict the behaviour of the fluid in both

cavitating and non-cavitating conditions with high level of reliability.

For the nozzles under study, again, a validation has been made by comparing the code results
against experimental mass flow rate measurements. These tests were performed using an Injection
Rate Discharge Curve Indicator (IRDCI) commercial system, which displays and records the data
that describe the chronological sequence of an individual fuel injection event, with an uncertainty
value of 1.5%. The methodology to carry out these measurements and theoretically derive the
parameters describing the nozzle flow is thoroughly explained in [25]. Results are shown in Fig. 3,

where the mass flow is represented as a function of the squared root of the pressure difference

(M). In the figure, the results for the injection pressure of 30 MPa are shown at the left side,
whereas the right side corresponds to the injection pressure of 160 MPa. Each marker represents a
different discharge pressure. In the case of 30 MPa, a mass flow linear increase is noticed as the
squared root of the pressure difference increases up to a point (represented for each case with the
letters CCC - critical cavitation conditions) from which the mass flow is collapsed and remains
invariant even though the pressure difference is further increased. This behaviour has been observed
in many occasions and it is, in fact, a non-intrusive manner of determining the critical cavitation

conditions, that lead to the cavitation inception ([14][15][23][27]).
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As far as the comparison among computational and experimental results is concerned, as it can be
appreciated in the figure, the code is able to predict perfectly the trends and the changes in the flow
behaviour due to cavitation. At low injection pressure, both experimental and computational values
increase initially with the pressure difference and remain collapsed for the same backpressure
values. For high injection pressure, the reliability of the code is even higher since it is able to

predict the mass flow with a maximum deviation of 6%.

The comparison of results among the VCO and the microsac nozzle will be performed in a more

exhaustive way in the following sections.

4. COMPUTATIONAL RESULTS AND ANALYSIS

Once the code is validated, a comparison of the results from both nozzles will be performed by
analysing step by step the results obtained from the numerous computational cases simulated. First,
the differences in the flow pattern when the injector works under stationary conditions of maximum
needle lift (250 um for the injector considered) are analysed. These conditions are representative of
operating points of the engine at full load and once the injector opening transient stage is ended.
Afterwards, results will be analysed for other 5 partial needle lifts, representative of what occurs

during the injector opening and closing transient stages.

4.1 Analysis of Results at maximum needle lift.

4.1.1 Mass flow and cavitation phenomenon.

The results of mass flow (mi) at maximum needle lift for both nozzles and for the three injection

pressures are depicted in the upper part of Fig. 4. These results are the same ones that were used for
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validation purposes in Fig. 3, but they have been completed with the results at medium injection
pressure (80MPa). As can be seen, the mass flow is higher for the microsac nozzle for all the
simulated conditions, although the differences between both nozzles decrease when increasing the
backpressure (i.e. when moving to non cavitating conditions). As was stated before in the validation
section, the mass flow increases linearly with the square root of pressure drop (\M) until it
reaches a backpressure characterized by the beginning of the mass flow collapse usually called
critical cavitation conditions (CCC). From this point, the mass flow remains unchanged regardless
of the backpressure. This collapse is often used to detect cavitation experimentally

([14][15]123][27]). When a nozzle is more prone to cavitate, it starts cavitating for high values of

backpressure (for a given injection pressure), which means lower values of (/P;,, — P},). For each

injection pressure, the value of the backpressure that leads to cavitation inception is displayed in

Table 3 for both nozzles.

The higher values of backpressure needed for the VCO nozzle to cavitate clearly indicate that this
nozzle is more prone to cavitate than the microsac nozzle. This is mainly due to the higher
deflection suffered by the streamlines in the upper corner of the orifice inlet in a VCO nozzle
compared to a microsac nozzle according to the different topology of nozzles showed in Fig. 1. This
explanation will be complemented in section 4.1.4 when differences found in cavitation structures
will be addressed. The proneness to cavitation can be also analysed using the definition of
cavitation number. There are several definitions for the cavitation number ([15][14][23]). One of
them is the parameter K, defined as a function of injection pressure (Pin), the backpressure (Py), and
the vaporization pressure (Pvap) as Eq. (20) states. Given that the fuel vaporization pressure is much

lower than the injection pressure, it is usual to disregard the term (Pvap) in the numerator:
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K = Pin_Pvap (20)

Pin—Pp

The way this parameter is defined, as the backpressure is reduced for a given injection pressure, the
denominator grows larger and the numerator remains constant. This means that, the greater the
pressure difference the nozzle is submitted to, the lower the value of K. The value of K related to
the critical cavitation conditions is named as the critical cavitation number, Kcrit. Attending to the
critical discharge conditions depicted in Table 3, the value of Kcit of the studied nozzles is found
among 1.44 and 1.46 for the VCO nozzle and between 1.29 and 1.3 for the microsac nozzle
depending on the injection pressure. If the backpressure is further reduced once those conditions are
reached, K takes lower values than the critical one, tending to the unity (thus reaching the maximum
intensity of cavitation for the injection pressure level considered) when the backpressure tends to

Z€ero.

These results are totally consistent with the experimental evidences found by Bermddez et al. [21]
in comparative studies of VCO and microsac nozzles. As it was mentioned in the Introduction,
Bermudez et al. studied the mass flow and spray features for these two types of nozzles, which are
identical to the ones simulated in the current paper. In the results analysis, higher discharge
coefficients were found for the microsac nozzle, as it happens in the present study. In addition, the
spreading angle proved to be higher for the VCO nozzle. This result, taking into account that one of
the effects of cavitation is the increase of the spreading angle [15], is fully compatible with the

higher level of cavitation found for the VCO nozzle for a certain injection pressure condition.

4.1.2 Momentum flux and effective velocity
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In Fig. 4, below the results of mass flow rate already explained, the momentum flux (Mf) for all the

injection pressures and backpressures is depicted against the square root of pressure drop for both

nozzles. As can be seen, momentum flux, which gives an idea of the impact force of the spray,
increases with the squared root of pressure drop, +/P;,, — Py, and as it was observed for the mass
flow results, momentum flux is higher for the microsac nozzle as a result of lower friction losses in

the channel feeding the orifices between the needle and internal nozzle wall. In contrast to the mass

flow results, momentum flux does not show any collapse with cavitation development ([27] [28]).

With mass flow and momentum flux data, the effective injection velocity can be calculated by
means of Eq. (21) and is defined as the theoretical velocity of the fuel considering that all the fluid
is in the liquid phase flowing through an effective area smaller than the real outlet section (due to
the presence of vapour bubbles) keeping the same mass flow and momentum flux values than in the
real situation [25]. This effective velocity is also plotted as a function of the pressure drop in the

bottom of Fig. 4.

M

In the figure, an increase in the slope of the curve when cavitating conditions are reached can be
appreciated. For instance, in the case of 30 MPa, according to Table 3, the backpressure for
reaching cavitating conditions is around 7 MPa for the microsac nozzle and 9.5 MPa for the VCO
nozzle. This means a value of VAP ~4.8 MPa for the microsac and VAP ~4.6 MPa for the VCO
nozzle. For higher values of VAP, the nozzles cavitate and the change in the slope means that the
increment in effective velocity is higher than it would be expected if only the increment of pressure
drop was considered. This behaviour is one of the most important consequences of cavitation and is

due to the viscosity reduction in the zone occupied by the vapour phase along the orifice wall,
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which in turn reduces the friction losses in the channel. This finding has been experimentally and
numerically analyzed in [27], where a strong reduction of the density was evidenced in the area
occupied by the vapor phase as well as an important viscosity drop of around six hundred times
with regard to the area occupied by pure liquid. This viscosity reduction led to more square velocity

profiles and thus, to higher effective velocities.

If both nozzles are compared in terms of effective velocity, we have a different behaviour
depending on the conditions (cavitating and non-cavitating). Indeed, if they are compared in non-
cavitating conditions (backpressures higher than the critical value given in Table 3), due to the
higher friction losses in VCO nozzle, the effective velocity is lower than that observed for the
microsac nozzle. Nevertheless, for cavitating conditions, the differences in effective velocity are
significantly reduced and, for the more severe cavitating conditions (160 MPa of injection pressure
and low backpressures), the effective velocity can even be slightly higher in the VCO nozzles than
in the microsac ones. The reason of this behaviour is, as already stated, due to the viscosity
reduction in the zone occupied by the vapour phase along the orifice wall, which in turn reduces the
friction losses along the orifice. This effect is more pronounced for VCO nozzles due to the higher
intensity of cavitation observed, which makes a higher velocity increase with the pressure drop be

expected.

4.1.3 Flow coefficients comparison at maximum needle lift.

Flow coefficients are useful to analyse the behaviour of the flow. The most important one is the
discharge coefficient, Cq, defined as the mass flow divided by the maximum theoretical mass flow

related to the maximum velocity of the flow given by Bernoulli’s equation:

my My

P1AoUtnh  Aoy2p1AP

Cq = (22)



454 Where ni is the mass flow, AP is the difference between the injection pressure (P;,) and the

455  backpressure (P,), AP = P, — Py, A, is the geometrical area of the outlet of the orifice and p; is

456  the liquid fuel density.

457  The second non-dimensional flow parameter is the velocity coefficient, C,, (Eq. (23)), which is
458  defined as the effective velocity divided by the maximum Bernoulli’s theoretical velocity, u;;, (Eq.

459 (24)):

460 C, ==L (23)

Uth

461 uy, = /@ (24)

462  The last non-dimensional flow parameter is the area coefficient, C, (Eq. (25)), which is defined as

463  the effective area (EqQ. (23)) divided by the geometrical area.

464 C, = % (25)
0
nig?

465 Aeff = pr (26)

466  The 3 non-dimensional flow parameters are related, as shown in Eq. (27):

. . N 2
467 C=—0t = " _cc (27)

PrAoUth  MgUeh Py Mon

468  Fig. 5 displays the discharge coefficient, velocity coefficient and area coefficient for both nozzles
469  and for the three injection pressures versus the square root of the pressure drop. In these graphs, two

470  different zones can clearly be distinguished: a zone corresponding to non-cavitating conditions and
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a zone corresponding to cavitating conditions. The limit between both corresponds to the critical

pressure drop (Table 3).

Regarding to the discharge coefficient, which is representative of the global losses in the nozzle, it
shows a quite stable behaviour in the non-cavitating region, reaching maximum values of about
0.86 in the microsac nozzle and 0.8 for the VCO nozzle. This difference is consistent with the
previous results of mass flow rate displayed in Fig. 4. In the cavitating zone, due to the mass flow
collapse, the discharge coefficient experiences an abrupt drop. This drop starts at the point
corresponding to the cavitation inception. It is remarkable that in the case of 160 MPa all the
depicted points are cavitating for the VCO nozzle, whereas for the microsac nozzle there are two
points (lower pressure drop) in non-cavitating conditions and the rest of points in cavitating

conditions.

The aforementioned behaviour will have an impact on the effective area and effective velocity of

injection, as it will be seen next.

The area coefficient also depicted in Fig. 5 takes values equal to one in non-cavitating conditions
([14][27]). Therefore, for these conditions, the velocity coefficient values equal the discharge
coefficient ones. As happened for the discharge coefficient, the area coefficient drastically falls

once cavitation phenomenon starts.

The velocity coefficient behaviour is in agreement with the results just analysed. Its value equals the
discharge coefficient for non-cavitating conditions since the area coefficient equals the unity. As
was previously observed in cavitating conditions, the effective velocity increases with the cavitation
intensity. As can be seen in Fig. 5, for non-cavitating conditions the velocity coefficient is higher

for the microsac nozzle, but the differences between them are reduced with cavitation intensity.
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Indeed, in the case of 160 MPa and for low backpressures (higher pressure drop), higher values for

the VCO nozzle can be observed due to its higher cavitation intensity level.

4.1.4 Streamlines and cavitation morphology

In Fig. 6, the appearance of the cavitation in both kinds of nozzles is shown, together with the
streamlines followed by the fluid particles. That representation corresponds to the injection pressure
of 160 MPa, discharge pressure of 3 MPa and maximum needle lift. As it can be seen in the upper
part of the figure, for the VCO nozzle the cavitation is originated at the upper corner of the orifice
inlet, where the streamlines suffer a pronounced deflection when the fluid enters the orifice. In that
zone, as it is observed in the streamlines of the left side at the bottom of the figure, there is a
detachment of the flow that leads to a recirculation region (in the figure, the zone of the orifice not
swept by the streamlines) with an important local acceleration, where the pressure decreases

dramatically as a consequence, thus leading to cavitation.

In the case of the microsac nozzle, the cavitation is not only originated at the upper corner of the
orifice inlet but also at the lower inlet corner. In this case, as the right side at the bottom of the
figure shows, the deflection suffered by the flow is less important, since the higher value available
between the needle wall and the inner nozzle wall facilitates the fluid entrance. This would explain
the lower susceptibility of this nozzle to cavitate. However, part of the flow that enters the orifice in
this case comes from the sac, which originates a small recirculation region at the lower corner of the

orifice inlet leading to cavitation, though less intense.

Anyway, as it has been noted in the analysis of the critical pressure conditions that lead to cavitation
in one nozzle and the another, the cavitation intensity is higher in the VCO nozzle (since it starts

cavitating earlier) than in the microsac nozzle. This result is reflected in the vapour phase fraction in
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the middle section of the orifice of both nozzles shown in Fig. 6, although similar conclusions could

be extracted if any other section of the orifice had been compared, including the nozzle outlet.

4.2 Partial needle lifts

In this section, an extension of the results analysed for maximum needle lift conditions (250 pum) is
made to different partial needle lifts of 50, 75, 100, 150 and 200 um. In Fig. 7, the results of mass
flow are shown for both nozzles and the three injection pressures. Although the behaviour that the
nozzles exhibit for each of the needle lifts is the same as described in Section 4.1.1 with regard to
the mass flow collapse, there is a fundamental difference concerning the scaling of the results with
the different needle lifts: in the case of the VCO nozzle, the increase in needle lift always leads to
an increase in its mass flow, i.e. the needle lift strongly influences the results. In the microsac
nozzle, however, there is a needle lift among 50 and 75 pm from which the needle stops having an
influence on the mass flow. For this reason, the differences among both nozzles when compared at
low or medium needle lift may be way more important than those previously observed at maximum
needle lift. This result is very important taking into account that the injection process in current
diesel engines is heavily controlled by the needle opening and closing transient stages, due to the
usage of multiple injections of low entity (in the case of pilot and post-injections) in order to

mitigate emissions ([37][38]).

There are two reasons to justify the fact that the needle does not have influence from 75 um for the
microsac nozzle. Firstly, the critical section which determines the flow behaviour from 75 pum is the
orifice inlet instead of the needle closing as it was for lower needle lifts. Secondly, from that needle
position the path followed by the fluid to enter in the orifice remains invariable. This second
phenomenon occurs later in the VCO nozzle and thus, a continuous increase of the mass flow can

be seen as the needle moves upward.
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The same conclusion is reached when the momentum flux and effective velocity are compared
(Figs. 8 and 9, respectively). There is a sharp dependency of the VCO nozzle results on the needle
lift, whereas they are independent of the needle lift for the microsac nozzle from a relatively small
needle lift (50-75 um). As it was the case for the mass flow, the differences in effective velocity
between both nozzles become much more noticeable when compared at a small needle lift than in
the case of maximum needle lift. Bearing in mind that the injection velocity plays a key role in the
fuel-air mixing process ([3][15][36]), this fact may act against the VCO nozzles in the transient
stages of needle opening and closing, which may occupy an important percentage of the injection

time.

Figs. 10, 11 and 12 show the same results in non-dimensional terms, making use of the flow
coefficients, which were used in section 4.1.3. for the description of the flow at maximum needle

lift.

The discharge coefficients depicted in Figure 10 show lower values for low needle lifts due to the
losses located at the needle closing in the microsac nozzle and at the orifice entrance in the VCO
nozzle. For high needle lifts, the discharge coefficient keeps constant for both types of nozzles
while there is no vapour phase, changing its behavior when cavitation phenomenon develops. This
change occurs both at high lifts from critical cavitation conditions and at low needle lifts due to the
presence of vapour in the needle closing and/or the orifice depending on the type of nozzle. This

drop of the discharge coefficient is justified by the mass flow collapse seen in Figure 7.

As far as the velocity coefficient is concerned, plotted in Figure 11, at high needle lifts the
coefficient keeps constant at non cavitating conditions and increases with the reduction of the

backpressure once cavitation starts to develop in the orifice. For lower needle lifts, such as 50 pum
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for the microsac nozzle or 50 and 75 um for the VCO nozzle, only the presence of vapour bubbles

inside the nozzle orifice (in its upper or lower part) induces to a velocity coefficient rise.

Furthermore, that presence of vapour bubbles in the nozzle orifice is the reason for the area
coefficient drop seen in Figure 12 for all the needle lifts simulated. As seen previously at maximum
needle lift, this coefficient remains always constant with values near to 1 as long as there is no
vapour in the orifice. However, if the pressure difference between the injection and the discharge is
big enough to produce cavitation in the orifice, the area coefficient decreases as a consequence of

the reduction of the liquid phase effective area.

5. CONCLUSIONS

In the present paper a computational study about the differences in the internal flow between a VCO
nozzle and a microsac nozzle has been carried out by using a Homogeneous Equilibrium Model
validated previously and also in this study. For this research, six needle lifts and 3 injection
pressures have been deeply studied with a backpressure sweep in order to simulate both cavitating

and non-cavitating conditions. The main conclusions are summarized in the following points.

The study of the flow in stationary conditions of maximum needle lift has led to the following

conclusions:

e The VCO nozzle features higher losses, which is noticed from the lower mass flow for a
given pressure condition. These higher losses are justified by the higher deflection suffered
by the streamlines at the orifice entrance, thus providing a lower mass flow and leading to a

lower discharge coefficient than the microsac nozzle.
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e The higher deflection suffered by the fluid particles when facing the entrance to the orifice
in the VCO nozzle as opposed to the microsac nozzle leads to the inception of cavitation
taking place for conditions of lower pressure difference, i.e. at higher discharge pressures.

thus, this kind of nozzles is more prone to cavitate than the microsac nozzles.

e The two aforementioned conclusions are in line with the experimental evidences found in
the literature. These evidences refer to the higher discharge coefficient found for the
microsac nozzle and specially to the higher spreading angle for the VCO nozzle. Keeping in
mind that the VCO nozzle is more prone to cavitate than the microsac nozzle, and
considering than one of the main effects of cavitation is the increase of the spray spreading
angle due to the higher turbulence generated on the flow ([15][27]), these results would be

compatible with the results herein shown.

e The VCO nozzle exhibits, in general, lower values of momentum flux and effective
injection velocity. However, under conditions in which the cavitation becomes more intense
(higher pressure differences above the critical one), the differences get smaller. Under
extremely cavitating conditions (high injection pressure and very low backpressure) the
situation may be reverted due to the increase that the cavitation itself produces on the

injection velocity.

From the generalization of the study to partial needle lifts, the following conclusions are reached:

¢ A higher sensitivity of the results with the needle lift has been noted in the case of the VCO
nozzle from the comparison of both nozzles at different partial needle lifts lower than the
maximum one. The results for this nozzle are strongly affected by the presence of the

needle. However, in the case of the microsac nozzle, there is a small needle lift (among 50
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and 75 um) for which the needle stops influencing the results, which experience very small

variations from that value.

e As aconsequence of the previous observation, the differences observed for both nozzles at

maximum needle lift are highly amplified when considering small needle lifts.
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r/Do Nozzle
Nozzle Di [um] | Do [pm] r [um] [] L/Do [-] Angle
(9]
6-hole 170 30 0.074 571 72.5
Table 1: Nozzle's geometrical characteristics.
Injection Pressure [MPa] Backpressure [MPa]
microsac
30 3,5,7,9,10,15,20
VCO
microsac
80 3,5,7,9,10,20,30,40,50
VCO
microsac 3,5,7,9,10,20,30,40,50
160
VCO 3,5,7,9,10,20,30,40,50,60,70,80,90,100,110

Table 2: Boundary conditions.

Critical cavitation conditions in terms of backpressure values needed
for inducing cavitation inception in MPa.

Injection Pressure [MPa] VCO microsac
30 9.5 7
80 25 18
160 50 36

Table 3: Critical cavitation conditions at maximum needle lift (250pum).
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Critical Cavitation Number- Kerit

Injection Pressure [MPa] VCO microsac
30 1.46 1.3
80 1.45 1.29
160 1.44 1.29

Table 4: Critical Cavitation Number (Kcrit) at maximum needle lift (250pum).
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Fig. 7: Mass flow for all needle lifts.
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Fig. 8: Momentum flux for all needle lifts.
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Fig. 9: Effective velocity for all needle lifts.
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Fig. 10: Discharge coefficient for all needle lifts.
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Fig. 11: Velocity coefficient for all needle lifts.
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Fig. 12: Area coefficient for all needle lifts.
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