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Computational study on the influence of nozzle eccentricity in spray
formation by means of Eulerian Y - Y coupled simulations in diesel
injection nozzles

F. J. Salvador®*, J. M. Pastor®, J. De la Morena?®, E. C. Martinez-Miracle®

“CMT-Motores Térmicos, Universitat Politécnica de Valéncia, Camino de Vera s/n, Valencia E-46022, Spain

Abstract

The present work analyses the effect of the eccentricity of diesel nozzle orifices over the spray behaviour
by means of CFD simulations. Several orifice geometries with varying horizontal eccentricity (from 0.50 to
0.94) are selected. Their performance is assessed at a high injection pressure of 200 MPa, a 3 MPa back-
pressure and non-evaporative conditions. The nozzle flow characteristics, including cavitation modelled by
a Homogeneous Relaxation Model (HRM), are accounted for in the spray performance by means of a ¥ - Y
model. The code is validated via two reference nozzles, the so called ”Spray A” of the Engine Combustion
Network plus a second nozzle from a production injector, and then extended to the eccentric geometries.
The results and discussions include spray angle and penetration, air entrainment and flow parameters of the
nozzle inner conditions versus the eccentricity value.

Keywords: Sigma - Y model, HRM, eccentricity, diesel, spray, atomization

1. Introduction 19 aforementioned elements. While Exhaust Gas Re-
2 circulation (EGR) can be used to mitigate NO,
2 emissions thanks to the lower combustion tempera-
» ture, its usage is limited due to the subsequent in-
23 crease of the particulate matter (mainly composed
2 of soot). However, soot formation is controlled by
»  the air-fuel mixing process, which is mainly a result
tial to reduce C'O, emissions, one of the most signif- 2 ©f the injection pressure and the morphology of the
icant contributors to global warming effect. How- > jnjector and chamber geometry (Arai, 2012; [Hey-
ever, concerns about their capability to meet future 2 [Wood, [1988; Lefebvre, A., McDonell, 2017). Addi-
NO, and particulate matter emissions regulations 2 tionally, the fuel-air mixing controls the combus-
have arisen over the last years. Even if these pol- * tion timing and duration, affecting the indicated
lutants can be substantially reduced by means of * efficiency, as well as the flame distance to the cylin-
aftertreatment systems (such as Diesel Particulate % der walls, impacting heat transfer losses.

Filters -DPF-; Lean-NOx Trap-LNT- or Selective 33 Since the 1970’s the study of the parameters that
Catalytic Reactors -SCR-), the origin of the emis- a1 characterize the spray performance has been a con-
sions must be also controlled in order not only tore- 3 stant research topic with the aim of increasing ef-
duce them, but also to keep under control the cost, 3 ficiency while reducing emissions. First works by
size, durability and fuel consumption impact of the s [Wakuri et al.[(1960), the extensive studies by Hiroy-
s asu et al. (Hiroyasul [2000; Hiroyasu and Arail {1990
3 |Hiroyasu and Kadotaj |1974; |Hiroyasu and Miaol

As the standards applied to combustion engines
emissions become more stringent, the need to pro-
duce cleaner combustion systems compatible with
future climatic requirements is critical. Diesel en-
gines have been widely used thanks to their poten-

*Corresponding author w [2003) and several others like Reitz et al. (Reitz,
Bmail addresses: tsalvadomot.upy.es (I. J. o [1987 [Reitz and Bracco, [1982; [Reitz and Diwakar],
Salvador), jopasen@mot.upv.es (J. M. Pastor), -
joadelamot.upv.es (J. De la Morena), 2 |1987) postulated the importance of the spray me-
enmarmuo@mot.upv.es (E. C. Martinez-Miracle) »s  chanics, specially the relationship between the tip
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Nomenclature

A Area

a Ellipse semi-major axis

AMR Adaptive Mesh Refinement

b Ellipse semi-minor axis

c Focal length

C, Area coefficient

Cy Discharge coefficient

Cy Velocity coefficient

Cs Model coefficient for ¥

D Mass diffusion coefficient

D, Nozzle outlet diameter

Ds, Diffusion coefficient for X

D.;,  Equivalent diameter, defined as D., =
D, Z—Z

e Eccentricity

e Specific energy

F Cavitation parameter of the HRM model

h Enthalpy

HRM Homogeneous Relaxation Model

k Turbulent kinetic energy

K Temperature diffusion coefficient

M I Momentum flux

My Mass flow

M Momentum

m Mass

P Pressure

PMD Projected mass density

R Radio

Teq Equivalent droplet radio

RANS Reynolds Averaged Navier-Stokes equa-

tions
RNG Re-normalization Group
S; Source term
Sc Schmidt number
T Temperature
U Velocity component
ucrs  Effective velocity
Ugh, Theoretical velocity
\%4 Volume
XYpiane Perpendicular to the ellipse major axis
Y Liquid volume fraction
Y Liquid volume fraction, Favre averaged
Y Mass fraction

ZYpiane Perpendicular to the ellipse minor axis

« Void fraction

oy Calibration parameter

Qo Calibration parameter

ij Kronecker delta

€ Turbulent energy dissipation
%) Non-dimensional pressure ratio
o Viscosity

bt Turbulent viscosity

vr Kinematic turbulent viscosity
P Global density

> Surface are density

Oij Viscous stress tensor

0 Time scale factor

penetration, the spray angle and the air entrain-
ment. Different optical diagnostics have been devel-
oped to evaluate the primary atomization and ini-
tial spray formation process (Desantes et all, 2011}
Dumouchel, 2008} [Manin et al., |2014)), the fuel-air
mixing (Espey et al.l 1997} [Schulz and Sick, 2005
and the combustion development (Desantes et al.
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2018; [Idicheria and Pickett} 2011f). The evolution
of computational fluid dynamics in the recent years
has made possible to study in further details the
importance of the nozzle geometry in the atom-
ization process (Anez et al., |2018; [Desjardins and
Pitschl 2010; Salvador et al., [2014) 2015b)). In this
sense, approaches such as the ¥ — Y model (Val-
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let and Borghi, [1999; Vallet et al.l 2001)) which
allows a coupled flux between nozzle and spray
through a Eulerian-Eulerian simulation (Desantes
et al.,|2016a; Wang et al.; [2011} Xue et al.;,|2015)). In
this model, flux phases are considered as a pseudo-
fluid inside a single velocity field. This method in-
troduces the possibility of simulate cavitation phe-
nomena if the geometry is prone to cavitate. In this
sense, several authors such as|Zhao et al.| (2014) and
Battistoni et al| (2015) used an Homogeneous Re-
laxation Model to evaluate cavitation phenomena
in nozzles.

Already decades ago, works by [Sforza et al.
(1966) and [Trentacoste and Sforza (1967) made
first approximations to the aspects of jets produced
by elliptical nozzles. Hussain et al. (Husain and
Hussain,, |1991; [Hussain and Husainl [1989) and [Ho
and Gutmark| (1987)) analysed also these jets from
a theoretical perspective. More recently, studies
about elliptical nozzles applied to spray mechan-
ics revealed that this particular shape was able
to improve the general dispersion of the injected
fluid (Yunyi et al., [1998]). |Lee et al. (2006) per-
formed comparisons between elliptical and cylin-
drical single-hole nozzles and found an improved
spreading angle, specially in the plane correspond-
ing to the minimum diameter. Similar results were
reported by |Yu et al.| (2018), showing a lower pene-
tration in favour of a wider angle and then a greater
atomization effect associated to elliptical single-hole
nozzles. Hong et al.| (2010)) studied cavitation phe-
nomena inside transparent elliptical nozzles, con-
cluding that longer cavitation fields (up to the ori-
fice outlet) were appearing. Based on the work by
Hong et al., [Ku et al.| (2011) applied CFD tech-
niques in order to verify the relationship between
the internal flow and the behaviour of the spray.
Their investigation showed how cavitation takes
place in the major axis limits due to a greater con-
traction of the stream-lines in that zone for single-
hole nozzles. The internal profiles of the CFD sim-
ulations related the turbulence subjected to cavi-
tation to a greater spreading angle in the major
axis plane. Finally, some approximations to real
diesel engines were made by [Matsson and Ander-
sson| (2002)), accounting the impact on emissions
of elliptical geometries, with a general decrease of
NO, emissions and fuel consumption for elliptical
geometries, but with varying smoke production de-
pending on the aspect ratio value.

Despite the previous works describe some of the
physics related to the impact of elliptical orifices on
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nozzle flow and spray formation, most of them may
not be fully representative from a practical point
of view. On the one hand, most of the studies
are performed for single-hole axi-symmetric nozzles.
However, diesel engines require multi-orifice noz-
zles, which are affected by the change of direction
of the flow induced by the inclination of the orifices’
axis compared to the injector. On the other hand,
nozzle sizes within literature are usually larger than
a representative diesel nozzle (< 0.2mm). A first
approach to this more complex problem was de-
scribed by Molina et al.| (2014). In their work, sev-
eral detailed CFD simulations were carried out in
order to clarify how the internal flow of a common
rail diesel injector with elliptical orifices could affect
the atomization, and an extrapolation to the effects
in the spray characteristics was made based on a
theoretical reasoning. The present paper intends
to get a deeper view into the effects of elliptical
nozzles over the spray by means of advanced cou-
pled internal-external flow simulations. This will
also allow to understand some of the effects de-
scribed in the literature. On the basis of a cavi-
tating cylindrical nozzle whose hydraulic behaviour
is known, six elliptical geometries have been mod-
elled. The horizontal radius has been gradually
increased inducing eccentricity levels from 0.5 to
0.94, maintaining a constant outlet section, while
the rest of the geometrical morphology has been
kept as in the original nozzle. The validation of the
computational model has been carried out following
two lines of action. First, a non-cavitating single-
hole nozzle from the Engine Combustion Network
(https://ecn.sandia.gov/ecn-data search/)), named
Spray A, has been evaluated in terms of mass flow
rate, momentum flux, spray angle and projected
mass density. Then, a Homogeneous Relaxation
Model (HRM) used to predict cavitation perfor-
mance has been assessed against hydraulic exper-
imental data from a cylindrical multi-hole nozzle,
which is the same used as baseline for the rest of the
study. Once the models are validated, the perfor-
mance of the elliptical nozzles is analysed in terms
of the flow conditions at the nozzle outlet (mass
flow, momentum flux, liquid and vapour fractions,
radial and axial velocity profiles, etc), as well as
spray features (such as the spray angle, the air en-
trainment and the spray tip penetration). Several
discussions over the information available in liter-
ature have been exposed and the behaviour of the
simulations have been clarified.

The investigation has been divided into six sec-
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tions.  Section [2| introduces the computational
model, while section describes the employed
methodology. It includes the description of the
models, the geometries, fluid properties and the
post-process and comparison techniques. Section
discusses the validation of the model, including the
description of the nozzle geometries used for this
purpose (Spray A and a production multi-hole in-
jector), the characteristics of the meshes and model
constants configuration used. Section number
shows the results for the six nozzles elliptical ge-
ometries considered. All the nozzles have been com-
pared relating their spray characteristics with the
previous literature findings, paying special atten-
tion to coherence between extracted properties at
the nozzle outlet and the spray behaviour. The last
section collects the main conclusions of the present
work.

2. Model description

The coupling between the nozzle internal flow
and the spray is made by means of a ¥ — Y atom-
ization model. In this formulation, all the phases
are treated as a pseudo-fluid with an unique veloc-
ity field for vapour fuel, liquid fuel and chamber
gas (Desantes et al., 2016a; |[Pandal Blanco, 2016).
This approximation assumes that the exiting spray
is characterised by large values of Reynolds and
Webber numbers. From this point of view, big-
ger scales of turbulence can be transported, while
small unresolved scales are computed using stan-
dard closure models. The dispersion of the liquid
phase is then traced by means of a scalar function.
This magnitude takes a value of 1 when only lig-
uid exists, and 0 if there is only vapour phase. The
transport equation for the liquid mass fraction on
its Favre averaging form is:

opY  9p u;Y

ot =0 (1)

(r“)iCZ' ’

where p denotes the density, 4 the axial veloc-
ity,  the axial position and Y is the mean mass-
averaged volume fraction defined as:

. Y
5 _ PiigY

(2)
p

Y being the volume fraction.

If an immiscible mixture is assumed for the two
phases, the relation between the mass-averaged
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value of the liquid volume fraction can be related
to the density by:
1 Y 1-Y
- =—+ . (3)

Pl Pg

hS)

An equation of state is then assigned to each
phase:

b= @)
o= f(p,T). (5)

The energy transport equation only accounts the
internal energy of the fluid, and stands as follows:

dpe | Digpe __ 00 O
ot 8xj B 8xj l]aal‘j

) oT ) Yy,

— (K= )+ =D hp,—21], (6
+ 81‘j ( 89@) + 8:1:j (P ; 3@) ( )

Where Y,,, and h,,, are the mass fraction and en-
thalpy for each species respectively, D is a mass dif-
fusion coefficient, P is the pressure, o;; the stress
tensor, e is the specific energy and T is the temper-
ature. The relation between the different species is
given by:

(7)

The turbulent term in the liquid mass transport is
modelled as

MT)=Y -h(T)+ (1 —Y)-hy(T).

— ®)
Sc 61'1 '
Subsequently, the momentum conservation equa-
tion can be written as:

puLy’

= - Sia 9
ot | oz, | om0z (9)
where o;; denotes the viscous stress tensor,
equals to:
ou; 0 2 Ouy
9 = —u=—190;; |, 10
7ii 'u((?xj—’—azi)—i—(?uaxk J) (10)

i is representing the viscosity and d;; is the Kro-
necker delta.

Finally, the interphase surface area density is de-
fined as the quantity of spatial surface per unit
volume (Ishii and Hibikil [2006} |Vallet and Borghi,
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1999). Hence, the transport equation associated to
this scalar magnitude is:

o8 w0 () S
ot an 6Ij > al’j
- )
CEZ 1 - - Szevap - Szinit = 07 (11)
Yeg
where
— 35y
Yeg = , 12
“ PiTeq (2
2%
SEemp = Wsewapa (13)
5
CE = 041?, (14>
0,3/5 (ﬁf/)z/w
'req = Qg 52/3 Wa (15)
l
vr
Dy = —. 16
= SCZ ( )

Dy is a diffusion coefficient, Y is the volume frac-
tion of fuel, Ss.,,, is a source term related to va-
porization, Sy, ., is the initialization value, 74 is
the equilibrium radius for virtual droplets. Finally,
a1 and as are model parameters subjected to cal-
ibration. The terms above can be used to calcu-
late equivalent droplet sizes as part of the transition
chain to parcels in an hybrid Eulerian-Lagrangian
model. Although this kind of comparison is beyond
the limits of this paper, it is a good indication of
the potential of the model.

Emin -2

SEinit = At pos(zmin - 2)7 (17)
Ymin = V a(]- - a)vl/?)’ (18)
1 if ¥ >0
v) = 19
pOS( ) {0 if ¥ <0. ( )

In diesel engines, usual values for ar; and as are
respectively 1 and 4 (Vallet et al.,[2001; Wang et al.)
2011). For a deeper mathematical explanation of
the model and coefficients, previous work by |Pandal
Blanco| (2016) can be consulted.

As stated during the introduction, the mass
transfer between fuel vapour and liquid phase due
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to cavitation is modelled by a Homogeneous Re-
laxation Model (HRM) (Bilicki and Kestinl, 1990}
Shields et al., 2011). The model assumes that
the rate at which the instantaneous mass (z) ap-
proaches its equilibrium value (Z) depends on a
time scale factor (6) or relaxation factor. The linear
relation is expressed as:

D, _T-u
Dt 6

(20)

Two time scales are calculated, one for evaporation
and another for condensation:

1.76

9E = 90(1_0‘54(,0_ s (21)

Oc = Foa™ "5~ 170, (22)

_ Notice that « is the void fraction, equals to (1 —
Y’). The value of 6 is set to 3.84e —7s and ¢ is the
non-dimensional pressure ratio.

_ Psat - P
v Pc - Psat7
where P. denotes the critical pressure of the fluid.
In equation 22] F has a value of 5000 according to

the conclusions from previous analysis by |[He et al.
(2017)).

(23)

3. Methodology

The current study is divided in two steps. First,
two existing injector nozzle geometries are used for
the validation of the simulations in terms of the
internal flow characteristics and the spray forma-
tion processes. The internal flow is validated based
on hydraulic data from a multi-hole nozzle, char-
acterized by cylindrical orifices so that cavitation
is induced. For the validation of the spray models,
the so called ”Spray A” from the Engine Combus-
tion Network (ECN) (https://ecn.sandia.gov/ecn-
data search/|), which is a single-hole conical nozzle,
is selected. The advantage of this nozzle is that it is
widely characterised in terms of the spray evolution
by different experimental techniques.

Later on, the impact of the eccentricity in the
outlet section of the nozzle is analysed. For this
purpose, six different 3D nozzle geometries with in-
creasing levels of eccentricity have been explored
for this study (Table , using as a basis the geom-
etry from a production 6-hole diesel nozzle. The
initial dimensions of this injector were character-
ized using silicone moulds. This method was widely
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used in similar studies, providing a geometrical er-
ror about 2% in the main nozzle magnitudes (Ma-

[cian et al.l [2003} [Payri et all, 2016] 2011} [Salvador

et a1.|, 2018alb)). The whole internal geometry of the

real injector, including the needle seat, sac, the hy-
drogriding radius and the outlet section, has been
replicated for all the six elliptical nozzles. Even
though the outlet area of the orifice remains con-
stant, the nozzle shape varies as the minor radius
(axial with respect to the injector body axis) de-
creases and the major one (tangential to the in-
jector) increases (see Figure [la] and [1b| for further
details). The outlet orifice has been defined taking
into account the expressions below:

Aellipse = mab = Dgase%ﬂm2’ (24)
A
bei = 25
eing 4= p—, (25)
C
d = —. 26
an e=- (26)

Where a is the minor radius, b is the major radius
and c is the so-called linear eccentricity:

c= Va2 — b2

(27)

Radius [pm] and eccentricities

Rmin (b) Rmaac (a) €
80 90.31 0.50
75 96.33 0.62
70 103.21 0.73
65 111.15 0.81
55 131.36 0.90
50 144.5 0.94

Table 1: Geometries used for the study.

(a) eccentricity = 0.50 (b) eccentricity = 0.94

Figure 1: 3D geometry models
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In order to ensure the independence of the results
from the computational boundaries, a 30 x 30mm
chamber domain has been chosen for the injection
process (Figure . The symmetry of the problem
allows to calculate a single 60° sector of the injec-
tor, corresponding to one nozzle orifice, reducing
the computational effort. Turbulence is modelled
by unsteady Reynolds-Averaged Navier-Stokes (U-
RANS) methodology, employing a Favre-averaged
formulation for compressible fluids. Given the high
flow velocity and the expected appearance of cav-
itation, Reynolds values higher than 20000 have
been estimated, so a turbulent flow is expected in-
side the nozzle. For this reason, a standard k — ¢
model (Launder and Sharma, 1974; |Launder and
Spalding, [1974)) has been selected as a turbulence
model. Although this particular approach perfor-
mance is known to be worse than others like the
k—w in recirculation zones (such as those generated
in cavitation problems) and low-Reynolds-number
flows (David C.Wilcoxl, [1994)), it has commonly pro-
duced better results in free stream flow conditions
(David C.Wilcox, [1994). The Re-Normalisation
Group (RNG) k—e (Yakhot and Smith}[1992)) model
was also proposed since it helps to overcome some of
the numerical problems induced by separated flows.
However, several studies using the ¥ — Y model
found in literature use the standard k — ¢ model
for similar purposes as the current study, with a
modified value for the C¢; coefficient equals to 1.6
jinstead of 1.44 (Dally et al., 1998; |Garcia-Oliver
let al. 2013} [Hoyas et al., [2013; [Janicka and Peters),
1982} [Pandal Blanco), 2016} [Pope), [1978}; [Xue et al.]
2015). Therefore, this last configuration has been
taken to ensure consistency with previous works.

Figure 2: Simulated domain, 30 x 30mm

The energy equation has been solved in its inter-
nal form. As already introduced, a Homogeneous
Relaxation Model (HRM) (Bilicki et al., 1996}
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licki and Kestinl, [1990; Brusiani et al., [2013} [Downar-|
Zapolski et al, [1996} [Schmidt] [T997} [Schmidt et al.
2010) has been chosen in order to solve the cavita-
tion generated at the nozzle inlet in the multi-hole
geometries. In this zone, the accelerating fuel de-
taches from near walls and produces local pressure
drops. This phenomenon depends on the injection
pressure, the back-pressure and the nozzle geometry
(Arcoumanis et al., 2000; Lépez et al., |2017; [Payri

t al. 2005, [2004D; [Salvador et all, [2015al 2017} [So-]
teriou et al.|2010;|Sun et al., [2015). The geometries
under study are expected to cavitate since none of
them are conical. The effect of cavitation requires a
small time step in order to reach convergence. This
issue limits the total time of injection to 500 wus,
performed at full needle lift conditions.

Regarding the boundary conditions, chamber
outlet far boundaries (bottom circular plane and
peripheral curved surface) are set as outflow con-
ditions with zero normal gradient for the velocity.
The inlet boundary at the nozzle has been defined
in terms of a static pressure. A wall function has
been applied to all wall boundaries. For reference
nozzles, the injection parameters match the ECN
target conditions (https://ecn.sandia.gov/ecn-dataj
in non-evaporative experiments. On the
other hand, the elliptical nozzles have been simu-
lated at 200 M Pa injection pressure and 3 M Pa
back-pressure, with an initial temperature of 303
K. Table |2l summarizes all the applied conditions.

Boundary conditions, P[M Pa], T[K]

Nozzles FPi;  Poacr Ty T.
Spray A 150 2 343 303
Elliptical 200 3 303 303

Table 2: CFD boundary conditions.

A transverse mass criteria has been chosen in or-
der to calculate the angle. As the results produced
by the software are provided in an OctreeMesh
(Senecal et al |2011)), a Cartesian mesh with a 50
pm resolution is generated and adjusted to the do-
main for the first 20 mm (Figure [3a). Variables are
then parallel interpolated for post-processing.

The transverse mass is then calculated according
to the summation of the liquid mass in two planes
projection XY (minor radius) and ZY (major ra-

Interpolation domain

Processor 1

Processor 2

Processor 3

Z[m]

0.01

0.03

(a) Angle calculation, virtual mesh generation.

Angle calculation criteria: 99% of mass, plane: XY

a %1073 Temporal series %10
a
E 3
P
2 -
g 2
L] 2 £
o F
®
T .
]
[
1
5 ‘ ‘ ‘ ‘
0 0.005 0.01 0.015 0.02 0.025
Axial distance [m]
(b) Points for CFD angle calculation, Spray A
Figure 3: CFD angle calculation methodology.
dius), (see Figure [3b)).
n
Mliquid = E ﬁ;YfL Vinesh- (28)

i=1

Then, for each transverse integrated slice, the spray
limits are calculated according to a certain percent-
age in mass (95 or 99%) of the total mass contained
in each axial slice.

Following the normalized path suggested by the
ECN, N-dodecane fluid and vapour tabulated prop-
erties have been used within the reference noz-
zle simulations. Vapour and nitrogen have been
treated as ideal and compressible gases, while N-
dodecane is set as dependent on temperature and
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pressure. With respect to the elliptical nozzles, a
commercial diesel fuel has been chosen as working
fluid and has also been characterized as a function
of temperature and pressure. Temperature correla-
tions have been implemented in a tabulated format
while compressibility effect is taken into account
by the compressibility modulus (B = 1.49¢9 MPa).
More details about how each of the main fuel prop-
erties is considered and the literature works from
which the information was extracted can be seen in
Table Bl

Property Value or function
Density 825. 5Aep e [1]
Viscosity f(T, Prey) [1,2]
Vapour pressure f(T, Pres) [3]
Surface tension 0.029N/m [4]
Specific heat (C,) f(T, Prey) [3]

1{Desantes et al.| (2015)
2-Salvador et al.| (2018al)
3{Kolev| (2012))
4-Dechoz and Rozé| (2004)

Table 3: Diesel fuel main properties (Prey = 0.1 MPa).

4. Model validation

Two kinds of validation have been performed in
this study. On the one hand, coupled nozzle-spray
model (¥ - Y) has been compared to an exten-
sive dataset available in the literature for Spray
A (injector #210675) from the Engine Combus-
tion Network group (https://ecn.sandia.gov/ecn-
data search/|), which represents a conical (non-
cavitating, HRM model not included) single-hole
and almost axi-symmetric geometry. On the other
hand, a partial validation of the injection process
with cavitation has been performed based on noz-
zle internal flow experimental data for a cylindri-
cal multi-hole nozzle, whose internal geometry and
inner flow parameters have been previously char-
acterised. All the models listed above have been
configured within the software CONVERGE CFD
(https://convergectd.coml).

Validation of single-hole Spray A

Figure [{a] shows the geometry of the Spray A noz-
zle, which as previous said represents a single-
hole quasi-axi-symmetric layout with a slight devi-
ation of the nozzle from the main jector body axis.
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Since this deviation barely affects the spray perfor-
mance, it is commonly considered axi-symmetric.
The 3D geometry has been acquired from the z-
ray measurements provided in the ECN data base
(Kastengren et all |2012)). The nominal diameter
is measured at 90 um and the nozzle exhibits a
k-factor of 1.5 (Macian et al.| |2003]).

The chosen mesh configuration provides a mini-
mum of fifteen rows of cells inside the nozzle, rep-
resenting an average of 6 pm. Some authors have
established a minimum of ten cells as a good ap-
proach (Garcia-Oliver et al.l |2013; [Lebas et al.;
Xue et al.|, |2015]).

Cell size [um]

Mesh region ‘ Spray A
Base size 384
Nozzle 6

Near nozzle spray | 12 (up to 5 mm)
Needle 48
AMR u (nozzle) Disabled
AMR « (nozzle) Disabled

AMR u (spray) 24
Total cells ~ 9e6

Table 4: Mesh configuration for Spray A

Figures [Ab] and [Ad show the computational mass
flow and momentum flux at the nozzle outlet to-
gether with the experimental ones, extracted from
the literature (Pickett et al., [2011} [2013). Despite
the experimental data is obtained from a transient
injection process, while the simulations are made
at steady maximum needle lift, it can be noted
that a good agreement between steady-state parts
of the injection is reached for either mass flow rate

(Figure or momentum flux (Figure .

The spray angle calculation has been carried out
following the methodology in section 2, computing
an average angle of 19.1° for the 99% of the pro-
jected radial mass and 14.6° for the 95% in mass
(Figure [5b)). The interpolation of the angle has
been conducted over the first 20 mm of the simu-
lation discharge chamber. Mean angle values were
calculated over the steady part of the simulation
(> 300 ps). The experimental angle data is avail-
able in previous works (Pickett et al.| |2011} |2013)
based on Diffused Back-Light (DBI) visualisation
tests. Figure [a] shows the fitting lines for an ex-
perimental angle up to 20 mm axial distance from



Spray A, experimental data
20mm angle measurement
T T T

Radial distance [mm]

Axial distance [mm]

(a) Spray A, experimental angle (Pickett et al. [2013) contour
and fitting lines. A DBI technique was used for measuring the
angle at 22.3 kg/m? of discharge density and 150 MPa injection
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G+ SOFTWARE.

pressure.
(a) Spray A, 3D geometry
ROI comparison, Spray A
3 %1073 .
.5 T T T T T Computational angle, Spray A
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-2 0 2 4 6 8 10 Time [s] %107
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(b) Rate of injection (b) Spray A, computational angle.
ROM comparison, Spray A Figure 5: Spray A results.
2.5
2l s solute error of 0.87° is found in the spray angle.
= a0 X-ray radiography technology applied to the study
PR A s mo , of the injection process (Duke et al., 2017; Kas-|
2 a1 [tengren et al. [2009) 2014, 2012) allows a deeper
E 1r w2 look inside the spray microscopic behaviour. Com-
g w3 parisons in projected mass density are provided
0.5¢ ws below. Figure [6] shows several Gaussian profiles
Experimental ROM ws  of projected mass density (PMD) along the spray
o —o—Present study ] ws axis (at 0.1 mm, 2 mm, 4 mm, 6 mm distance)
2 0 2 a 6 8 10 w7 on the XY plane. Although the Spray A injec-
Time [s] x107* ws  tor is considered to be quasi-axi-symmetric, the
(c) Rate of momentum ao  slight deviation of the nozzle from the main injec-

s0  tor body axis (Pickett et al. [2014) is captured by
s the deviation from 0 of the XY projection (Fig-

w2 ure @ @ As reported in similar studies
#3 (Desantes et al., 2016b} [Xue et all, 2015), even if

s the PMD is well captured along first millimetres
w5 of the spray, the CFD case shows higher values
a7 Taking into account the experimental data, an ab- s far from the nozzle exit. Beyond 6 mm, the de-

9

Figure 4: Mass flow and momentum comparison for Spray
A nozzle.

&

a6 the nozzle.
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cay of the projected mass density is severe, and
the difference between experiments and simula-
tion significantly grows. Similar conclusions can
be obtained looking at 2-dimensional PMD con-
tours available in Figures [7a] and As it can
be seen, the simulation provides a faster axial de-
cay and a wider radial evolution of PMD com-
pared to the experimental reference data as the
spray develops far from the nozzle exit. Advanced
turbulence approaches such as Large Eddy Sim-
ulation (LES), coupled with capturing interface
methods, have shown to better describe the evo-
lution of the projected mass density in literature
studies, as reported in the literature (Anez et al.l
2018; [Desantes et al.l [2017). However, since the
main objective of the current study is to analyse
the impact of the elliptical orifices on the nozzle
flow behaviour and the primary atomization, the
numerical setup used is deemed appropriate, since
it has shown to be capable to properly capture
the spray behaviour in the first millimetres of the
nozzle outlet at a reduced computational cost.

Finally, a self similarity study for the velocity dis-
tribution has been performed. Figure [§] shows
the evolution of the inverse of the velocity in the
spray axis divided by the velocity at the nozzle
orifice outlet. Additionally, the axial position has
been made non-dimensional with respect to the
nozzle equivalent diameter. As it can be seen,
there is a linear increase after the so called intact
length, as it would be predicted by gas jet theory.
The results have an almost perfect match with
the same information extracted from the work by
Taub et al.|(2013]) based on Direct Numerical Sim-
ulations. The slope of this increase has been com-
puted by doing a linear fit to the data extracted
from the simulations and compared with experi-
mental data from Hussein et al.| (1994)), showing a
difference of approximately 4%. Both results can
be seen as a further validation of the capability of
the current model to properly capture the physics
related with the momentum exchange between the
fuel spray and the environment.

The previously mentioned result is complemented
with the analysis of the radial distribution of the
non-dimensional velocity, depicted in Figure [9
For axial positions equal or further than 24 times
the equivalent diameter, all the radial profiles ex-
pressed in terms of the ratio between radial and
axial positions collapse into a single curve. This
corresponds to the disperse region of the spray,
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10

whose behaviour can be predicted according to gas
jet theory. Instead, for closer positions to the noz-
zle tip a slight variation of this profile can be ob-
served.

Multi-hole reference cylindrical nozzle

The second part of the model validation is focused
on the analysis of the internal flow under cavitat-
ing conditions. Here, the mentioned 3D geome-
try of a commercial 6 holes injector with cylin-
drical orifices, previously characterised experimen-
tally from an hydraulic standpoint (Salvador et al.|
2011), is used. All simulations are performed with
the same physical models already described for the
spray A case, and have been run until a steady
state flow was reached. Since cavitation is ex-
pected, the HRM model has been incorporated
to the model equations. In a preliminary step,
a mesh independence study was completed using
three different levels of refinement, with an incre-
ment of 2" size ratio for the nozzle region, as es-
tablished in Table Additionally, the Adaptive
Mesh Refinement (AMR) method is activated for
subgrid velocity levels higher than 1 m/s and 0.1
of void fraction.

Mesh independence study

Base size = 384 um ‘ Refinement level n

Region ‘ L M H
Nozzle 2 3 4
Nozzle wall (3 levels) 5 6 7
AMR velocity 3 4 5
AMR void fraction 4 5 6
Needle 2 3 3
Total elements 18247 85687 389148

Table 5: Mesh configuration for the six orifices nozzle.

Mass flow rate and vapour mass at the out-
let have been selected as the reference parame-
ters for analysing the grid convergence. Once a
steady state value of the selected variables has
been reached, the convergence of the mesh was
checked as described in [Roache| (1994) and |Sal-
vador et al.|(2018a). The small committed error
between the results and the Richardson extrapo-
lation (P, < 0.47%), and the very low grid con-
vergence index (GCI) leads to conclude that these
variables are located into the asymptotic zone of
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Figure 6: Projected mass density profiles on the XY plane, Spray A.

its mesh dependent curves with a mesh conver-
gence order of 2. The GCI slightly varies between
the low and medium mesh resolution (0.0021 and
0.0058 for mass flow and vapour mass, respec-
tively) and the medium to high resolution step
(0.0086 and 0.0012 for mass flow and vapour mass,
respectively). It was then deemed valid due to
the low values achieved. However, for the simu-
lations ahead the configuration with the highest
mesh refinement has been chosen for the internal
flow. The decision was based on the importance of
not only reproduce the mean value of the flow, but
also the particular distribution of the velocity and
vapour profiles at the nozzle outlet. Furthermore,
the AMR performance can be greatly conditioned
by the initial grid size as studied in
. A superior surface refinement ensures the
stability of the calculations when cavitation ap-
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pears, and the correct generation of a initial gra-
dient for the AMR void fraction subgrid. It has
to be noticed that for the nozzle with the high-
est eccentricity the resultant minor radius has 50
pm length. The cell size must take into account
this reduction of the aspect ratio and provide a
suitable number of elements inside the orifice.

The experimental validation of the flow was car-
ried out by means of several mass flow rate mea-
surements at three injection pressures and six
back-pressures (Salvador et al| 2011). Figure
depicts the values for the CFD and experimental
results. As appreciated, the code is able to prop-
erly reproduce the mass flow choking conditions
(the point at which mass flow rate reaches a crit-
ical limit value). An error of 5.4% is found for
the maximum injection pressure of 160 MPa. The
error is expected to progressively decrease as the
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Figure 7: Projected mass density contours, Spray A. Experi-
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and reported in [Kastengren et al.| (2014)
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injection pressure magnitude increases.

5. Results and discussion

A first sight to the effect of the eccentricity in
the injection nozzle is carried out by the study of
the inner flow. For this purpose, the main non-
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Mass flow rate validation, cylindrical nozzle
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Figure 11: Experimental vs. Computational mass flow.

Each symbol represents a different back pressure from 0.1
to 9 MPa.
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dimensional flow coefficients of the nozzle, mainly
including the discharge coefficient Cy, the velocity
coefficient C,, and the area coefficient C,, have been
obtained (Salvador et al. 2015a)). The discharge
coefficient, Cy, has been calculated according to the
ideal mass flow value based on Bernoulli’s equation:

c mig niy
d — = ;
prAoug,  Ag/2p AP
where niy is the mass flow, p; is the liquid density,
Ap is the geometric outlet orifice area and AP is
the pressure drop.
From the comparison of the nozzle effective vs.
theoretical velocities, the velocity coefficient is cal-
culated as:

(29)

C, = uﬁiff (30)
Uth,
Finally, the area coeflicient can be calculated tak-

ing into account that the relationship Cy = C,C,.

Figure [12| shows the flow parameters from the el-
liptical nozzles calculations. As it can be seen, mass
flow rate slightly rises its value as the eccentricity
increases, while the momentum value remains al-
most unchanged. In the studies by |Lee et al.| (2006)
and [Ku et al. (2011)), a similar behaviour was ob-
served for the mass flow. It is also in agreement
with a previous publication by the authors (Molina
et al.l2014). The higher mass flow and similar out-
let momentum are a consequence of a decreasing
trend in the effective outlet velocity with increas-
ing eccentricity, which can be explained by the in-
teraction between the eccentricity and the intensity
of cavitation. The internal flow parameters (Figure
show that cavitation is reduced as the eccen-
tricity increases. Less cavitation produces a greater
area coeflicient, as it can be seen from the figure,
but a lower velocity coefficient (Payri et al., 2005)).
In terms of mass flow, an increase would be foreseen
when increasing the eccentricity, since the higher
C, would induce an also higher Cy if the velocity
remained constant. However, since the velocity is
also reduced when eccentricity diminishes, two op-
posing effects are found, preventing the mass flow
rate and momentum from suffering major changes.

According to the literature, more intense cavita-
tion field induces a slightly higher momentum (sim-
ilar mass flow, higher velocity), which would en-
force the spread angle and mixing process (Chaves
et al.L|1995; |Payri et al.l|2004a); Tamaki et al.,2001)).
Additionally, many previous works available in the
literature (Hiroyasu and Miao, 2003; Naber and
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Siebers, [1996) show the spray penetration can be
mostly linked to the spray momentum and spread-
ing angle. Therefore, slightly larger spray penetra-
tion could be anticipated for the cylindrical noz-
zles, which are characterized by slightly larger mo-
mentum. However, the following paragraphs will
demonstrate that the sole study of the average flow
parameters at the nozzle outlet is not enough to
account the influence of eccentricity in the spray
performance.

First of all, not only the cavitation intensity
but its distribution along the nozzle section needs
to be considered. As it can be seen from Figure
[[3] although the intensity of the void fraction
is higher in the nozzle with e = 0.50 (left side),
the distribution of vapour in the most elliptical
nozzle is wider over the whole section (right side).
Even if the generation of vapour inside the nozzle
is well known to improve the atomization from
the literature, the low amount of experimental
measurements from inside the nozzle hardens
the complete understanding of how the vapour
distribution itself affects the phenomena involved.
As it could be anticipated, the aspect ratio of the
elliptical nozzles (i.e. the ratio between major
and minor radii) affects the vapour distribution
field, in particular the interaction between the
bottom and top side vapour in the nozzle outlet.
Figures and show how the stream-lines are
then approaching each other along the nozzle as
eccentricity increases, which supports this effect.
Hong et al.| (2010) suggested that the cavitation
should be improved in the cross sectional area of
the elliptical nozzles because of a severe contrac-
tion of the stream-lines. However, this statement
may not be applied to multi-hole configurations,
since the stream-lines are not symmetric. Unlike
single-hole nozzles, in the proposed geometries
the vapour is generated mainly in the top-part of
the cross-section. This section, where the fluid
accelerates, is wider for the nozzles with higher
aspect ratio, and allows a larger path for the most
critical stream-lines. A larger local curvature dis-
tributes the stream flow and reduces the pressure
drop, so the vapour peak is lower. Additionally,
it enforces the distribution of the vapour over the
whole section, as it was already seen in Figure
Furthermore, the higher perimeter of the ellipse
provides a more significant interaction of the spray
section with the chamber gas. With respect to the
thermodynamic properties of the fluid, no major
differences have been identified.
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Figure 12: Hydraulic charaterization of the elliptical nozzles. The principal coefficients and variables have been calculated at
the outlet for each nozzle. It includes the mass flow and momentum flux, effective velocity and non-dimensional parameters:
the discharge coefficient, Cy, area coefficient, Cg, and velocity coefficient, C,,.
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Figure 13: Flow conditions along the nozzle: the coloured stream-lines represent the variation of the velocity magnitude along
the nozzle, while the radial slices show the void fraction evolution in six equally spaced sections. The iso-volume in green
represents the void fraction for a value of 0.5. Notice how the vapour spreads further away from the orifice for the nozzle with
lower eccentricity.

e to start analysing the impact of the eccentricity in
One important parameter that can be evaluated e: spray development is the evolution of the mixing
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field. This information is depicted in terms of the
axial distribution of the fuel mass fraction (Figure
114), as well as the radial distribution of the fuel
mass fraction at four axial positions and for two
different planes (XY and ZY) in Figures
The axial distribution is defines in terms of the axial
location divided by the equivalent diameter, defined
as:

Deq =D, Pt

Pa (3D

where D, is the diameter of a circle that would
produce the same section as the outlet orifice of the
eccentric nozzles, ps the liquid fuel density and p,
the air density in the discharge chamber.

In the near nozzle region (up to 3 mm or 3.5
equivalent diameters), the axial evolution is very
similar for all nozzles, while the radial distribution
results are directly influenced by the nozzle mor-
phology (Figure and . As the spray pen-
etrates inside the chamber (3-8 mm, 3.5-9 equiv-
alent diameters), the axial evolution is still simi-
lar, and the radial limits for the mass fraction start
to become also more similar for both planes (Fig-
ure and . Beyond 8 mm (approximately
9 equivalent diameters), the axial evolution starts
to be affected by the nozzle eccentricity, which can
be also seen in the fact that the radial profiles as-
sociated to the more elliptical nozzles seem to re-
duce their fraction peak in favour of a wider curve
(Figure and . A decreasing value of the
liquid mass fraction peak can only take place if
the equivalent quantity of liquid is radially scat-
tered, that is, the angle of the spray is also big-
ger. An inversion of width between both XY and
ZY planes (corresponding to the minor and major
axis, respectively) appears before reaching the 12
mm (approximately 14 equivalent diameters) posi-
tion. This phenomenon becomes more severe as the

aspect ratio increases (Figures and [15h). Sim-
ilar behaviour has been found by Yu et al. (Yu

in cavitating single-hole nozzles. In
that case, where the flow enters symmetrically (in
the direction of the nozzle axis), the initial pertur-
bation starts on the sides of the major axis due to
a greater contraction of the stream-lines. This pro-
duces an initial larger dispersion in the ZY (major
axis) plane (Hong et al., [2010). In the case of the
present study, cavitation is generated in the top and
bottom sections of the minor axis as a result of the
inclination angle of the nozzle orifice with respect
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to the injector axis (Salvador et al., [2015a)). Hence,
a wider spreading angle would be expected for the
XY plane.

Fluid Y fraction
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Figure 14: Axial liquid mass fraction

The radial and axial velocity profiles have also
been extracted. The tendencies are similar to those
of the liquid fuel mass fraction. A primary influence
of the outlet geometry is followed by an almost per-
fect matching in the maximum value and shape of
the velocity profiles as the spray develops in axial
direction (Figures [16d). For an in-
termediate point (8 mm, 9 equivalent diameters),
the velocity starts to decrease faster for higher ec-
centricity values (Figures and .
A faster dispersion of the fuel over the chamber is
consistent with an earlier velocity fall. The mass
exchange between the injected liquid and the inert
gas (because of turbulent friction) results in kinetic
energy losses which are, in fact, velocity losses. A
similar trend can be seen in Figure looking at
the evolution of the inverse of the centerline veloc-
ity divided by the outlet velocity. While in the case
of a circular nozzle (i.e. symmetric jet) a linear
trend would be seen, as it was already analyzed for
Spray A data in Figure [8] for the elliptical geome-
tries this linear trend can only be perceived for an
axial distance up to 10 times the equivalent diam-
eter. From that point on, inverse of the velocity
clearly increases with a faster rate than a linear
trend, actually more intense as the nozzle eccen-
tricity increases.

Figure[18| represents the air entrainment for each
nozzle spray. As it can be seen, there is a general
trend of increasing entrainment as the eccentricity
rises. A smooth growing trend is observed for the



Fluid Y fraction radial probe, XY plane, axial distance: 0.0001m

0.9 ——P200 3MPa
——P200 3MPa
0.8 P200 3MPa
——P200 3MPa
07 Y~ P200 3mPa
0.6
H
0.5
5
0.4

0.3

0.2

Fluid Y fraction radial probe, ZY plane, axial distance: 0.0001m

-1 ‘ o 1
Radial distance/Axial distance

(a) XY, 0.1mm (0.12 Deq)

Fluid Y fraction radial probe, XY plane, axial distance: 0.0041m

i
—e—P200 3MPa
0.9 ——P200 3MPa
——P200 3MPa
0.8f P200 3MPa
—4—P200 3MPa
0.7 —4—P200 3MPa e=
L06F
£
0.5
5
0.4
0.3F
0.2
0.1
3 2 1 3

- -1 0 1
Radial distance/Axial distance

(b) ZY, 0.1mm (0.12 D)

Fluid Y fraction radial probe, ZY plane, axial distance: 0.0041m

0.3 0.2 -0.1 o 0.1 0.2
I distance/Axial distance

(c) XY, 4.1mm (4.86 Deq)

Fluid Y fraction radial probe, XY plane, axial distance: 0.0121m

-0.3 -0.2 0.1 [ 0.1 0.2
Radial distance/Axial distance

(d) ZY, 4.1mm (4.86 D.q)

Fluid Y fraction radial probe, ZY plane, axial distance: 0.0121m

0.9
0.8

0.7F

0.2

-0.1 o 0.1
Radial distance/Axial distance

(e) XY, 12.1mm (14.37 Deq)

Fluid Y fraction radial probe, XY plane, axial distance: 0.0181m

—4—P200 3MPa

-0.1 o 0.1 0.2
Radial distance/Axial distance

(g) XY, 18.1mm (21.5 Deq)

-0.3 -0.2

0.2

T 01 o 0.1
Radial distance/Axial distance

(f) Z2Y, 12.1mm (14.37 Deq)

.0181m

Fluid Y fraction radial probe, ZY plane, axial distance: 0.

o £
-0.3 -0.2 0.1 o 0.1 0.2
Radial distance/Axial distance

(h) ZY, 18.1mm (21.5 D.q)

Figure 15: Radial liquid mass fraction profiles for the elliptical nozzles.
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first four nozzles (e = 0.50 + 0.81) while the two
last cases are characterised by a bigger initial en-
trainment. In line with the discussion above, the
enhanced air entrainment is consistent with a wider
divergence of the angle and a slightly bigger mass
flow rate (Figure (Araneo et al.| [1999; Mac-
Gregorl, (1991). Both liquid fuel mass fraction and
velocity profiles indicate that the spreading angle
in ZY plane is enhanced as the eccentricity of the
nozzle increases. Taking this into account, its im-
pact on the spray penetration can be evaluated. In
this sense, if the spray momentum is defined as:

M(x) = My = 11U = /Apr2(x)dA. (32)

The relationship between the spreading angle and
the penetration can be established as follows (De-
santes et al., [2000):

S(t) M?‘25p;0‘25tan_0'5(9/2)t0'5. (33)

The penetration is then proportional to the mo-
mentum and inversely proportional to the tangent
of the spreading angle. From Figure it can be
observed how beyond a medium distance from the
nozzle outlet, the elliptical nozzles diminish the lig-
uid fraction faster along the injection axis, which
must be supported by an increment of the spread-
ing angle. Given that the momentum does not
change significantly, an angle reduction will cause a
slower penetration slope. From a qualitative view,
Figure shows how the 0.01 mass fraction iso-
volume regions for the most extreme nozzles (al-
most cylindrical and very elliptical), highlighting
the wider dispersion from the most eccentric nozzle
as the spray develops.

Even if the momentum value is nearly the same
for all nozzles, the interaction of this momentum
with the ambient gas is not. On the one hand, the
surface of elliptical nozzles adds an extra perimeter
of contact with the air for a same geometric area
value. On the other hand, the momentum thickness
(Krothapalli et al., [1981)) varies across the section
in different ways for all cases so a lineal behaviour is
not necessarily expected between the sprays. This
surface interaction gain between the discharge gas
and the diesel jet is exponentially increasing with
eccentricity. From Figure the numerical breach
in the shape area interaction between the first four
nozzles (e = 0.50 + 0.81) and the two last nozzles
(e = 0.90 and 0.94) can provide some explanation
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to the leap in entrainment. The resulting jet shape
at the outlet for the maximum accounted eccen-
tricity originates a value of 21.27% over the initial
cylindrical nozzle perimeter for the same geometric
area. This fact makes the rise in surface interaction
compatible in general terms with the results for the
entrainment and angle.

Finally, Figures 213 and show the average
computed angle (section for all the elliptical noz-
zles. The angle projected on XY plane oscil-
lates around 14° with no clear trend. The deviation
from the mean value (dotted grey line) does not ex-
ceed 1.5°. From what was exposed in the internal
flow parameters, the more cylindrical nozzle should
develop a higher XY angle due to a more intense
cavitation. However, the decreasing thickness in
that plane for the elliptical nozzles also favours the
increment of the angle due to instabilities. These
effects oppose each other and may be the cause of
an almost constant XY angle. This behaviour can
be also connected to the fluctuations produced by
cavitation, given that it takes place in the top and
bottom parts of the nozzle section (minor axis view,
XY plane).

The pulsatile and unsteady instabilities of vapour
could lead to a still transient deposition of liquid in
the XY plane for the simulated time. Nevertheless,
this result is in agreement with the mass fraction
profiles in the radial XY plane (Figure ,
where the limit threshold value of the mass frac-
tion appears in almost the same radial coordinate.
Differently, the angle on ZY projection depicted in
Figure shows a clear tendency also according
to the right column of picture indicating that
the divergence of the angle in ZY is proportional to
the eccentricity value. Continuing with the pattern
previously suggested in the entrainment discussion,
a smooth jump in the angle is found until a eccen-
tricity value of 0.81 while the last two nozzles shows
a wider but closer angle. Regarding the angle prox-
imity between nozzles 5 and 6, the proposed simu-
lations may have reached the eccentricity threshold
value at which the spray angle no longer increases.
An increment about 10° is detected for the maxi-
mum eccentricity nozzle with respect to the lower
one. Hong et al.| (2010)) showed in its experiments
with transparent nozzles how the angle increases
in both major and minor axis planes when ellipti-
cal single-hole nozzles are subjected to cavitation.
However, in those proposed geometries, the cavita-
tion and hence the source of instabilities were lo-
cated in the major axis extremes, the opposite to
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Figure 16: Radial velocity profiles for the elliptical nozzles.
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Figure 19:

is depicted in white, the nozzle of 0.94 in blue.

that of the diesel nozzle of the present paper (Figure

[13). As exposed by (2011)), this fact pro-

duces a greater spreading angle in the major axis

(ZY plane).
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Figure 21: Angle comparison, elliptical nozzles.

Figure [22a] depicts the temporal evolution of the
angle for the nozzle simulation with highest aspect
ratio (e = 0.94). A first view on the right side of
Figure [5| shows an almost constant angle for the
first millimetres of the spray up to 8 mm. At this
point, the angle starts to grow and the trend is
more significant. It is coherent with the absence of
higher disturbances at the nozzle outlet on the ex-
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tremes of the major axis, unlike Kun et al. Image
traces a complete different behaviour from the
computational angle. The minor axis plane (XY)
angle strongly grows first millimetres of the spray.
This issue is explained by the high disturbances at
the outlet in the XY plane according to the exis-
tence of cavitation. Beyond 8 mm the XY angle
suddenly reduces its growth. It can be seen how
both XY and ZY angles share the inflexion point
at which its width trends switch. As previously
commented, the XY plane is expected to have a
wider angle. For cylindrical nozzles, the spreading
of fuel is enforced by cavitation generating a almost
axi-symmetric and wider spray that non cavitating
cylindrical nozzles. In related studies (Ho and Gut

markl [1987; [Husain and Hussain, [1991} [Hussain and
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axes behaviour has been repeatedly detected. In
these works, the anomaly in the spray behaviour
compared to cylindrical nozzles was attributed to
a self-induced vortex of the elliptical spray. One
similar behaviour was described by
in experiments with single-hole nozzles. Although
the bibliography above has only exposed single-hole
nozzles, and it can not be directly compare to those
of this study, several of its physical phenomena can
be extrapolated to the performance of multi-hole
nozzles. Figure [24] depicts the switching axis be-
haviour, first frames and shows
the initial greater opening of the angle in the minor
axis due to the effect of cavitation, the minor axis
becomes the major axis. From frames to
the instabilities start to rise in the new minor axis
and it breaks in an inflexion point. The switching
axis occurs between and In picture
to the greater dispersion in the ZY plane (geo-
metrical major axis) starts to form a new and more
defined elliptical shape. Summarizing, the general
angle grows as the eccentricity rises being this fact
more noticeable in the ZY angle (major axis) while
in the minor XY axis the angle is at least as much
bigger as the more cylindrical one.

A final outline over the problem commands the
exam of penetration. Even if the simulations have
been accomplished with a full needle lift, differences
supporting the earlier discussion can be observed.
Figure provides the temporal evolution of pen-
etration for all cases. As expected, a wider angle
(high eccentricity values) generates a slower pene-
tration curve (Desantes et al. [2006; |Gimeno et al.|

Husain, [1989; [Krothapalli et al. [1981)), a switching
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2016). However, it is true that in terms of pene-
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Figure 24: Main injection axis rotation due to self-induced vorticity of the jet, CFD.
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tration, the difference between the nozzle 4 and 6
is not as big as it could be suggested by previous
data. The evolution of the jet further from this
point is an interesting topic, specially for big en-
gines. Unfortunately, computational resources have
limited the simulation space and the injection du-
ration. For future works, larger time injections in
order to clarify both angles behaviours must be car-
ried out for a better understanding of this kind of
nozzles. Even so, it has been demonstrated that the
general influence of eccentricity enforces the spray
atomization by means of a wider angle. Also, it has
been discussed how the internal parameters such as
momentum and mass flow, are not enough for fully
describing the spray atomization potential and how
the entrainment and fluid fraction along the spray
are in resonance with the angle and entrainment.
The increment of the surface area of jet-air interac-
tion and the momentum thickness must be consid-
ered along with the self behaviour of the generated
spray for the correct understanding of elliptical jets.
A more complex model such as LES or near field
DNS simulations could provide more specific data
to measure these parameters.

6. Conclusions

Several elliptical nozzles with the same outlet
area and different eccentricity have been simulated
coupling the inner nozzle flow and spray formation
by means of an advanced CFD code. The code has
been previously validated in terms of the nozzle hy-
draulic performance and spray formation for both
a single-hole conical nozzle as well as a multi-hole
cylindrical one. In the case of the latest, the sim-
ulation included the activation of a HRM model,
which accurately predicted the mass flow collapse
induced by cavitation. This multi-hole geometry
has been taking as a reference to produce the ellip-
tical geometries.

The main conclusions of the study are summa-
rized below:

1. A new study showing in depth the capabilities
of elliptical nozzles in order to improve the at-
omization and mixing processes has been car-
ried out by means of a numerical CFD model
coupling the internal nozzle morphology and
the external spray performance.

2. The ¥ — Y model is able to capture the in-
ternal geometric morphology of the nozzle and
translate its characteristics to the spray.
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3. For an equal area and boundary conditions, in-
creasing the eccentricity for horizontal ellipti-
cal nozzles improves the discharge and area co-
efficients due to lower cavitation. The velocity
coeflicient is slightly decreased, producing very
similar outlet momentum. In terms of cavi-
tation, such geometries induce a vapour field
with lower intensity but more dispersed across
the outlet section of the orifice.

4. The spray behaviour has shown to be sensitive
to the nozzle flow characteristics. In this sense,
the spray cannot be fully understood only by
simple average parameters at the nozzle outlet,
which are the ones normally achievable with
experimental tools. The way the nozzle shape
interacts with the discharge chamber is critical.

5. In terms of spray characteristics, more ellipti-
cal nozzles produce an improvement of air en-
trainment, with the minor angle showing small
variations, while the major angle increases sig-
nificantly. Consequently, spray penetration
tends to be reduced.

6. A significant increment of the angle and jet
entrainment as the eccentricity rises are an in-
dication that elliptical nozzles can help to im-
prove the spray atomization processes.

Some of the aforementioned features found have
been also confronted with previous literature works,
providing consistent tends.
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