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Abstract. In this article, non-evaporating and non-reacting diesel spray is modeled under
ultra-high injection pressure using an Eulerian-Lagrangian scheme. This is accomplished
in order to probe into the effects of injection pressure, nozzle diameter, and ambient
density on spray characteristics. An advanced hybrid breakup model that takes into
consideration the transient processes during spray injection has been added to the open
source code, OpenFOAM. Reynolds-Average Navier-Stokes (RANS) equations are solved
using the standard k£ — ¢ turbulence model and the fuel droplet is tracked by a Lagrangian
scheme. Published experimental data have been used for validation of spray characteristics
at 15 kg/m® ambient density and injection pressures of 100, 200 and 300 MPa. Also, three

nozzle diameters of 0.08, 0.12 and 0.16 mm have been implemented for investigating the
effect of this parameter on spray formation. Computed spray shape, jet penetration, spray
volume, equivalent ratio along the injector axis and Sauter Mean Diameter (SMD) illustrate
good agreement with experimental data of a single hole nozzle and symmetric spray. The
effects of fuel injection pressure, nozzle hole diameter and ambient density on main spray
parameters are presented. It is concluded that the numerical model presented here is quite
suitable for accurately predicting diesel spray shapes under ultra-high injection pressures.

(© 2016 Sharif University of Technology. All rights reserved.

1. Introduction

Pollution and efficiency in diesel engines are greatly
influenced by the quality of atomization and the fuel-
air mixture. Injection and chamber pressures are
two of the most important parameters affecting fuel
atomization. Moreover, the fuel injection pressure
of Direct Injection (DI) engines has continued to
increase in recent years, and it has, therefore, become
necessary to take an interest in modeling ultra-high

*. Corresponding author. Tel.: +98 21 64543117;
Fax: +98 21 66412495
E-mail address: pghadimi@aut.ac.ir (P. Ghadimi)

injection pressures (above 100 MPa). The mechanism
of fuel atomization is extremely complicated, and
this multiphase flow consists of a large number of
phenomena, such as cavitation, breakup, evaporation,
and reaction. Among these phenomena, the majority
of past numerical modeling has involved research into
the breakup of droplets during the injection process.
Specifically, increasing the injection pressure leads to
some complicated breakup phenomena that should be
simulated by an advanced model.

Recently, Computational Fluid Dynamics (CFD)
has played a major role in engine development in
automotive and marine industries. Its application as
an engine development tool can be dated back to
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the early 1980’s with considerable development in the
second part of the 1990s [1]. The Eulerian-Lagrangian
scheme is a proper choice to conduct spray simulation
in diesel engines. Moreover, in most literature related
to spray simulation under Eulerian-Lagrangian formu-
lation, the atomization process can be divided into two
procedures; primary and secondary breakup. On the
other hand, several theoretical studies, in particular
those based on surface instabilities, have been devel-
oped. Liquid spray breakup can be caused by Kelvin-
Helmholtz (KH) and Rayleigh-Taylor (RT) instabilities
at the interface of two fluids. KH instability is due
to high shear at the interface, while the RT breakup
theory is based on the stability of liquid-gas interfaces
during acceleration in the normal direction to the
plane. Most commonly used breakup models are based
on KH and RT theories [2].

There has been much research into the numerical
modeling of diesel spray that has focused on breakup
and atomization phenomena. Spray penetration has
been investigated numerically by Wan and Peters [3].
Som and Aggarwal [4] performed 3-D simulations with
detailed chemistry using a new advanced breakup
model. Hosseinpour and Binesh [5] also used a CFD
code to investigate the effect of a breakup model on
spray and mixture formation in a heavy-duty diesel
engine. Som et al. [6] reported a computational
investigation of internal nozzle flow and cavitation
characteristics in a diesel injector. Ishii et al. [7]
presented a method that combines two types of sim-
ulation, based on the particle method, for simulation
of liquid-film breakup near the injector outlet, and a
discrete droplet model for the secondary-drop breakup.
Desantes et al. [8] developed a model which is able to
predict spray tip penetration and spray axis velocity.
Recently, Turner et al. [9] proposed a breakup model
for analyzing the evolution of transient fuel. Also,
Yadollahi and Boroomand [10] used AVL FIRE soft-
ware to perform an investigation into direct injection of
natural gas into the cylinder of spark ignition internal
combustion engines. Mohammadebrahima et al. [11]
simulated in-cylinder flow using ANSYS FLUENT
software. Ghasemi et al. [12] presented a numerical
study on the spray-induced air motion in single and
twin ultra-high injection diesel sprays using ANSYS
FLUENT software.

Ultra-high pressure injection has been the aim of
some recent studies. Kato et al. [13] and Yokota et
al. [14] experimentally examined the effects of injection
pressure ranging from 55 to 250 MPa. An experimental
research study was carried out by Benajes et al. [15]
to analyze the influence of different orifice geometries
on the injection rate of a common-rail fuel injection
system. On the other hand, Kastengren et al. [16]
experimentally studied the effects of nozzle geometry
and injection duration on diesel spray.

Ultra-high injection pressure has also been stud-
ied by Lee et al. [17], experimentally and numerically,
up to 355 MPa. Tao and Bergstrand [18] investigated
the effect of very high injection pressures on engine
ignition and combustion using three-dimensional nu-
merical simulations. Wang et al. [19] presented a
detailed experimental inspection of diesel and biodiesel
spray characteristics for high injection pressure up to
300 MPa. The effect of ambient pressure on the
penetration of a diesel spray was investigated experi-
mentally and theoretically by Roisman et al. [20]. Also,
Zhu et al. [21] experimentally investigated the effects of
fuel injection pressure, ambient gas density and nozzle
hole diameter on the surrounding gas flow of a single
diesel spray under ultra-high injection pressures.

Shervani-Tabar et al. [22] have also carried out
a numerical simulation to study the effect of injection
pressure on spray penetration length.

Recently, open source codes have been utilized
as efficient methods for modeling diesel spray by re-
searchers like Gjesing et al. [23], Kassem et al. [24],
Vuorinen et al. [25], Nowruzi et al. [26] and Yousefifard
et al. [27,28], among others. KIVA and OpenFOAM
software are becoming popular as open source codes in
this field of interest. Accordingly, in the current study,
non-evaporating spray characteristics of an ultra-high
injection pressure diesel spray are studied under injec-
tion pressures up to 300M Pa by the OpenFOAM free-
ware code. The SprayFoam solver has been applied to
consider the compressibility effect of air, and a modified
breakup model has been added to the default solver to
achieve more accurate results at ultra-high injection
pressures. A Lagrangian particle tracking approach
has been employed using a new and advanced KH-RT
breakup model to accurately simulate direct injection
of fuel at very high pressures. Spray tip penetration,
spray angle and spray volume have been computed and
compared against available experimental results.

Governing equations in two-phase flow are pre-
sented first, and the current spray breakup model
is discussed in more depth. Subsequently, details
of experimental data that are used to validate the
current model are presented. Later, computed results
are analyzed and compared against experimental data.
Finally, the advantages of the current scheme in simu-
lating ultra-high injection pressure have been presented
in the conclusions.

2. Governing equations

Mathematical models of fluid flow and heat transfer
are generally developed according to conservation laws
of physics, such as the conservation of mass, Newton’s
second law, and the first law of thermodynamics [29].
Compressible flows can be expressed by Navier-Stokes
(NS) equations describing the conservation of mass,
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momentum and energy. Navier-Stokes equations for
conservative variables of a continuous field are as
follows [30]:

a) Equation of mass conservation:

s (puy) =0, (1)

where p denotes the fluid density, z; is the jth
component of the Cartesian coordinates, and u;
represents the jth component of the fluid velocity.

b) Equation of momentum conservation:
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where P = p+pgz is the modified pressure variable,
p is the pressure, g represents body force, and 7 =
7;; denotes the stress tensor [31].
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Si; is the rate-of-strain tensor

7'5- = —puju’. (4)

¢) Equation of energy conservation:
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0
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Here, E denotes the total energy per unit volume,
g; is the jth component of the heat flux vector,
q. Favre time averaging is applied to the flow
variables. The PISO algorithm [32] is used for the
pressure-velocity coupling, and the standard k& — ¢
turbulence model [33] is applied in RANS modeling.

To capture the turbulence characteristics of the
flow, there are three important approaches for simu-
lation of turbulent flows: Reynolds Average Navier-
Stokes (RANS), Large-Eddy Simulations (LES) and
Direct Numerical Simulation (DNS). Among these,
RANS is still favorite in flow simulation due to its
economy, robustness and reasonable accuracy in a wide
range of turbulent flows. The standard k—¢, which is a
classical turbulence model within RANS and is based
on transport equations for turbulence kinetic energy
(k) and its dissipation rate (¢), has been adopted for
the current study.

The Lagrangian Particle Tracking (LPT) ap-
proach is usually employed for spray simulation. In the
current simulation, the motion of particles is governed
by Newton’s equation of motion. It is assumed that the
force acting on a droplet due to a drag will be given as:

1 du 1 wd?

gpp“d37; = i( g — Up)|ug _u'p|PgCDT7 (6)
where u,, is the particle velocity, u, is the gas velocity
that is interpolated to the particle position from the

adjacent cells, and Cp is the droplet drag coefficient
defined by:

£ (14 tRe/?)  Re, < 1000

Cp= (7)
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The droplet Reynolds number is given by Re, =

Jug—uy|d

v

gSeveral sub-models, such as droplet breakup and
collision, should be used in spray modeling. As
noted before, the breakup process is described by the
aerodynamic stripping of small droplets from the larger
droplets (Kelvin-Helmholtz instability) or the disinte-
gration of large droplets into smaller ones due to the
effect of normal stresses (Rayleigh-Taylor instability).
The Kelvin-Helmholtz wave is driven by aerodynamic
forces among gas liquid phases, whereas the Rayleigh-
Taylor wave is the result of acceleration of shed droplets
ejected into free-stream conditions. The current hybrid
model combines the effects of Kelvin-Helmholtz (IKH)
waves with Rayleigh-Taylor (RT) instabilities [34]. In
the KHRT model, aerodynamic force on the drop
flattens it into the shape of a liquid sheet, and the
decelerating sheet breaks into large-scale fragments by
means of RT instability. KH waves with a much shorter
wavelength originate at the edges of fragments and
break up into micrometer-size drops.

The growth of KH instabilities on the liquid
surface at the interface of two phases that have different
densities, causes “child” droplets to be stripped from
the liquid core of the jet, which is approximated by
“parent” droplets. Radius, r4, of the injected droplet
is assumed to continuously decrease in size during
the breakup process, as described by the following
equation:

drg rg —Ts

= 8
dt Tow ( )

where 73, is the characteristic breakup time of the
droplet, and r, is the radius of stable droplets, given
by:

BoA BoA < 7q

Ts = o ((37T7’3Um/2ﬂ)0'33 (9)

. BoA >
(3r2A/4)0-33 ) 0% T
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where By = 0.61 is the model constant, and A and Q
are wave-length and growth rate of the fastest growing

wave on the surface of the liquid jet, respectively, given
by:

o 0.3440.38We,”
Qg =/—5- 06 (10)
prg (14 Oh)(1+ 1.4Ta>")

(1 4+ 0.45y/0h)(1 + 1.4Ta"")
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ro is the droplet radius before breakup, . = |ug —
u| is the relative velocity between the droplet and
surrounding gas, Oh is the Ohnesorge number, Ta is the
Taylor number, We, and We; are the Weber numbers
for liquid and gas, respectively, and Re; is the Reynolds
number for liquid.

Also, the breakup time is given by:

B R

T = 376261,

(13)
where B is an adjustable model constant which varies
approximately between v/3 and 60, depending upon the
injector type. A higher value of B; leads to a reduced
breakup and increased penetration, while a smaller
value, on the other hand, results in an increased spray
disintegration, a faster fuel-air mixing, and reduced
penetration. The default value of By in the software
is By = 40, and some higher values up to 60 have been
suggested. This model was modified to incorporate
transient effects by Sazhin et al. [35]. The modified
WAVE breakup model introduced new breakup time.
The model constant in Eq. (13) has been modified to:

BPed = By (14 Ci(ah)%), (14)

= @ dpew= 2.B0.A
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where:
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njg

at = 2v/Rey (15)

is the acceleration parameter, C; and Cy are adjustable
model constants, and Res is the gas Reynolds number.

RT instabilities appear when acceleration is nor-
mal to the interface of two fluids with different den-
sities. Similar to KH instabilities, the wavelength
and growth rate of the fastest growing wave can be
obtained from linear stability analysis. The growth
rate of the fastest growing wave and the corresponding

wave length of the Rayleigh-Taylor model are given by
Bellman and Pennington [36], as in:

3/2

_ 2 Jalpr = py)l
QRT‘\/ME P (16)
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For the current numerical model, both instability
models are utilized simultaneously and breakups are
determined by the fastest growth rate of waves. In this
equation, a is the droplet acceleration given as:

§C pgufel .

a =
g P T

(18)
Figure 1 illustrates the schematic diagram of the
breakup mechanism in the KH and RT models.

The KHRT model is the most popular of all
hybrid breakup models. It has been successfully
validated against experimental data and used by many
authors in order to predict the disintegration process
of high-pressure diesel sprays [1].

In the current study, the modified WAVE breakup
model that was introduced by Sazhin et al. [35]
has been implemented, and a new advanced KHRT
breakup model is developed based on Eq. (14) to
simulate ultra-high pressure diesel injection. This mod-
ified model has been added to the SprayFoam solver
of the OpenFOAM freeware. The results produced
by this new model have been compared against the
default breakup model and validated by the available
experimental data of Wang et al. [19].

Back Front O
a
—
A Ul Q
Q
(b)

Figure 1. Schematics of Kelvin-Helmholtz model (a), and Rayleigh-Taylor instability (b) [1].
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3. Computational model

A simple grading structured mesh has been used to
simulate a single-hole injector under a set of conditions
that was experimentally presented by Wang et al. [19].
The modified SprayFoam solver has been utilized to
simulate high-pressure spray. The OpenFOAM 2.1.1
version has been used in this study and run in parallel
using 16 processors. For validation of the current sim-
ulations, the nozzle diameter is taken to be 0.16 mm.
The injector opens and closes rapidly and thus has top-
hat injection rate profiles. Injection duration was set
to be 1.5 ms. Ambient temperature was considered to
be 295 K and fuel density was set equal to 830 kg/m?.
Three injection pressures of 100, 200, and 300 MPa
were adopted.

The fuel properties of kerosene, which are based
on experimental data of Wang et al., are presented in
Table 1.

In general, theoretical studies have assumed that
the injection rate shape is perfectly rectangular. How-
ever, in real cases, this is not completely true, since
the mass flow rate curve is influenced by the dynamic
behavior of the injector that depends on injection pres-
sure and back pressure. Some authors have described
the mass flow rate in the stabilized zone as:

1o = CpiAoy/2p(Pin — Pb), (19)

which has been previously introduced by Payri et
al. [37]. Here, g is the mass flow rate, Cp is the
discharge coefficient, Ag is the nozzle orifice surface at
the outlet, p is the fluid density, p;,; is the injection
pressure, and p, is the chamber pressure during the
injection time. Figure 2 shows the fuel mass flow rate
vs. time at the injection pressure of 300 MPa.

Table 1. Fuel properties [19].

Density (kg/m?) 830
Kinematic viscosity (mm?/s)  3.36
Surface tension (mN/m) 25.5
Nozzle diameter (pum) 160
Injection duration (ms) 1.5

=

Ambient gas temperature (K) 295

3.0

Mass flow rate (g/s)

0.0 02 04 06 08 10 12 14 16

Time (ms)

Figure 2. Injector mass flow rate for P;,,; = 300 MPa.

3.1. Numerical uncertainty analysis

A constant volume chamber of size (50 x 50 x 100 mm?)
has been used, and, based on a grid independency
study, 1.2 x 10% cells were applied to the considered
domain. Also, numerical uncertainty has been es-
timated by applying the Celik [38] method. Three
different grid sizes are selected and the obtained spray
penetration is compared as the main key parameter
of the current study. Based on the error estimation
presented by Celik [38], the procedure of determining
numerical uncertainty is described as follows:

1. Representative grid size, h, is defined as:

1/3

b= , (20)

1 N
N;(Avn

where AV; is volume of the ith cell, and N is the
total number of cells.

2. Three different sets of grids are selected and the
following equations are solved numerically to find
the apparent order, p:

1
S |
D ln(T21)| n leza/ean| + q(p)l,
rh — s
=1 21 7
q(p) H<T§2_S>’
s = l.sign(esa/c21), (21)

where 791 = hz/hl, T30 = hg/hz (hl < hy < h3)7
€21 = ¢2 — ¢1 and €32 = @3 — Pa.

3. Approximate relative error is defined as:

el = "bl 0 (22)
b1
4. The convergence index is defined as:
‘ 1.25¢2!
GCIZ, = =% (23)
5 — 1

This index is considered as numerical uncertainty.

Spray penetration at various time steps, error,
and the convergence index of these simulations
(Pin; = 300 MPa) are presented in Table 1. Ac-
cording to Table 2, numerical uncertainty for spray
penetration in a finer-grid solution is approximately
9.8, 3.1 and 2 percent for times 0.4, 0.6, and 0.8 ms
after the start of injection.

4. Results and discussion

Spray tip penetration and spray angle are two of the
most described spray characteristics in the literature.
Penetration length is defined as the distance between
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Table 2. Calculation of discretization error at three time

steps.
t=04ms t=0.6ms t=0.8ms

(ASOTI) (ASOT) (ASOI)
Ny 5 x 10° 5 x 107 5 x 10°
Ny 1.5 x 10° 1.5 x 108 1.5 x 10°
Ns 3.5 x 108 3.5 x 108 3.5 x 10°

% 52 65 75

bo 55 69 78

¢>3 56 70 78.5
GCT3L, 0.098 0.03079 0.02002

*¢ is spray penetration (mm) for p;in; = 300 MPa.

0 o
20
g
g 40
60
80

Pi, ;=100 MPa Piy, ;=200 MPa Pi,, ;=300 MPa

Figure 3. Comparison of the numerical results under
various injection pressures (for each pressure: left (Exp.),
right (Num.)) at ¢ = 0.7 ms and pgmp = 15 kg/m?® against
the experimental jet penetration shapes [19].

the nozzle and the farthest axial location of the spray
boundary. Also, spray angle is measured based on the
radial distance at the axial location of 40 mm.

In order to examine the capability of the cur-
rent model in predicting spray characteristics under
ultra-high-pressure conditions, the produced results
are compared against experimental measurements for
non-evaporating and non-reacting sprays. Figure 3
presents a set of spray images and numerical results
at ¢t = 0.7 ms for various injection pressures. The
spray shape is compared against experimental results
of Wang et al. [19]. As observed in this figure, spray
shape, droplet penetration and radial dispersion are
in good agreement with the experimentally captured
images of considered cases.

Spray tip penetration, as a function of time, is
perhaps the most common quantity to study in the
field of diesel spray research, since the tip position
can be easily detected from spray shadowgraph images.
Figure 4 shows the effect of the breakup model on
the spray shape for the injection pressure and ambient
density of 100 MPa and 15 kg/m? at ¢ = 1.0 ms after
the start of injection. It is quite evident that the
modified KHRT model presents more acceptable spray
shape and penetration.

Figure 5 illustrates a comparison of the current
spray tip penetration against the experimental mea-
surements of Wang et al. [19] for various injection

0.00 =

0.02

mm

0.03

0.06

(2) (b) (c) (d)
Figure 4. Comparison of spray shapes of different
breakup models with experimental data [19]: (a)
Pilch-Erdman; (b) default KHRT; (¢) modified KHRT;

and (d) experiments.

100
7 % o % A g =
g 80 P ﬁ‘—' ————— "
= o . =h-
- 70 e
o
2 60 ),."/““'
2 50 r
£ 40 P~ " Exp. P=100 MPa
& 5 /4 Sim. P=100 MPa
> , 4  Exp. P=200 MPa
& 20 A et S P P L L L LT Sim. P=200 MPa
S 10 e Exp. P=300 MPa
— . = Sim. P=300 MPa
0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Time (ms)
Figure 5. Comparison of spray jet penetration length of
current simulation with Wang et al. findings [19].

pressures under ambient density of 15 kg/m3. It can
be observed in this figure that the numerical jet fuel
penetration distance agrees well with the experimental
data. Root Mean Square Errors (RMSE) are 1.72,
1.73 and 2.21 for injection pressures of 100, 200
and 300 MPa, respectively. It is quite evident that
increasing injection pressure leads to higher values
of jet penetration. Also, prediction of penetration
at initial times after the start of injection seems to
be more accurate. The spray tip penetration clearly
increases when the injection pressure increases from
100 to 200 MPa. This increase seems to be very
moderate, from 200 to 300 MPa.

The effects of ambient density on spray tip pen-
etration have been presented in Figure 6. Higher
spray penetrations have been achieved under high spray
density. On the other hand, increasing the nozzle hole
diameter leads to higher fuel mass flow rate and, thus,
higher spray penetration, as shown in Figure 7.

Average spray angles for each injection pressure
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100
90
80
70
60
50
40

Spray penetration (mm)

| £~

30 7 e
20 f -

——— P=100 MPa, p=15 kg/m>
— = P=100 MPa, p=20 kg/m‘3
----- P=100 MPa, p=30 kg/m?

0.4

0.6 0.8 1.0 1.2 1.4

Time (ms)

Figure 6. Effects of ambient density on spray tip

penetration.
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Figure 7. Effects of nozzle hole diameter on spray tip

penetration.
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"o 20 o] g/@
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z 17 A Exp. p=15 kg/m'B
g —o— Sim. p=15 kg/m?
m‘l 16

15 0\4}_//,,—-%

14

0 100 200 300 400

Injection pressure (MPa)

Figure 8. Comparison of the average spray angle under
various injection pressures (d = 0.16 mm).

for two different ambient densities and 0.16 mm nozzle
diameter are presented in Figure 8. From this figure,
one may conclude that the spray angle is not sensitive
to injection pressure. Injection pressure appears to
have little influence on diesel spray angle and remains
nearly constant during the whole injection. On the
other hand, ambient condition is an effective parameter
on spray angle. The effects of nozzle diameter on spray
angle are shown in Figure 9. As evident in this figure,
increasing the nozzle hole diameter leads to higher
values of spray angle.

To further understand the spray morphology,
spray volume is estimated and presented in Figure 10.
Spray volume can be described by the relation [39].
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16
15 ’\(,//e
— 14)== d = 0.08 mm
?_;D 13|~ d = 0.12 mm
3 ——d = 0.16 mm
12
g
® 11 -
&
> 10
= 9
Q. A
n 8 e —— e
7
6
0 100 200 300 400

Injection pressure (MPa)
Figure 9. Effects of nozzle hole diameter on average
spray angle under various injection pressures
(pams =15 kg/m?’).

—lw 3 an? 0 (1+2tan(%))
Vi) = gnsi (2) (1+tan (£))°

Comparison of the numerical results of spray volume
under different pressures (100, 200, and 300 MPa)
with the experimental data in Figure 10 indicates good
agreement. Similar to the case of spray penetration,
RMSE values are below 3 for the spray volume. Based
on the experimental data presented by Wang et al. [19],
to eliminate the influence of injection timing on spray
area, the spray area is plotted versus the spray tip
penetration.

The obtained results show that spray volume
has been affected by spray angle and penetration.
Therefore, injection pressure has little effect on spray
volume and it is expected that increasing the ambient
density and nozzle diameter leads to higher spray
volumes. Figure 11 illustrate the effects of ambient
density on spray volume.

The total amount of air entrained up to any axial
location in a fuel jet relative to the amount of injected
fuel is estimated using formula [39]:

(24)

(E( ) _ 2(A/F)st
Y i t6(ajat ) -1

where ¢ is the averaged cross-sectional equivalence
ratio at any axial location of z. (A/F)s is the
stoichiometric air/fuel ratio (14.69 for diesel fuel [19]),
and z is the characteristic length scale for the fuel jet,
as in:

+_ pi vV Cado
pa atan(8/2)’

(25)

x (26)
where C, is the orifice area contraction coefficient,
which is assumed to be 0.95 in this study [37], and
a is constant, with a value of 0.75.

Figure 12 illustrates the averaged cross-sectional
equivalence ratio at any axial location. It is evident
that increasing the ambient density leads to lower
equivalent ratio.
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14000

12000 B Experimental results
e Current study

10000
8000
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4000

Spray volume (mm®)
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Spray penetration (mm)

(a)
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a =
10000 Experimental results
= Current study u

8000

6000

4000

Spray volume (1111113)

2000
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Spray penetration (mm)

(b)

9000|| ® Experimental results
8000 | | e Current study

Spray volume (mn13)

0 20 40 60 80 100
Spray penetration (mm)
(c)
Figure 10. Comparison of the numerical and
experimental results of spray volume in terms of spray jet

penetration length at (a) 100 MPa, (b) 200 MPa, and (c)
300 MPa.

Further insight into the breakup process can
be gained by examining the droplet size predictions.
Sauter Mean Diameter (SMD) is defined as the diame-
ter of a sphere that has the same volume/surface area
ratio as the entire spray. The SMD correlation has been
presented by Ejim et al. [40] as in:

SMD = 6156,00.3850,0.737p[f].737p2.06AP70.547 (27)

where v and ¢ are viscosity and surface tension, and
AP is the difference between injection and ambient
pressures. The effect of injection pressure on SMD for
various injection pressures is presented in Figure 13.
At the start of injection, SMD is close to the
nozzle size and then sharply reduces, as a result of the
breakup process. As shown in Figure 10, higher spray
injection leads to smaller droplet size. SMD wvalues
match the analytic data under high injection pressure.
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Figure 11. Effects of ambient density on spray volume

for P;,; = 100 MPa and d = 0.16 mm.
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Figure 13. Effect of injection pressure on SMD
(Pin; =100 MPa, d = 0.16 mm).

Based on the numerical results of spray penetra-
tion, spray angle and spray volume, and their favorable
agreement with existing experimental data, for which
maximum RMSE is below 3, one may suggest that
the proposed solver and the applied sub-models are
suitable tools for accurate simulation of ultra-high
pressure diesel spray.

5. Conclusions

A numerical investigation has been performed, based
on three dimensional CFD simulations, for validation
of the atomization model of a single hole nozzle
and symmetric diesel spray under ultra-high pressures
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and non-evaporating and non-reacting conditions. A
Lagrangian particle tracking scheme has been imple-
mented for the liquid droplet modeling, and the RANS
method has been used to simulate the gas field. The
SpraydFoam solver of the OpenFOAM open source
code has been modified to consider the transient effects
of ultra-high injection pressures, based on a valid
scheme. A comprehensive study of the effects of
different parameters, such as fuel injection pressure,
ambient gas density, and nozzle hole diameter, on spray
characteristics has been conducted. The new modified
breakup model presented more accurate results in the
case of ultra-high injection pressures. Based on the
acquired results, it is concluded that fuel pressure,
ambient density and nozzle diameter have the greatest
effect on spray penetration length. The spray tip pen-
etration clearly increases when the injection pressure
increases from 100 to 200 MPa. This increase seems
to be very moderate, from 200 to 300 MPa. Higher
spray penetrations have been achieved under high spray
density. Increasing the nozzle hole diameter leads to
higher fuel mass flow rate and higher spray penetration.
Injection pressure appears to have little influence on
diesel spray angle and remains nearly constant during
the whole injection. On the other hand, ambient
condition is seen to be an effective parameter on the
spray angle.

The aim of the present study has been to generate
a model for accurately predicting spray shapes and
properties, especially at ultra-high injection pressures.
High injection pressure breaks droplets into smaller
sizes, thus slightly reducing spray penetration. As a re-
sult, a higher dispersion rate is predicted. Meanwhile,
increasing injection pressure leads to small droplets and
a decrease in Sauter Mean Diameter (SMD). Good
agreement has been achieved between the proposed
numerical model and the experimental measurements
reported in the literature. The maximum value of the
Root Mean Square Error (RMSE) is determined to
be below 3 for the spray penetration and volume. In
conclusion, it is also found that the proposed Eulerian-
Lagrangian scheme, using RANS formulation for the
continuous field, and the new advanced composite
breakup model are appropriate for simulation of a very
high direct injection pressure.

Nomenclature

A, Nozzle orifice surface (m?)
By Breakup constant

B Breakup constant

Cp Drag constant

Cp; Discharge coefficient

E Total energy per unit volume
g Body force per unit of mass

Ly
Oh
T,
p
Db
Pinj
Pr
q

To
Te
Re,
Re;
Sij

Breakup length (m)
Ohnesorge number

Mass flow rate (kg.s™ 1)
Pressure (Pa)

Chamber pressure (Pa)
Injection pressure (Pa)
Prandtl number

Heat flux vector

Droplet radius before breakup (m)
Radius of child droplets (m)
Particle Reynolds number
Liquid Reynolds number
Rate-of-strain tensor

Taylor number

Fluid velocity (m.s™ 1)
Particle velocity (m.s™!)
Gas velocity (m.s™1)

Jet velocity (m.s™1)

Gas Weber number

Liquid Weber number

Greek letters

A Kelvin-Helmholtz wavelength (m)
Qxn Kelvin-Helmholtz growth rate (s~!)
Agr Rayleigh-Taylor wavelength (m)
QrT Rayleigh-Taylor growth rate (s=1)
U Dynamic viscosity (kg.m~!.s71)
v Kinematic viscosity (m%.s71)
p Density (kg.m™3)
Pp Particle density (kg.m™3)
Thu Breakup time (s)
Tij Stress tensor (kg.m~!.s72)
TKH Kelvin-Helmholtz breakup time (s)
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