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ABSTRACT

Fuel injectors for automobile engines atomize fuel into
multi-scale free surfaces: liquid films formed at the fuel-
injector outlet, ligaments generated by the liquid-film breakup,
and droplets generated from the ligaments within the air/fuel
mixture region. We previously developed a fuel spray
simulation combining the liquid-film breakup near the injector
outlet with the air/fuel mixture. The liquid-film breakup was
simulated by a particle method. The fuel-droplet behavior in the
air/fuel mixture region was simulated by a discrete droplet
model (DDM).

In this study, we applied our method to simulate fuel
sprays from a fuel injector with collision jets. The simulation
results were compared with the measurements— the mean
diameter of droplet in spray, Ds,, was 35 percent larger than
measured D;;. We also studied the effects of DDM injection
conditions on the spray distribution in the air/fuel mixture
region— diameter distributions of injected DDM-droplets were
given by the liquid-film breakup simulation, or by Nukiyama-
Tanazawa’s theory. The diameter distribution of droplets near
the injector outlet was found to affect the spray distribution
within the air/fuel mixture region, mainly around the leading
edge of spray.

INTRODUCTION

To protect the Earth’s environment, lower engine
emissions and improved fuel efficiency have recently become
more necessary in automobile engines. Fuel injectors are used
for atomizing fuel into minute droplets of fuel spray, which are
then injected into automobile engines. Both finely atomizing
the fuel and injecting the spray into automobile engines lower
engine emissions and improve fuel efficiency. Computer
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simulations of the fuel spray are very useful in studying the
atomization and the spray form. However, the fuel-spray
simulation is hard, because the fuel spray contains multi-scale
free surfaces: liquid films formed at the injector outlet,
ligaments generated by liquid-film breakup near the injector
outlet (within a few millimeters of the injector outlet), and fuel-
droplet in the air/fuel mixture region (within about 100
millimeters of the injector outlet).

The liquid-film breakup, involving the liquid films and the
ligaments, has mainly been simulated with front-capturing
methods (for example, volume of fluid method [1], level set
method [2], and cubic interpolated propagation (CIP) method
[3]) [4]1[5][6]. However, in these methods, free surfaces are lost
due to numerical diffusion, and a long computation time is
required because it is necessary to use computational grids finer
than the thickness of the liquid films and ligaments. To avoid
losing free surfaces, we previously developed a particle/grid
hybrid method [7][8]. Both the fuel flow within the flow paths
of the injector and the liquid film at the injector outlet were
simulated by a grid method, namely, CIP. Furthermore, the
liquid-film breakup was simulated by a particle method
(moving-particle semi-implicit (MPS) method [9]). In the
simulation, particles were moved as a fully Lagrangian
description, which avoids free surfaces being lost due to
numerical diffusion.

The fuel-droplet behavior in the air/fuel mixture region
was generally simulated by a discrete droplet model (DDM)
[10]; a DDM-droplet is a group of droplets injected under the
same velocity, diameter, and time conditions. The DDM-droplet
was defined as a sphere. The injection conditions of the DDM-
droplet were defined by velocity and diameter distributions
given from measurements. However, to cut the cost for
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measurements, the measurements had to be replaced by the
computer simulation (that is, the liquid-film breakup
simulation).

In recent studies, we developed a fuel-spray simulation
that combines the behaviors of the air/fuel mixture and the
liquid-film breakup [11]. Figure 1 shows the simulation model
used in this study. Both the fuel flows within the flow paths of
the injector, the liquid film at the injector outlet, and airflow
near an injector outlet were simulated by a grid method,
namely, CIP. Furthermore, the liquid-film breakup near the
injector outlet was simulated by the particle method, namely,
MPS. The DDM injection conditions (velocity and diameter
distributions of DDM-droplets) were defined by distributions
of velocities and diameters that were calculated in the
simulation of the liquid-film breakup. The data-sampling region
was assigned within a few millimeters of the injector outlet.
The airflow in the air/fuel mixture region was simulated by
using the Cartesian-grid method [12] with uniform rectangular
computational grids. Note that the computational grids within a
complex geometry can be generated from computer-aided
design (CAD) data in a few minutes.

In this study, at first, we modified the particle/grid hybrid
method in our fuel spray simulation; procedure combining
particle and grid methods were changed to get better numerical
convergence. A simple benchmark test, dam break problem by
Martine and Moyce, was used for the verification of our
method. Then, we applied our method to simulate the spray
from some test injector-models with a collision jet. The
simulation results were qualitatively verified by comparing
them with measurements; predicted droplet diameters in sprays
from the test injector-models with some changes of nozzle
dimensions were compared with those of measurements. It was
found that the simulation predicted the relative differences of
mean droplet diameters between the test injector-models, and
the errors of mean droplet diameters between the simulations
and measurements were less than 11 percent.

NOMENCLATURE

d : diameter of DDM-droplet

N? : particle number density of fluid i (i = 1 or 2),
integrated in radius R,

Ny : particle number density defined by particle-
distribution at the start of computation

R : distance between a particle and a grid

R, : effective range of interpolation

t : time

u : velocity

w : weight function of interpolation

5 : distance from free surface (number of cells)
within fluid i (i = 1 or 2)

V4 : viscosity

Ocip : volume fraction of liquid calculated by CIP

0 : density

Subscript

CcIp : parameters related to CIP

d : parameters related to DDM-droplet

a : parameters related to air in air/fuel mixture
simulation

MPS : parameters related to MPS

Inner flow:
Front capturing
method Hybrid
method
Liquid ﬁl Liquid-film breakup:

ngament Particle method

Data sampling

/' Air/fuel ** "

R Air/Fuel mixture:
%, mixture .S

o Discrete droplet model
e Cartesian grid method

Droplet

Fig. 1 Simulation model for fuel spray with air/fuel mixtrure.

FORMULATION
Liquid-film breakup simulation The liquid-film
breakup was simulated with the particle/grid hybrid method

[8]; liquid films, ligaments, and droplets that were smaller than

the grid sizes were calculated by MPS, and other flow fields

were calculated by CIP. For the particle/grid hybrid method,

MPS and CIP were combined in the following three steps:

Step 1: Advection velocities are calculated from the advection
equations of MPS and CIP.

Step 2: Advection velocities determined in step 1 are modified
by using a weight function on the basis of a particle-
number density given by MPS and a distance (defined
by the number of cells shown in Fig. 3) from a free
surface. The position of the free surface is defined as
0.5 of volume fraction of liquid given by CIP.

Step 3: Diffusion and source terms are calculated. After that,
the Poisson equations of pressure used in both
methods are solved respectively. Velocity and
coordinates of particles are modified by using the
pressure given by the Poisson equation in MPS.

Here, only step 2 was added to the original procedures (namely,

steps 1 and 3) in MPS and CIP. In step 2, the advection

velocities were modified as

u’\/IPS - (l 2'MPS) ﬁ’\/IPS + A”\/IPS E(CIP) and (1)

uC[P (1 /ICIP ) (MPS) + /ICIP CIpP * (2)

Here, uyps is velocity defined in terms of particle coordinates,
given by the advection part of MPS, and ups is velocity
interpolated in terms of grid coordinates; ucp is velocity
defined in terms of grid coordinates, given by the advection
equations of CIP; and ucp) is velocity interpolated in terms of
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particle coordinates. The interpolation functions between
particle coordinates and grid coordinates, and the weight
function are written as

iy W(R,)
ﬁ(MPS) e e (3)

2W(R)

i#]

Dty W(R))

— i#)

u(CIP) = W
i

i#j

and 4)

i -1 (Ri/' < Re)
W(Ru) = R‘./. , ®)
0 (Ré'/' > Re)

where R;; is the distance between i th particle and j th grid, and
R, is an effective range defined as 1.0 to 1.5 cells. In Egs. (1)
and (2), 4 is a function for switching the velocities given by
MPS or CIP and is defined in terms of the particle number
density and the distance (defined by the number of cells shown
in Fig. 3) from a free surface; Ay,ps and A¢p are given as

0 (67 <5m)
j“MPS = (5U) - 5::;)/(5;2;( - 5::3;1) (5;:; <6V < 5&) , (6)
1 (67>,
ﬂ'cm = ﬂ’MPS 1-5, @)
where,
B= QCIP ﬂ(]) +(1- 961p)18(2) > (3
BO=D N /NO and ©9)
i#]
N =D W(R)". (10)

Here, Gcjp is the volume fraction of liquid calculated in CIP
(Bcip 1s 0 in air, and Ggpp is 1 in fuel). N9 is particle-number
density, where i (i = 1 or 2) means the kind of fluid; in this
study, fluid 1 (i = 1) means the air and fluid 2 (i = 2) means the
fuel. N, is the particle-number density calculated by using the
particle distribution at the start of computation.

Figure 2 shows a simulation model of the liquid-film
breakup in a collision jet. Fuel goes thorough a pass under the
plunger rod and then enters the nozzles. Liquid columns are
formed at the nozzle outlets and then make a collision jet. After
the liquid columns collide, a liquid film is formed, the tip of the
liquid film breaks up into ligaments, and then the ligaments
break up into the droplets. The free surfaces calculated in CIP
disappear due to numerical diffusion if they become close to
the sizes of the computational grids, while the particles in MPS
are left. In this study, particles used in MPS were generated
within the nozzles, the liquid column, and the liquid film.
(When the particles were generated only within the nozzle, the
smooth liquid-film was not formed due to scattering particles.)
The particles were generated in the region where 6, was more
than 0.5 and the particle density (= [particle number density] /
[initial particle number density]) was less than 0.97. If the

threshold of f;p was set close to 1.0, the convergence of
computation became unstable. The threshold of 0.97 of the
particle density was the same as that of the pressure boundary
condition on the free surface in MPS. The particles outside the
computational region were removed. Furthermore, different
time steps were used in CIP and MPS for stable convergence of
computation; the ratio was set to 20, that is, the advection
velocities in MPS were modified every 20 time-steps with
those in CIP.

The boundary condition between MPS and CIP was defined
as only the advection velocity, and the particle pressure in MPS
was used to keep a uniform distance between particles;
pressure was set to zero if the particle density (= [particle
number density] / [initial particle number density]) was less
than 0.97. In Fig. 2, the particle pressure on the free surfaces
(and, in some cases, particles inside the fuel) is set to zero.

Figure 3 expands region 4 from Fig. 2 to define distance
from an interface. Here, 8 (i =1, 2) is distance (defined as the
number of cells) from a free surface, and & is positive in the
arrow direction. The red line is an interface between fluids 1
and 2 in CIP, and the interface is defined as 0.5 of volume
fraction of liquid in CIP. The distance from the interface is
defined as the number of cells from the red line (in 3D
simulation, the red line is a surface). The distance at a particle
position is given as

D Dey W(R,)

D = i#] . 11
(MPS) ZW(RU) ( )

Here, D¢p is the distance defined in CIP (D¢yp is defined at the
center of cells), and Dps) is the distance interpolated in terms
of particle coordinates. Advection velocity near free surfaces
was calculated by MPS (J is from 0 to J,,,), and that outside
free surfaces was calculated by CIP (Jis more than J,,,,).

Fucl Plunger rod Fuel
ue SN = ue

Nozzle —» Nozzle
L —— |
T _» [
Liquid column Interface
QOO0 A defined by CIP
Liquid film—7"
T~ Particles
used in MPS
Li t—p .
1{\;a‘an‘ | 1 <4—Grids
1 11 T

Fig. 2 Simulation model for liquid-film breakup near nozzle
outlets
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Fig. 3 Definition of distance from interface (expansion of
region 4 in Fig. 2).

In the range between 9,,;, and J,,,, the advection velocity was
calculated by combining the advection velocities given by MPS
and CIP. In egs. (1) and (2), the advection velocity in MPS is
used in the range from 0 to J,,,, and the advection velocity in
CIP is used outside J,,. (When particle density S is close 1,
the advection velocity in MPS is used in all cases.) In the range
between 9, and J,., the advection velocity is interpolated
between those in CIP and MPS. The difference between Oy
and Jn.x was set to 0.5 (half a cell). If a larger difference
between % and 6 had been used, numerical stability

would have improved; however, the interface of the free
surface would have been smoothed out more.

In this study, to shorten the computational time, particles
only for fluid 2 (fuel) in Fig. 3 were simulated, and particles for
air were neglected (in other words, the single-phase particle-
model was used; the two-phase particle-model was not used).
Surface tension was calculated by MPS. In the calculation, a
surface-tension model developed by Kondo et al. [13] was
used; the model has good convergence in computation because
the surface tension is calculated by attractive force based on a
potential force. The effective radius for calculating the surface
tension was set to 2.2 times larger than the initial particle
distance.

Air/Fuel mixture simulation  Fuel-droplet behavior in
the air/fuel mixture region was simulated by DDM [10]; a
DDM-droplet is a group of droplets injected under the same
conditions in terms of velocity, diameter, and time. The DDM-

droplet was defined as a sphere, and the motion of the DDM-
droplet was calculated by using the following equations:

du 3 . - =

%:#CDM —ud|(ua —ud), (12)
where

C, =(063+48/|Re, | and (13)

Re, =, _ﬁd|ddloa/ll’la : (14)

Here, subscripts d and a represent droplets and air, respectively.
The injection conditions (namely, velocity and diameter
distributions of the DDM droplets) were defined in accordance
with the results of the liquid-film-breakup simulation, and the
data-sampling region was set within a few millimeters of the
injector outlet. The airflow was simulated by a finite volume
method, and turbulence flow was simulated by quasi-direct
numerical simulation on the basis of Kawamura and
Kuwabhara’s scheme (third-order resolution) [14].

Initial distance between

Data-sampling region particles in MPS
<>

7
7

%7

AN

Z

Fig. 4 Calculation of velocity and diameter distributions of
droplets in data-sampling region.

Combination of liquid-film breakup and air/fuel
mixture simulations The injection conditions of DDM
were calculated from the particle distribution simulated in MPS
for the liquid-film-breakup simulation. The particles were
assigned to uniform cubic grids within the data-sampling
region; in particular, the size of the cubic grids was set to the
initial distance between particles in MPS (see Fig. 4). The
particle distribution (shown by the hatched region) was used to
calculate the velocity and diameter distributions of droplets. In
the case of MPS, a droplet was formed from a group of
particles, so isolated particles had no physical meaning.
Accordingly, droplets formed from more than four particles
were used to calculate the velocity and diameter distributions.

The flow rate of fuel was calculated from the mass flow
rate ¢ at the inlet boundary used in CIP and the injection time
Tsor; the number of DDM droplets was calculated by using the
following equation:
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Tshot
I qdt
N, = °— .
Ny 2 (V)
i=1

Here, V; is volume of i th droplet, p is density of the droplet, n
is the number of droplets in the data-sampling region, and Ny,
is the number of the data sampling. Calculating the numerator
in Eq. (15) needs a long computation time. In this study, the
data was sampled under the steady flow conditions, and then
the numerator in Eq. (15) was simplified as

Tshot
["adt=pT,,[u,dd,, . (16)

Here, u;,., is velocity at the inlet in CIP and 4;,,, is the inlet
area.

(15)

COMPUTATIONAL MODEL

Figure 5 shows grids (a) the computational grids used for
the liquid-film-breakup simulation and (b) the grids for the
air/fuel mixture simulation. Figure 5(a) consists of hexahedral
grids with 204,950 cells. In particular, a geometry half the size
of the original was used in the simulation, six nozzles (twelve
nozzles in the original model) were assigned at the end of the
inner flow path, and the size of the air region was set to 3 mm
below the nozzles. The six nozzles in Fig. 5 generated three
pairs of collision jets; each dashed-line circle in Fig. 5(a) shows
a pair of nozzles. The bottom and the side boundaries except
the symmetric boundary were defined as the outlet boundary.
Figure 5(b) consists of uniform cubic grids with one million
cells. The grid generator used for the air/fuel mixture
simulation was based on the Cartesian-grid method, so a
complex geometry of grids was generated in a short time from
CAD data. However, the simple geometry of grids shown in
Fig. 5(b) was used to verify the present simulation model. In
Fig. 5(b), an injection point was located at the top-center
position of the computational region, and the size of the air
region was set to 100 mm; the minimum size of computational
grids was 1 mm. All boundaries were defined as walls. The fuel
pressure at the inlet boundary in Fig. 5(a) was 0.4 MPa, and the
pressure in the air region was 0.1 MPa. The air and fuel
densities were 1.18 kg/m® and 783 kg/m’, and their viscosities
were 1.86x10° Pa-s and 8.46x10™ Pa-s, respectively. The
surface tension was set to 28.0x10° N/m. About 20,000
particles were used in MPS (initial distance of particles was
22.9 um). The time steps in CIP and MPS were 1.0 X 107 s and
2.0 X 10° s respectively; the advection velocities in both
methods were modified every 20 steps in CIP. The time step in
air/fuel mixture simulation was 6.0 X 10 s. The CPU time for
one case in the liquid-film breakup simulation was about 8
hours with a PC of 3.0 GHz CPU, and that in the air/fuel
mixture simulation was about 5 hours with a PC of 2.66 GHz
CPU.

(@) (b)

Injection point

Inner
flow-pass
Nozzles Air
region:
Air region: 100 mm

3 mm

Fig. 5 Computational grids: (a) grids for liquid-film breakup
simulation (204,950 cells. half size of original geometry), and
(b) grids for air/fuel mixture simulation (1,000,000 cells).

(@) (b)

(0.3 ms)
Fig. 6 Three collision jets near nozzle outlets in Fig. 5(a)
viewed from left: (a) measurement and (b) simulation.

(a)

Fig. 7 Collision jets near nozzle outlets viewed from front in
Fig. 5(a): (a) fuel distribution, and (b) velocity distribution.
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RESULTS AND DISCUSSION

Figure 6 compares the simulated liquid-film breakup with
the measured breakup: (a) the measurement and (b) the
simulation. Figure 6 shows Fig. 5(a) from the left and snap
shots in a steady state of the collision jets. The behavior of the
collision jets in the simulation (0.3 ms) agrees well with the
measured behavior. Figure 7 shows the fuel distribution in Fig.
5(a) from the front. The fuel distribution is represented with
particles in MPS; the liquid films, ligaments, etc. are formed by
groups of particles. In Fig. 7(a), the three collision jets form
one beam that advances to the bottom left. (In the original
model, the beam in the right half in Fig. 7(a) advances to the
bottom right, that is, two beams was formed in the spray of the
original model.) Figure 7(b) shows the velocity distribution
(calculated in CIP) in the center plane; the fuel goes through
the pass under the plunger rod, and velocity with high speed
(about 20 m/s) is generated in the liquid film formed by two
liquid columns colliding (the maximum velocity was 24 m/s
within the nozzle).

Table 1 compares spray properties between the
measurement and the simulation; the jet angle (at 3.75 ms,
details are shown in Fig. 9) in the measurement was 60°, and
that in the simulation was 64°. The flow rate in the simulation
was 7 % larger than that in the measurement, and the mean
diameter, Dj3,, in the simulation was 35 % larger than that in the
measurement. The mean diameter, Ds,, is defined as

Z nd;
S (17)

Here, d; is diameter of i th droplet, and #; is number of particles
with the diameter d;. The Dj, in the simulation depends on the
initial distance between particles, and relationship between Dj,
and the initial distance between particles will be studied in
future work.

In Fig. 7(a), free surfaces of the liquid film, ligaments, and
droplets are represented as groups of particles. In some cases, it
was difficult to imagine the shapes of the free surfaces. Figure
8 shows the free surfaces visualized by ray tracing [15] from
the particle distributions. In (a), six pairs of collision jets are
shown, Fig. 5(a) is viewed from the front, and the simulation
results in the left half of Fig. 8(a) were copied to the right half.
In (b), the center collision jet among the three collision jets in
the right-half side of Fig. 8(a) is shown. The liquid film is
visualized as a continuum body, and its breakup into regiments
is visualized realistically. The tip of the liquid film breaks up
into ligaments, and the ligaments break up into droplets. The
standard time (0 ms) is set to the time when the liquid columns
appeared from the nozzle outlets.

D32 =

Table 1 Comparison of spray properties in the simulation with
those in the measurement.

Jet angle (at 3.75 ms) Measurement 60°
Simulation 64°

Difference in flow rate +7%

Difference in mean diameter, D;, +35%

(@)

0.12 ms 0.16 ms 0.24 ms

0.27 ms 0.3 ms

Fig. 8 Liquid-film breakup visualized by ray tracing. (a) six
collision jets in Fig. 5(a) viewed from front. Spray data in
right half in Fig. 7(a) was copied from that in left half. (b)
liquid-film breakup of a collision jet.
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Figure 9(a) shows snap shots from different times of the
measured air/fuel mixture, and (b) and (c) show simulation
results under different injection conditions for DDM droplets;
(b) the diameter and the velocity distributions were given from
the liquid-film breakup simulation (by MPS), and (c) the
diameter distribution was given by Nukiyama-Tanazawa’s
theory (the mean diameter was calculated by using the results
of the liquid-film breakup simulation), and the velocity
distribution was given from the liquid-film breakup simulation
(by MPS).

(a)

(b)

(c)

The calculated velocity and diameter distributions in the data-
sampling region were given in half the size of the original
geometry (see Fig. 5(a)); accordingly, the velocity and diameter
distributions were copied on the right side of Fig. 5(a)
symmetrically. Figure 9 shows Fig. 5(a) from the front; the fuel
spray from 12 nozzles spreads in two directions.

0.2 ms 3.75 ms 6.0 ms

Fig. 9 Air/fuel mixtures of collision injector. (a) measurements. Simulations under different injection conditions; (b) diameters: MPS,
velocities: MPS; and (c) diameters: Nukiyama-Tanazawa’s theory, velocities: MPS.
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The behavior of the air/fuel mixture in (b) qualitatively agrees
with that of the measurements with time; the simulated results
show two leading edges at the bottom of the spray, but the
lengths of leading edges are a little longer than those in
measurements, while the simulation results in (¢) show
ambiguous leading edges at the bottom of sprays. The
simulated jet angle was also compared with the measured one;
the angle was defined at the time of 3.75 ms by using the spray
profiles at the tops of sprays. The simulated angle was 64
degrees, larger than the 60 degrees of the measurement.

(a) (b)

Figure 10 compares the air/fuel mixture under three
injection conditions. Here, in (d), a new injection condition is
added to those in Fig. 9: the diameter distribution was given by
Nukiyama-Tanazawa’s theory and the velocity-distribution was
given as the uniform velocity (mean velocity) calculated by
using the results of the liquid-film breakup simulation. The
shape of the leading edge in (d) is almost the same as that in
(c), and the diameter distribution under the injection conditions
was found to affect the shape of the leading edge; the spray in
(b) includes relatively large droplets, which pull surrounding
air with other relatively small droplets, and then the leading
edges are formed.

(© (d)

Fig. 10 Comparison of air/fuel mixtures under different injection conditions (at 2.25 ms): (a) measurement, (b) diameters: MPS,
velocities: MPS, (c) diameters: Nukiyama-Tanazawa’s theory, velocities: MPS, and (d) diameters: Nukiyama-Tanazawa’s theory,

velocities: uniform velocity (mean velocity in MPS).

(@) (b)

(“1.E+01)
1.+1.0000
2.40.9000

5.+0.6000
6.+0.5000
7.+0.4000
8.+0.3000
9.+0.2000
10.+0.1000
11. 0.0000

("1.E+01)
1.+1.0000
2.40.9000

1.E+01)
1.+1.0000
2.+0.9000

5.+0.6000
6.+0.5000
7.+0.4000
8.+0.3000
9.+0.2000
10.+0.1000

11. 0.0000 11. 0.0000

Fig. 11  Velocity distributions in air/fuel mixture regions (at 6.0 ms);(a) diameters: MPS, velocities: MPS, (b) diameters: Nukiyama-
Tanazawa’s theory, velocities: MPS, and (c) diameters: Nukiyama-Tanazawa’s theory, velocities: uniform velocity (mean velocity in

MPS).
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Figure 11 shows velocity distributions in the air/fuel
mixture region at 6.0 ms under the three injection conditions:
(a) the diameter and the velocity distributions were given from
the liquid-film breakup simulation (by MPS); (b) the diameter
distribution was given by Nukiyama-Tanazawa’s theory (the
mean diameter was calculated by using the results of the liquid-
film breakup simulation) and the velocity distribution was
given from the liquid-film breakup simulation (by MPS); and
(¢) the diameter distribution was given by Nukiyama-
Tanazawa’s theory and the velocity-distribution was given as
the uniform velocity (mean velocity) calculated by using the
results of the liquid-film breakup simulation. In Fig. 11(a), the
velocity in the part of the leading edge is higher than those in
(b) and (c); the velocity was formed by relatively large droplets
in the spray. The velocity distributions in (b) and (c) were
almost the same.

SUMMARY
Fuel sprays formed by collision jets for automobile

engines were simulated by combining the liquid-film breakup

simulation and the air/fuel mixture simulation. The liquid-film
breakup was simulated by a particle method, and the fuel-
droplet behavior in the air/fuel mixture region was simulated by

a discrete droplet model (DDM). The results of the study are as

follows:

1. The spray properties in the simulation were compared with
those in the measurements. The jet angle in the
measurements was 60°, and that in the simulation was 64°.
The flow rate in the simulation was 7 % larger than that in
the measurements, and the mean diameter, Dj;,, in the
simulation was 35 % larger than that in the measurement.

2. The effects were studied of DDM-droplet injection
conditions on the air/fuel mixture. Three injection
conditions were studied: (a) the diameter and the velocity
given by the liquid-film breakup simulation, (b) the
diameters given by Nukiyama-Tanazawa’s theory and the
velocities given by the liquid-film breakup simulation, and
(c) the diameters given by Nukiyama-Tanazawa’s theory
and the velocities given by uniform mean-velocity. The
behavior of the air/fuel mixture with (a) qualitatively
agreed with that of the measurements; the simulation with
(a) showed two leading edges at the bottom of sprays that
were the same as the measurements, while the simulations
with (b) and (c) showed no leading edge at the bottom of
sprays. The diameter distribution under the injection
condition was found to affect the shape of the leading
edge.

Our method combining the liquid-film breakup and the air/fuel

mixture was found to be useful in the fuel-spray simulation for

automobile engines.
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