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Gasoline direct injection spray simulation✩
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Abstract

In this paper the problems related to mixture formation in a GDI engine are analyzed. The atomization of a hollow cone fuel spr
ated by a high pressure swirl injector is studied by means of a numerical technique. The model distinguishes between primary a
and secondary breakup. The latter was modeled, as done in a previous work on Diesel atomization, using different mechanisms as
Weber number changes. At first the spray atomization in a quiescent chamber, at ambient pressure and temperature, was consider
dation of the model was made comparing the numerical penetration and spray morphology with experimental results. Combustion s
were also performed comparing numerical results with experimental data of a GDI (Gasoline Direct Injection), 4 stroke, 4 cylinder,
per cylinder engine. Such simulations were made to analyze and understand the mixture formation mechanism in both stoichio
stratified operation mode. The results show how, the interaction between the air motion and the fuel spray, leading factor in spray at
is fundamental to realize an efficient mixture formation and combustion locally very lean, typical of stratified charge combustion.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

In the last twenty years the fuel system of spark ignit
(SI) engines has evolved monotonically from carburetion
throttle-body injection, then to simultaneous-fire port-fu
injection (PFI), and more recently to phased sequential
PFI. Advanced systems such as variable valve-timing, m
ple roller camshaft, computer algorithms for transient me
ing, turbocharging have also been incorporated. But the
rent high-technology PFI engine, although highly evolv
has nearly reached the limit of the potential since it still u
throttling for load control and it still has a film of liquid fue
in the intake ports. The gasoline direct injection (GDI),
theory, does not have these two limitations and offers m
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opportunities for achieving significant improvements in
gine fuel consumption and emissions reductions [1,2].

To satisfy CO2 emissions restrictions that will be in
troduced in the industrialized countries, Brake-specific
consumption (BSFC) has to be reduced. Gasoline port
injection engine that are in production today have an hig
BSFC compared to the direct-injection (DI) Diesel engi
This is due to the higher compression ratio and the unth
tled operation typical of diesel engines, that, however, h
higher NOx and soot emissions, slightly higher noise le
and lower startability. The ideal would be to put toget
the best features of the both combining Diesel efficie
with gasoline specific power. Studies in this direction h
shown that this may be achieved with gasoline direct in
tion (GDI) unthrottled engine. Fuel is injected directly in
the combustion chamber in order to have a mixture with
ignitable composition near the spark plug at the time of ig
tion for all loads. Power is controlled by varying the amo
of fuel injected in a diesel-like manner, and with the u
throttled operation pumping losses are significantly redu
Because of the charge cooling during injection higher co
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Nomenclature

CD drag coefficient
�D characteristic size of Rosin–Rammler distribu-

tion function
d diameter
F ratio between the amplitude of the pressure

waves that arise in viscous flow over those in a
unviscous flow

h sheet thickness
K discharge coefficient
Lb break-up length
Oh Ohnesorge number
p pressure
q exponent of the Rosin–Rammler distribution
t time
ū velocity
U magnitude of ligament velocity
We Weber number
X orifice-air core area ratio

Greek symbols

α hollow cone angle
β thickness angle
θ spray angle respect to the injector axis
λ mixture equivalence ratio
ρ density
σ surface tension

Subscript

0 initial
amb ambient
D droplet
g gas
h ligament
inj injection
l liquid
n normal direction
noz nozzle
r relative (gas–liquid)
vol-
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pression ratio, lower octane requirement and increased
umetric efficiency lead to an improved BSFC up to 30%.

There can be different degrees of design complexity f
GDI engine:

(1) The simplest one is an engine that operates in the e
injection homogeneous stoichiometric mode, that u
throttling for load control. It doesn’t use the potent
associated with throttle elimination but still takes the
vantages of charge cooling and more rapid startabili

(2) The next level would be an engine that uses a lea
homogeneous mixture with reduced throttling for so
degree of load control.

(3) The last is the full GDI concept: unthrottled, using
overall lean stratified mixture at part load, obtained w
a late injection, that smoothly passes to a homogene
full load mixture by injecting increased volumes of fu
early in the cycle.

The most complex would operate in all three modes at
ious times, requiring complex control system ad relia
sensors. The realization of highly stratified GDI comb
tion chambers is one of the hardest task, where the c
step is the stratification at partial loads, at which, an e
neous mechanism of mixture formation leads to an incre
of engine specific consumption and unburned hydrocarb
emissions [3,4].

2. From port fuel to direct injection gasoline engines

In the PFI engine, the gasoline is injected into the
take port of each cylinder mostly onto the back of the int
valve when it is closed. The injector is mounted either in
cylinder head upstream of the intake valve or in the int
manifold near the cylinder head. During cold start a trans
film of liquid fuel is formed in the intake valve area of th
port, and some portion of it is drawn into the cylinder duri
each induction event. So the fuel delivered to the cylin
in each cycle differs from that metered by the injector. T
causes a fuel delivery delay and an associated inheren
tering error due to partial evaporation. This makes neces
to supply extra fuel for cold start, that exceeds the stoic
metric value, so that an increase of engine-out emission
unburned hydrocarbons is experienced [1].

In a GDI engine, the fuel is injected directly into th
cylinder avoiding the problems related with fuel film in t
port. However this does not guarantee that fuel film pr
lems are absent: the wetting of the piston crown or o
combustion chamber surfaces, whether intentional or
may occur. The mass delivered into the cylinder is m
accurately controlled, providing potential for leaner comb
tion and less cycle-to-cycle variations. GDI engines requ
much less fuel to start leading to reductions in hydrocarb
spikes during transient operations, that could approach
level observed for steady operating conditions [5]. Other
vantages of the GDI are the fuel cut-off in deceleration
the cooling of the inducted charge. The evaporation of
fuel droplets cools the air and this allows higher compr
sion ratios and lowers the octane requirement of fuels,
in addition, if the injection occurs during the induction eve
also the volumetric efficiency can be enhanced. Another
itation of PFI is the use of throttling for load control, that
the GDI engine is obtained varying the amount of fuel
jected.
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In spite of the potential advantages mentioned above
development of GDI engines has encountered many ob
cles that hinder its application. The injection of fuel in t
cylinder reduces the time available for evaporation and m
ing. The PFI engines have the advantage that the intake
tem acts as a prevaporizing chamber. In GDI engines
time is reduced so fuel spray atomization has to be an
der of magnitude finer, so that higher injection pressures
necessary. Moreover the high NOx and HC (that represent
significant research problem to be solved) emission at
load, higher particulate emissions and the fact that a t
way catalyst cannot be effectively used. Even if the eng
operates at an overall lean condition that reduces NOx emis-
sion the level is still high compared to the level obtain
with a three way catalyst, so much work has been made
is still needed to develop lean NOx catalyst. The most im
portant obstacle in the development of GDI engines is
the control of the stratified-charge combustion over the
tire operating range is very difficult. Since the location
the ignition source is fixed in SI engines the mixture clo
must be controlled both temporally and spatially for a w
range of operating conditions. The development of a s
cessful combustion system depends on the design of the
injection system and the matching with the in-cylinder fl
field.

Fuel injection system. The fuel injection system needs
provide different operating modes for the different loa
Fuel injection pressure vary in a range from 4 to 13 M
(the actual trend is to increase the level of pressure), w
are low if compared to diesel applications (50–160 MPa)
still high in comparison with PFI values that range from 0
to 0.45 MPa. These higher pressure values allow a hi
penetration and reduce the mean droplet diameter deter
ing a better atomized spray and a good penetration.
high injection pressures will enhance atomization but at
same time produce a overpenetrating spray and wall
ting problems, especially when a sac volume is present
the unthrottled part-load case, a late injection is neede
order to allow stratified charge combustion, with a well
omized compact spray to control the stratification. The
-

-

l

-

is injected during the compression stroke when the cy
der pressure is about 0.2–1 Mpa, which requires a relati
higher injection pressure compared to the full-load case
the full-load case a stratified homogeneous charge is ne
and this is done with a early injection, during the inducti
A well dispersed spray is desirable, with bigger cone an
and a conical shape. To improve the transition between
two modes a split injection during the intake and compr
sion stroke may be used.

As mentioned before the higher injection pressure
necessary to reduce the Sauter mean radius (SMD) o
liquid spray, because the fuel must vaporize before the s
event occurs in order to limit UBHC emissions and to h
a repeatable ignition process. The smaller the droplet
the faster the vaporization occurs. GDI systems require
droplets of under 20 µm SMD, whereas PFI can ope
well using sprays of 120–200 µm SMD. On the other h
Diesel engine require SMD lower than 8 µm. The SMD
self is not sufficient to classify spray atomization respec
UBHC emissions, spray drop size distribution must not h
a wide spread because even a small percentage of b
droplets, not evaporating completely, may effect the UB
emissions. To better characterize the spray size distribu
the DV90 statistic may also be introduced, which is a qu
titative measure of the largest droplets in the spray. It is
droplet diameter corresponding to the 90% volume point
it gives a measure of the droplet size distribution spread

GDI injectors can either be single fluid or air-assis
(two phase) and may be classified by atomization me
nism (sheet, turbulence, pressure, cavitation), by actua
type, nozzle configuration (that can be either swirl, slit, m
tihole or cavity type), or by spray configuration (hollow
cone, solid-cone, fan, multi-plume). A detailed classificat
of GDI injectors may be found in [1] and in Table 1 the cla
sification categories are reported [1].

Currently the most widely used injector for GDI app
cations, that is the one analyzed in this paper, is the sin
fluid, swirl-type unit, that uses an inwardly opening pint
a single exit orifice and a fuel pressure, in the range o
10 MPa, schematized in Fig. 1 [6].
n

)

Table 1
Classification categories for GDI injectors [1]

Primary atomization method Actuation mechanism Spray configuratio

Sheet (swirl-type) Single solenoid Hollow-cone
Pressure (hole-type) Dual-solenoid Solid-cone
Pressure(slit-type) Piezoelectric Fan
Turbulence (compound plate) Hydraulic Offset

Cam Shaped
Multi-plume

Nozzle configuration Pintle opening direction Fluid state
Swirl Inwardly opening Air-assist (two-phase
Slit Outwardly opening Single fluid
Multihole
cavity
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Fig. 1. Schematic of inwardly opening, single-fluid, swirl-type injector [

The liquid emerges from the single discharge orifice
an annular sheet that spreads radially outward to form an
tially hollow-cone spray. Pressure energy is transformed
rotational momentum that enhances atomization. The
tial spray angle ranges between 25◦–150◦ and SMD varies
from 14–23 µm. It produces a spray with a narrower dis
bution of drop sizes (DV90–DV10) than the one obtain
from a standard hole-type nozzle. Surface roughness
however, produce streams of fuel in the fuel sheet, resu
in formation of pockets of locally rich mixture. A schema
representation of features in a typical in this type of injec
are reported in Fig. 2 [1].

The spray has a leading edge (the main spray tip)
penetrates away from the nozzle tip for about 50 mm in
then 20 ms. A Toroidal vortex is also attached to the per
ery. The leading edge of the spray contains a separate
spray.

3. Numerical computation tool

The developed numerical computation tool “NCF 3D”
based on the well known KIVA III code originally develope
by the Los Alamos Laboratory [7,8]. The original versi
employs a finite volume approximation of the governing
Navier–Stokes (N–S) equations in a Cartesian or cylin
,

c

Fig. 2. Schematic representation of a HP Swirl GDI Injector Inwardly op
ing.

cal reference system in which a multi-block grid struct
is generated. A modifiedk–ε turbulence model, accountin
for compressibility effects, is used during the arbitrary L
grangian Eulerian (ALE) integration of the averaged N
equations. The original version has been enhanced by a
tain number of specific submodels necessary for the com
tation of the dynamic fuel spray behavior, including sp
atomization, gas phase motion as well as combustion.
GDI specific enhancements of the NCF 3D code can
listed as follows:

(1) Introduction of the experimentally obtained initial spr
formation characteristics (spray angle and main axis
rection, initial droplet diameter and position in the spr
initial droplet velocity) [9].

(2) Improvements of the formulation of the gas/wall h
transfer model in order to deal with transient effects a
compressibility. The re-writing of the submodel follow
the approach suggested in [10,11].

(3) Implementation of a droplet wall interaction subm
del [12].

(4) Implementation of a spark initialization submodel [13
(5) Introduction of a law for the turbulent characteristic tim

scale [13,14].
(6) Implementation of a characteristic time combust

model [15]
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All this items have been discussed in detail in previo
papers [9,13] thus the enhanced spray formation and a
ization model will be presented in the following.

4. GDI spray atomization models

Spray formation and initial conditions. A Lagrangian
treatment of stochastic particle injection is used for the
uid drops that simulate the spray. The fuel spray enters
computational domain as an annular sheet, but in the K
spray model this continuous liquid is artificially divided in
discrete Lagrangian parcels injected into the gas. Each c
putational parcel represents a group of physically sim
droplets that exchange mass momentum and energy
that surrounding air through source terms in the gas p
equations. The liquid jet is simulated injecting blobs w
characteristic size equal to the sheet thickness as show
Fig. 3.

The sheet injection velocity is evaluated by means of:

ūinj = K

[
2(pinj − pamb)

ρl

]0.5

(1a)

K = C

cosβ

√
1− X

1+ X
(1b)

X =
(

1− 2 · h
dnoz

)2

(1c)

C is a constant,X is the orifice-air core area ratio,dnoz the
diameter of the nozzle andh is the sheet thickness given b
Risk and Levebvre [16]. In order to take into account the
tial phase of the spray (pre-spray), the angleα is supposed to
vary, during the injection phase, as reported in Fig. 4. The
jection timing,�t1 = 50 µs,�t2 = 400 µs and the maximum
value of angleαmax= 75◦ have been evaluated starting fro
experimental data.

For GDI spray atomization two different approaches m
be found in literature:

Han and Reitz primary atomization model [17]. In a previ-
ous work [18] the atomization model by Han and Reitz
been used. In this approach the break-up of the liquid she
studied on the basis of the stability analysis of sinuous w

Fig. 3. Schematic of the hollow cone discretization and definition of sp
parameters.
-

-

Fig. 4. Variation of the angleα during the injection phase.

on the conical sheet. A suitable equation, which calcul
the break-up lengthLb, can be deduced from [17]:

Lb = B

(
ρlσlhcosθ

ρ2
gu2

r

)1/2

(2)

whereB is a constant,ρg the environmental gas densit
σl the liquid surface tension coefficient andur the magni-
tude of the sheet-gas relative velocity. The liquid blobs, a
the lengthLb, break-up according to the KIVA 3 break-u
model, modified as suggested by [17]. The product dr
after the blob break-up and the blobs located at a dista
from the nozzle greater than the sheet break-up lengthLb,
are treated as secondary droplets affected by drag force
gas turbulence.

Nagaoka and Kawamura primary atomization model [19].
The liquid jet exiting the injector is treated as a liquidsheet
till it reaches its breakup length. Thesheet is analyzed dis-
cretizing its volume in small quantities and applying to th
the momentum conservation equation:

dūl

dt
= CD

ρg|(ūg − ūl)n|
ρl

(ūg − ūl)n + 1

ρl

∂p

∂n
(3)

in which CD is the drag coefficient,̄ug is the velocity vec-
tor related to the gas comprehensive of the turbulence
(for which thek–ε model implemented in KIVA was used
ūl is the velocity vector related to the liquid “sheet”. Sub-
scriptn refers to the sheet normal direction. The variation
the sheet thickness during the injection period, is evalua
imposing mass conservation:

h = K0

L + K0/h0
, K0 = h0(d0 − h0)cosθ/(2 sinθ) (4)

whereθ is the angle respect to the injector axis andh0 repre-
sents the sheet thickness at the exit of the injector [20].
breakup length is evaluated by means of the formula [21

Lb = 18
√

2

F

√
ρl

ρg

h√
Weh

(5)

whereWeh is the Weber number of the ligament andF is the
ratio between the amplitude of the pressure waves that
in viscous flow over those in a unviscous flow evaluated
follows:

F = √
N(2− N)

[(
1+ N3V 2

4(2− N)

)3/2

− 3

2

√
N3V 2

4(2− N)

]
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F ≈ (1+ 2.29V )−0.677

V =
√

2

4
Oh Weh = µLρgU

2

2

√
h

2ρLσ 3

Z = Oh Weh

Oh = µh/
√

ρLσh

Weh = ρgU
2h/σ (6)

whereU is the magnitude of theligament velocity.
Before the droplet detaches from the liquid sheet, beca

of the interaction between the two phases,ligaments form on
the surface.Ligaments, of characteristic sizedh, are formed
on the conical sheet, due to the interaction with the surrou
ing air:

dh =
(

8

9

)1/3[ K2
0σ 2

ρgρlU4

]1/6

×
[
1+ 2.6µl

(
K0ρ

4
gU7

72ρ2
l σ 5

)1/3]1/5

(7)

Theseligaments detach as droplets whose diameter is giv
by a Rosin–Rammler distribution function [22]

1− V = e−(d
q
D/�D) (8)

with characteristic size�D related to theligament size by the
following correlation:

�D = C11.88dh(1+ 3Ohh)
1/6 (9)

in which Ohh is the Ohnesorge number of theligament
(Ohh = µl/

√
ρlσdh ) [23].

Eq. (8) is widely used in spray applications, to determ
the post breakup sizes of the primary parcels. Usually
internal combustion engines applications 1.5 < q < 4, and
was put equal to 3.5 as stated in [17]. As stated in [24]C1 is
an empirical factor, put equal to 1. In present simulation
model was used for primary atomization as done in prev
work [25].

Secondary breakup model. A new droplet secondary brea
up model was developed in previous work for Diesel ap
cations [26]. The droplets formed after the atomization
the annular liquid sheet, may undergo secondary brea
Because of the forces acting on a droplet, as it move
.

the surrounding gas, a non-uniform pressure distributio
developed around it. This process leads to droplet de
mation and subsequent breakup. The relevant forces in
physical phenomenon are those related with surface
sion, viscosity, inertia and surface instabilities respons
for wave growth. Rayleigh–Taylor instabilities may occ
at drop windward surface when a body force is direc
normally to the interface of the two fluids from the mo
dense to the less dense one. Kelvin-Helmholtz instabil
are due to the shear forces in the relative parallel motio
the common interface. Different regimes can be obse
as the relative magnitude of these forces varies. One p
ble classification [27] can be made over different range
droplet Weber number (We = ρlu

2
r dD/σl):

We = 12 Vibrational mode: Fragmentation is caused by th
amplification of droplet deformation originated b
vibrational resonance of liquid surface;

12< We < 45 Bag regime: Drop breakup is due to the de
formation of the droplet in a bag-like structure th
disintegrates after a critical value of deformation
reached (Fig. 5(a));

45< We < 100Chaotic regime: A transitional regime in
which droplet breakup is due to both ballooni
and breaking of filaments resulting from the liqu
surface layer ripping;

100< We < 1000Stripping regime: The flow over the drop
causes the ripping of the surface inducing a t
laminar boundary on it. After a certain stage
deformation, the boundary layer is stripped fro
the periphery because of K–H instabilities effec
in the form of film and fragments (boundary lay
stripping). Drop diameter gradually reduces a
when a critical value is reached, the drop dis
tegrates in smaller ones with bimodal distributi
(Fig 5(b));

We > 1000Catastrophic regime: At very high Weber num-
ber both R–T and K–H instabilities are involve
The first, due to droplet deceleration and rela
with higher values of wavelength and amplitud
lead to the formation of bigger drops then those
lated with K–H instabilities associated with low
values of wavelength and amplitude (Fig. 5(c)).
biliti
(a) (b) (c)

Fig. 5. (a) Droplet deformation and breakup in the bag regime [27]; (b) Boundary layer stripping [28]; (c) Competition between R–T and K–H instaes in
the catastrophic regime [28,29].
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For GDI pressure system the injection velocities can re
maximum values of about 100 m·s−1, so the Catastrophi
regime is unlikely to happen. During their lifetime dro
may decelerate, breakup, evaporate and a different ra
of droplet Weber number can be reached, so different
ondary breakup mechanism can then be simultaneo
present.

The WAVE [30] model is based on a stability analysis
liquid jets and can be used to simulate the primary at
ization of liquid core in the regimes in which jet breakup
governed by aerodynamic interaction with air (low-medi
injection pressure case).

The TAB [31] and DDB [32] model are based on the d
namic of single droplet and can be therefore considere
secondary breakup model. In the first the breakup is
to the amplification of droplet deformation resulting fro
vibrational resonance of the surface and therefore was
sen to model droplet breakup in the Vibrational regime. T
latter is a deformation-induced secondary breakup m
and used in the Bag regime. The WAVE model cons
ers K–H instability effects and can be used to simu
the breakup of secondary droplets in the Stripping reg
and in the Catastrophic one in competition with the
model. The R–T model considers Rayleigh–Taylor insta
ities that arise on very high speed droplet surface and th
fore can be adopted to model droplet secondary breaku
the catastrophic regime in competition with a K–H instab
ity based model (WAVE). In the Chaotic regime, in whi
bag breakup and stripping coexist, a competition betw
the DDB model and the Wave model was implemented.

All the models are used with the original value of the co
stants except for the WAVE model. For the latter customi
value of the size constant (B0 = 0.59) was chosen, while
the time constantB1 was set equal to 80 according to pre
ous work [33,34] in which the values of the constants w
determined for the low injection pressure range, compa
numerical droplet sizes and velocities to the experime
ones evaluated by means of a phase Doppler particle
lyzer (PDPA) technique.

The injected blobs are treated as primary blobs and
processed by the primary breakup model. After breakup
treated as secondary droplet and is processed by one o
secondary breakup model according to its Weber numbe
listed in Table 2.

Table 2
Atomization model

Atomization model

Primary breakup

GDI Hollow cone injector Nagaoka et al

Secondary breakup
12< We < 16 (vibrational) TAB
16< We < 45 (bag) DDB
45< We < 100 (chaotic) DDB+ WAVE
100< We < 1000 (stripping) WAVE
We > 1000 (catastrophic) WAVE+ RT
s

-

-

-

e

5. Spray results

The atomization model was tested comparing numer
and experimental data. Tests were made injecting gasoli
a quiescent chamber (0.1 MPa pressure, 300 K tempera
Such conditions, if not considering the absence of a well
veloped flow field, are not that far from the in-cylinder on
since the injection starts during the intake stroke at the
ginning of compression.

The spray is of a hollow cone type and the injector is
elled by a displacement pump that compresses the fuel
10 MPa. For the tests a computational grid of 3 mm spa
was used. The results are presented in terms of com
son between the numerical and experimental tip penetra
and a comparison of the spray morphology at different t
steps. The tip penetration is determined by the pre-spray
is injected with a very small cone angle compared to
maximum value (90◦) and with a value of velocity near t
the maximum. The variation of spray cone angle and in
tion velocity are evaluated experimentally and given to
code as spray model initial conditions. Comparing num
ical and experimental tip penetration it is evident how
code well predicts this macroscopic quantity (Fig. 6). I
tially they both have a linear trend which becomes parab
due to the drag effects, subsequently the atomization o
sheet produces many small droplets increasing the exch
surfaces between air and liquid. All this phenomena are
modeled determining a discrepancy between the nume
and experimental values of less then 2%.

Concerning the secondary breakup, due to the low
ber numbers of the detached droplets, only the vibratio
and bag regime occur, as shown in Fig. 7, in which the
currence factor of each regime is reported against time.
occurrence factor of each regime at a specific timestep is
fined as the number of secondary droplets “breaking up
that regime over the total number of “broken” drops in t
timestep.

In Fig. 8, the numerical and experimental spray ima
are reported. The darker numerical parcels are plotted

Fig. 6. Numerical and experimental tip penetration versus time.
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Fig. 7. Occurrence factor of different secondary breakup regimes.

Fig. 8. Experimental and Numerical Spray morphology.

the lighter experimental spray. The experimental pictures
obtained by means of a CCD camera synchronized wi
laser light pulse at different time steps. All the images sh
a good correlation between the numerical and experime
spray. The breakup length at which the primary blobs s
to breakup can be noticed. The evolution of the pre-spra
very important in determining the penetration. From the
ures, at the latest time steps, small secondary droplets a
periphery of the jet can be noticed. These are characte
e

Table 3
Basic engine geometric characteristics

Bore 7.2 [cm]
Stroke 10.2 [cm]
Displacement 459.5 [cm3]
Number of cylinder 4
Compression ratio 12.5

by small diameter and Weber number and are like floatin
the surrounding air and are carried up by the flow field.

6. Engine results

The numerical code has been tested comparing nume
results with experiments on a GDI, 4 cylinder, 4 valves
cylinder, whose characteristics are reported in Table 3 [3

This engine is fuelled by the injector previously d
scribed. Compared to a MPI engine it is characterized
an higher compression ratio typical of this class of engin
As load changes the combustion varies from stratified to
mogeneous as previously described. To predict correctly
combustion phase a precise mixture formation modelin
therefore necessary, so present simulation must involve
the intake and exhaust stroke to have a right predictio
the air motion inside the cylinder which highly influenc
the mixture formation. For this type of engines the homo
neous charge is not to be intended as perfect mixing betw
fuel and air but as stoichiometric ratio of the two. The e
gine, as it can be evinced from the CAD design of Fig
has in the intake ducts of each cylinder a valve able to m
ify the air motion in the cylinder as a function of the engi
operating conditions. For the full load case, requiring
homogeneous charge, the above mentioned valve is c
pletely open determining a well organized tumble motion
the cylinder, while at part load, when a stratified charg
needed, the valve is throttled in order to have a swirl mo
in the chamber.

As the grid generation sometimes can be a rather
and tedious operation a specific approach involving s
eral industrial codes has been made. For this kind of fl
mechanic computation, a very detailed grid is absolu
necessary. This is why the grid generation is performed
rectly within the main frame of the original design in CAD
CATIA , while the final multi-block mesh for the KIVA III
solver is made by the IBM created interface, the ENGA
code [36]. The resulting computational domain is shown
Fig. 10. The grid has about 160.000 computational cells
discretizes the cylinder and part of the intake and exh
systems. An extra volume is added at the beginning of
intake system to provide a boundary condition similar
the real engine plenum. The fluid-dynamic solver is o
multi-block type, requiring long work for domain decom
position. A lot of work has been done to asset the subrou
for the moving grid boundaries.. All the obtained results
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Fig. 9. CAD of combustion Chamber Lay Out.
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Fig. 10. Computational grid.

analyzed using appropriate nets of the data explorer vis
ization code [37].

To reach numerical convergence five engine revoluti
were necessary for each operating point. The simulation
assumed to converge when the difference between the
metric efficiencies of two following engine cycles was le
then 5%. As boundary conditions at the inlet and outle
the system a constant in space and time-varying pres
was imposed referring to experimental data. In the follo
ing some results for the homogeneous and stratified cas
illustrated. In Table 4 the different case operating conditi
are reported.

The numerical engine cycle and the four experime
ones related to the different cylinders are reported in Fig.
It appears evident that there is a non-uniformity between
-

e

Table 4
Engine operating conditions

Case RPM I.M.E.P. [Mpa] EGR [%] Swirl λ Spark advance

1 3000 0.6 10 OFF 0.954 21.4◦
2 3000 0.4 10 OFF 0.953 21.4◦
3 4000 0.1 10 OFF 0.983 26.4
4 4000 0.2 10 OFF 0.978 28.5
5 3000 0.1 20 ON 2.04 28.3
6 3000 0.2 10 ON 2.07 27.3

Fig. 11. Experimental and numerical pressure versus crank angle (ca

four experimental cycles even though they are averaged
tween 256. This is due to the different air-spray interactio
the different cylinders that determines different air–fuel m
ing also in the homogeneous case. In this engine a triang
shaped plenum (not symmetric respect to the different cy
ders) enhances this phenomenon. In any case analyzin
figure it can be evinced that the code very well predicts
ignition delay and the first part of the combustion, wherea
predicts a lower pressure history in the during the expan
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Fig. 12.λ distribution in a plane.
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Fig. 13. Pressure history case 2.

stroke. This is due to a wrong estimation of heat transfer
light-off.

The equivalence ratioλ is defined as the ratio betwee
the air/fuel ratio of a mixture and its value at stoichiom
ric conditions. In Fig. 12 the numerical distribution ofλ in a
plane containing the cylinder axis is shown for case 1.
a homogeneous case so there is no charge stratificatio
the air–fuel ratio is nearly stoichiometric (λ = 1). On the left
side of the chamber, opposite to the injector location (bl
circle), a strong variation ofλ can be seen. In that zone th
mixing is not good and there is a strongλ variation. So in
this engines, as underlined before, the homogeneous ch
case does not mean ‘perfect mixing’ but only stoichiom
ric amount of fuel injected. In Fig. 12 it can be also no
that the spark plug has been discretized. The discretiza
of the volume occupied by the plug highly influences the
motion in the neighbor computational cells. The air vel
ity in these cells determines the energy transfer efficie
from the plasma to the mixture and velocities higher th
15 m·s−1 can determine mis-ignition [38].

In Figs. 13–16 the indicated cycle for case 2–5 are
ported. The combustion delay is well modeled in all cas
d

e

Fig. 14. Pressure history case 3.

Fig. 15. Pressure history case 4.

whereas some discrepancies can be noted for the pre
maximum and expansion stroke pressure history.

Referring to case 5, in Figs. 17 and 18λ mean values in
different spheres centered in the plug are reported, for
ulations modeling the spark plug (case a) and not (cas
respectively. Spark timing is 29 degrees BTD, so the
gine crank angle at which the stratification level has to
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Fig. 16. Pressure history case 5.

Fig. 17.λ near spark plug (case a).

Fig. 18.λ near spark plug (case b).

monitored is 691. A stoichiometric mixture around the sp
plug has to be formed in order to obtain ignitable con
tions. Moving away from the spark plug the mixture b
comes leaner with subsequent reduction in the laminar fl
front speed which is balanced by the pressure and temp
ture variation effects, due to the combustion of the ini
stoichiometric mixture.
-

Comparing Figs. 17 and 18 it is evident that the d
cretization of the spark volume determines a variation oλ

near the plug at the spark ignition timing that varies fr
2.45 (case b), not ignitable value, to 1.6 (case a) which
the flammability range.

7. Conclusions

In present work a model for a GDI high-pressure hollo
cone injector atomization model was validated. At the inj
tor exit the liquid sheet is discretized with numericalblobs
having characteristic diameter equal to the sheet thickn
This primary blobs breakup following the primary atomiz
tion model by Nagaoka and Kawamura [19,25]. The mo
after certain conditions are reached, breaks up the prim
blobs in smaller secondary droplets whose diameter is d
mined by the Rosin–Rammler distribution function with
characteristic size related to the size of the ligaments
form on the surface of the annular sheet. For the dro
secondary breakup a hybrid model was used in which
ferent approaches are followed as the droplet Weber num
changes. This can be regarded as an innovative appr
not used before for gasoline applications, since previous
proaches [17,19] only considered primary breakup, prob
due to the lower injection pressures of the first genera
GDI injection systems. To validate the code two differe
test were performed in a quiescent chamber at ambient
ditions and in a real GDI engine.

(1) The first test has evidenced the predictive capabilit
the model to evaluate the spray tip penetration in q
escent chamber and the spray temporal shape evolu
Moreover phenomena related to the secondary brea
break-up are well captured by the code.

(2) The second test, concerning the whole engine has sh
the possibility to use the numerical tool for both hom
geneous and stratified mode. For the stratified ch
operating mode, it has been shown how a correct
cretization of the chamber (plug volume and valves
necessary in order to obtain a correct degree of ch
stratification inside it. It must be underlined that it is n
possible to obtain such information experimentally,
in this case, the numerical investigation is the only t
available for research.
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