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ABSTRACT 

Experimental and numerical investigation of multihole gasoline direct injection (GDI) sprays at high injection 
pressure and temperature are performed.  The primary objective of this study is to analyse the role of gas 
entrainment and spray plume interactions on the global spray parameters like spray tip penetration, spray angles 
and atomization. Three-hole 90° spray cone angle and six-hole 60° spray cone angle injectors are used for 
current work to examine the effect of the geometry of the injector on the spray interactions. The numerical 
results from Reynolds Average Navier Stokes (RANS) simulations show a reasonable comparison to 
experiments. The simulations provide further insight to the gas entrainment process highlights the fact that a 
stagnation plane is formed inside the spray cone which basically governs the semi collapse of spray that in turn 
affects the spray direction and cone angle.   
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1. INTRODUCTION 

Typically multihole gasoline direct injection (GDI) 
injectors increase the quality of mixture formation 
and combustion in automotive engines. A GDI 
injector injects the fuel in form of multiple spray 
plumes at high pressure. The spray plumes at high 
injection pressure are well atomized. However 
optimal atomization alone cannot guarantee the best 
results. The spray plume angles, spray cone angles, 
direction of spray plumes and the penetration of the 
plumes are also equally important. These features of 
a GDI spray are governed by the interactions of 
spray plumes also called as jet-to-jet interactions. 
Jet-to jet interactions can produce highly unstable 
sprays which can lead to a partially or completely 
collapse of spray cone in certain cases. The air or gas 
entrainment process of GDI spray is mostly 
responsible for the jet-to-jet interactions. The global 
spray parameters like spray penetration, angles of 
sprays and the size of droplets in the sprays are 
investigated in (Befrui, et al. 2011). The role of 
vapor entrainment in mixture formation of GDI 
hollow cone spray is studied experimentally in 
Particle Image Velocimetry (PIV) (Prosperi, Helie 
et Bazile 2007). The influence of injection 
fluctuations on the variations of air entrainment in 

sprays is also investigated using PIV in (Delay, et al. 
2004). Air entrainment also affects the turbulent 
structures in the spray. One such investigation is 
carried out by (Seibel, et al. 2003) using for gasoline 
direct injection annular orifice spray. Another 
experimental study regarding multihole GDI 
injector highlights the fact that vapour accumulates 
inside the spray cone (Skogsberg, et al. 2005). 
However it fails to illustrate the reason of vapour 
accumulation and its effects on the behaviour of the 
GDI spray. A detailed experimental and numerical 
study of multihole GDI injectors are required to 
answer the open questions regarding the role of air 
entrainment in spray cone. Three different 
experimental setups are used to investigate different 
characteristics of the multihole sprays. Experimental 
investigation of the air entrainment is carried out by 
PIV technique. Mie-scattering imaging technique is 
used to capture the liquid phase of the spray plume. 
Phase Doppler Anemometry (PDA) is used to 
measure the droplet velocity and droplet sizes. 
Multihole injectors, particularly six hole injectors, 
produce extremely dense sprays. The interactions of 
spray plumes cause a substantial amount of laser 
scattering. Therefore the internal characteristics of 
spray cone become almost impossible to capture 
experimentally. That is why numerical simulations 
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are required to predict the properties of dense part of 
the spray. 

2. EXPERIMENTAL SETUP AND 

OPERATING CONDITIONS 

The measurement of GDI sprays are performed 
through two different experimental setups. The drop 
sizes and their velocities are measured by Phase 
Doppler Anemometry (PDA) and the measurement 
air entrainment of the sprays is accomplished by 
Particle Image Velocimetry (PIV). A brief 
description of both experimental setups is provided 

below. 

2.1 PDA Test Bench 

PDA is used to measure the drop sizes and their 
axial and radial velocities in GDI sprays. In 
current study, two component transmission system 
of PDA is preferred over single component system 
because the GDI sprays under high injection 
pressures produce dense sprays. Two laser beams 
of different wavelengths (in nanometers) are 
focused through various focusing lenses to 
produce two measurement volumes (in 
micrometers) for measuring axial and radial 
velocities. The drops that pass from the 
measurement volumes scatter the light that is 
collected by a receiver. Three-hole injector is used 
for PDA measurements since it is very difficult for 
the laser beams to pass through very dense sprays 
from six-hole injectors. The injector is rotated 
360° in order to measure each spray at various 
radial positions. Similarly the laser beams are 
moved vertically in order to measure the drop 
velocities at different axial locations. 

2.2 PIV Test Bench 

PIV measurements are performed under high fuel 
pressure and high fuel temperature in a constant 
volume chamber. A cubical chamber with a total 
volume 1.4 Liter (112 mm x 112 mm x 112 mm) is 
used which can work at both high and low pressures 
(0-150 bar) and at high and low temperature (293- 
1000 K). The ambient pressure and temperature are 
controlled accurately. The fuel and injector nozzle 
temperatures are also controlled accurately using 
specific cooling and heating circuits. Each side of the 
chamber, except for the side where injector is 
mounted, provides an optical access for the imaging 
purpose.  

Two gasoline direct injectors (GDI) are 
investigated that includes a three-hole 90° spray 
Cone Angle (CA) injector and a six-hole 60° CA 
injector. The injectors are tilted at 35° angle from 
z-axis to get a cross-sectional plane of 
measurement in between the two spray plumes. A 
two dimensional laser sheet is used as a source of 
light which is generated by systematic convergence 
and divergence of two laser beams. The laser sheet 
enters the chamber from the bottom window. The 
vertical alignment of the laser sheet is ensured by 
an angled mirror placed at the bottom of the 
chamber. Therefore the vertical measurement plane 
is illuminated by the laser sheet from bottom to top 

of the chamber. 

2.3 Mie-Scattering Visualization Setup 

The temporal liquid phase fuel distribution is 
captured by a high speed Mie-scattering setup. The 
liquid injected in the chamber is illuminated by 
halogen lamps. These lamps focus a continuous light 
on the spray that allows us to capture shadowgrapic 
images of the liquid spray with a help of high speed 
CCD camera.    

2.4 Injector Design 

The multihole injectors used in this study are three 
holes and six holes injectors. The cross-sectional 
view of the three holes injector is presented in the 
Fig. 1. The injector is equipped with a solenoid 
actuator which lifts the needle ball upon the supply 
of electrical signal. The pressurized liquid fuel is 
injected from the holes of the nozzle in form of 
spray. The Fig. 1 also shows different design 
parameters of one of the nozzle holes. The 
injection angle is denoted by β which is the half of 
the injector cone angle. The injection cone angle is 
measured from the central axis to center of the 
injection hole. The injection angle β for 3 holes 
injector is 38° and for 6 holes injector is 23°. The 
overall spray cone angle for three and six holes 
injectors are 90° and 60° respectively. The length 
of the injection hole is Li and Di is the diameter of 
the injection hole. The ratio of the length of the 
injection hole length to diameter of the injection 
hole is a key design parameter. As the larger value 
of Li/Di will lead to suppressed spray cavitation 
and smaller value of the ration will enhance the 
cavitation of the spray (Dahlander & Lindgren, 
2009). The diameter and the length of the injection 
holes are 200µm therefore the ratio of Li to Di of 1 
is used in GDI injectors. The ratio Li to Di for both 
three holes and six holes injectors is 1.1. The static 
mass flow rate (Qs) at 100 bar injection pressure 
with N-hyptane for 3 holes injector and 6 holes 
injector is 5.7 mg/ms and 11.4 mg/ms respectively. 
The mass flow rate profile is presented in 
Fig. 1 (b).      

 

(a)                  

(b)            
Fig. 1 (a) Injector design (b) Mass Flow rate 

profile. 
 

2.5 Operating Conditions 

The operating conditions are presented below in the 
Table 1. 
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Table 1 Operating conditions 

Conditions 
Experiments 

1-PDA 2-PIV 3-PIV 
Injector type 3 hole 3 hole 6 hole 

Injection pressure 100 bar 200 bar 200 bar 
Chamber Pressure 1 bar 1.54 bar 1.54 bar 
Fuel Temperature 20 °C 90 °C 90  °C 
Chamber Temp. 20 °C 33 °C 33°C 

Injection duration 2 ms 3.32ms 3.387ms 

Total inj. mass 15 mg 24 mg 48 mg 

Fuel type 
iso-

octane 
iso-octane iso-octane 

 

3. NUMERICAL MODELLING AND 

SIMULATION SETUP 

OpenFOAM 1.7 is used to carry out numerical 
simulation of GDI sprays. Details of phase and spray 
modelling, computational mesh with boundary 
conditions are included in forthcoming sections 
along with description of numerical schemes used 
for simulations. 

In general, a spray is a combination of liquid phase 
(droplets) and air/gas phase or the carrier phase. 
Being a two phase problem, both phases are treated 
differently. Carried phase is usually considered as 
Eulerian while droplets are modelled using 
Lagrangian technique. 

3.1 Carrier Phase Modelling 

The carrier phase is modelled using compressible 
Reynolds Averaged Navier-Stokes equations 
(RANS) approach.  ߲ݐ߲ߩ + ௜ݔത௜߲ݑߩ߲ = Sത௠௔௦௦                                                    (1) ߲ݑߩത௜߲ݐ + ௝ݔത௝߲ݑത௜ݑߩ߲ = ௜ݔҧ߲݌߲ + ത௜௝ߪ)߲ + ߬௜௝)߲ݔ௝ + ܵҧ௠          (2) ߲ߩ ҧ߲݁ݐ + ߩ߲ ҧ݁ݑത௝߲ݔ௝ = − ௜ݔത௝߲ݑҧ݌߲ + ത௜௝ߪത௝൫ݑ߲ + ߬௜௝൯߲ݔ௝ + ܵҧ௘  (3)   
The terms with overhead bars represent ensemble 
averages. While the source terms for mass, 
momentum and energy balances are given by S௠௔௦௦, S௠ and S௘  respectively. ߩ  represents the carrier 
phase density; and pressure is denoted by p. Indices 
i and j stands for the coordinate directions and the 
three dimensional stress tensor σഥ௜௝ , which includes 
eddy viscosity terms, is modelled using K-Epsilon 
model (Launder and Spalding 1972). 

3.2 Liquid Phase Modelling 

Lagrangian method for the droplets mainly relies on 
Newton’s law of motion. For spherical drops the 
resultant form of the liquid phase is given by 
(Maxey et Riley 1983), 16 ௣ଷ݀ߨ௣ߩ ݐ௣݀ܝ݀ = 12 ൫ܝ୥ − ୥ܝ୮൯หܝ − ୮หρ୥CDܝ ௣ଶ4݀ߨ    

(4)  

The density of droplets is represented by ߩ௣ and the 
their size is denoted by ݀௣ . All body forces are 
neglected while the drag force coefficient is 
represented by CD. While the velocities of drops and 
gas phase are denoted by ܝ௣ and ܝ୥ respectively. It 
can be shown that above relationship reduced to 
Stokes drag by, ݀ܝ௣݀ݐ = ஽ ߬௣ܥ ൫ܝ௚ −  ௣൯                                       (5)ܝ

Reynolds number of the droplet is denoted by Re୮whereas ߬௣ is the droplet relaxation time.  

ܴ݁௣ = หܝ୥ − ௚ߥ୮ห݀௣ܝ ,   ߬௣ =  43 ୮ܝ஽หܥ௚ߩௗ݀௣ߩ − ஽ܥ ୥ห    (6)ܝ
= ۔ۖەۖ    

ۓ        24 ܴ݁௣⁄                            ܴ݁௣ < 0.1                                        24 ቀ1 + 16 ܴ݁௣ଶ ଷൗ ቁܴ݁௣         0.1 < ܴ݁௣ < 1000         0.424                             ܴ݁௣ > 1000 (7) 

 

3.3 Spray Modelling 

Pressurized liquid jet ejected to quasi-static gaseous 
environments experience sudden breakup to smaller 
droplets. This cluster of small droplets moving at 
high velocity in a continuum is also referred as Spray 
(Khan 2014). Moreover, for high pressure fuel 
injections, injecting blobs are preferred which 
requires only a secondary atomization model for 
description. With the spray plume moving 
downstream after dissociation, its anatomy become 
more and more subtle due to enhance effects of drag, 
intra-droplet collisions, evaporation and related 
phenomenon. Amongst the prominent features, air 
entrainment rate is one of the most influential 
parameter affecting the motion of droplets. To 
effectively model such spray several sub-models are 
required and OpenFOAM provides a variety of sub-
models which are included in this work.  

3.3.1 Drop Size Distribution Model  

The probability density function for the liquid fuel 
injection, in the form of drop parcels with finite 
diameters, follows Rosin Rammler distribution 
(Khan 2014). ݂݀݌ = ݀௣௢ + ݀௣ ൫−݈݊ (1 − ௥ܰ௔௡ௗܭோ)൯ି௤           (8) 

where ோܭ  = 1 − ቂ൫݀௣௠݌ݔ݁ − ݀௣௢൯௤ ൗۄ௣݀ۃ ቃ , ݀௣௢ 

stands for the minimum while ݀௣௠ is the maximum 
diameter sizes for the mean diameter ݀ۃ௣ۄ. ௥ܰ௔௡ௗ is 
the random number used for the distribution. The 
spread of the drop distribution is attributed to the 
spreading factor q estimated from the experimental 
data. 

3.3.2 Secondary Atomization Model  

Secondary atomization of drops occurs at high weber 
numbers due to their oscillation leading to distortion 
resulting in their break up. Using Enhanced Taylor 
Analogy, secondary breakup can be modelled with 
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spring, mass and damper analogy. Surface tension is 
analogue of the spring force while the fluid viscosity 
acts as the damper (Tanner 1997). While following 
relationship governs the rate of new droplet 
production (Tanner 1997). ݀ ഥ݉(ݐ)݀ݐ = ௕௥ܭ3− ഥ݉(ݐ)                                                (9) 

This ensures that the ratio of child droplets size (݀௖௛௜௟ௗ) to 

its parent’s size ൫݀௣௔௥௘௡௧൯  is ݁ି௄್ೝ௧ . The value of ܭ௕௥varies depending on droplets breakup regime and 
their oscillation frequency (ݓ), ܭ௕௥ = ൜ ݇ଵݓ            ܹ݁ ≤ ܹ݁௖௥݇ଶݓ√ܹ݁    ܹ݁ > ܹ݁௖௥                           (10) 

where ݇ଵ and ݇ଶ are the constants. Droplet breakup 
regime relies on the value of Weber number (ܹ݁), ratio of inertial to the surface tension forces. 
Using experimental observations, critical Weber 
number (ܹ݁௖௥)  is identified. At lower values ܹ݁ 
bag breakup regime is expected, therefore the value 
for ܹ݁௖௥ is set at 80. Above ܹ݁௖௥ stripping breakup 
regime is expected to take place. The two regimes 
observe different characteristics of breakup. Bag 
breakup is seen when the droplet forms a bag like 
shape before bursting while droplets tend to flatten 
and form sheet like shapes with stripping at the edges 
identify the stripping breakup regime. 

3.3.3 Droplet Collision Model 

Droplet collisions are modelled using Nordin 
Trajectory model (Nordin 2001) which is a modified 
O’Rourke collision model (O’Rourke 1989). The 
original form of O’Rourke model does not cater for 
the parcel directions, while trajectory model 
accounts for the intersection points for the parcel 
before the collision. Using the orientation velocity 
vector, it ensures that the droplets are travelling 
towards each other leading to collision ܝ௔௟௜௚௡ = ൫ܝ୮ଶ − ௣ଶݔ୮ଵ൯ ൫ܝ − ௣ଶݔ௣ଵ൯หݔ − ௣ଵหݔ                       (11) 

The velocities of the interacting droplets are denoted 
by ܝ୮ଵ and ܝ୮ଶ  with their respective locations as ݔ௣ଵ  and ݔ௣ଶ . In case if droplets are destined for 
collision then their collision distance is calculated 
using their velocities and the simulation time 
step (Δݐ) ܝ௔௟௜௚௡Δݐ > ଶݔ| − |ଵݔ − 0.5൫݀௣ଶ − ݀௣ଵ൯            (12) 

In case if the parcels approach collision radius within 
a time step then the collision takes place, otherwise 
the trajectories are revaluated at the next time step. 

3.3.4 Droplet Dispersion Model 

The carrier phase disperses the droplets through 
turbulent eddies. For droplet dispersion a stochastic 
dispersion model is employed which relies on 
turbulent kinetic energy and dissipation (Dukowitz 
1980). The dispersion model calculates the time 
spent (Tdrop) by the droplet to pass through the eddy. 
Then using the turbulent flow properties (turbulent 
kinetic energy k & turbulence dissipation ߝ)  ) the 
time taken for a single turn by an eddy (Teddy) is 

estimated, 

Tୣ ୢୢ୷ = min ቌ݇ߝ , ܿ௣௦  ݇ଷଶߝ ഥܝ|1  +  ᇱ|ቍ                  (13)ܝ

ܿ௣௦ is a constant while the average carrier fluid 
velocity at the droplet’s location is denoted by ܝഥ . The fluctuating component at the same 
location is shown by ܝᇱ.  
The droplet remains unperturbed by the eddy 
motion in case Tdrop < Teddy. However, if Tdrop > 
Teddy then droplet is assigned a new direction in 
random fashion. 

3.3.5 Droplet Evaporation and Heat 
Transfer Model 

D2-law (Godsave 1953, Spalding 1953) is employed 
to model droplet evaporation using evaporation 
relaxation time (߬௘) and evaporation coefficient (ܥ௘). ݀௣௜ଶ = ߬௘ ܥ௘                                                              (14) 

Ce is function of Sherwood number (Sh) which is 
calculated using Frössling correlation (Crowe, 
Sommerfeld et Tsuji 1998). 

Nusselt number (Nu), used for calculation 
evaporation relaxation time, is estimated using 
heat transfer model of Ranz-Marshal (Ranz et 
Marshall 1952) ܰݑ = 2 + 0.6 ܴ݁௣ଵ/ଶܲݎଵ/ଷ                                    (15) 

It is pertinent to mention that for the numerical 
simulations presented here the standard evaporation 
along with above mentioned heat transfer model are 
perceived to work well. It is also important to note 
that for the flash boiling conditions, the flashing 
effects are incorporated in the injection model i.e. 
reduced drop size and increased spray angles. 
Therefore, the modelled spray is primarily highly 
evaporating spray. 

3.4 Numerical Schemes 

The simulation approach used combination of 
reacting spray solver suitable for compressible flows 
(based on standard dieselFoam) and automatic mesh 
refinement (AMR) of interDyMFoam. The AMR 
enabled solver is implemented in OpenFOAM ® 
(Kosters 2010). PISO (pressure implicit with 
splitting off operators) (Demirdžić, Lilek et Perić 
1993) is used with two iterations for predictor 
correction.  

The numerical schemes used for this work are second 
order accurate for space discretisation and first order 
accurate for time discretisation. For the divergence 
operators, Gauss limited linear scheme which is a 
bounded scheme of second order is utilized. Gauss 
linear corrected scheme which is unbounded 
conservative scheme of second order is applied. First 
order accurate Euler Implicit scheme was used for 
stability as it depends on the courant number. In 
order to keep courant number less than 0.5 automatic 
time stepping is implemented with initial time step  
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(a)                                                                            (b) 

                         
(c)                                                                                   (d) 

Fig. 2 Experimental and simulation results of 3-hole injector; (a) Mean droplet diameter (D10) at 
different axial locations, (b) PDF of droplet distribution at 40 mm axial location (c) PDF of droplet 

axial velocity at 40 mm axial location (d) PDF of droplet radial velocity at 40 mm axial location. 

 

 

size of 10-7 sec. Solver used for pressure equation 
was based on Preconditioned bi-conjugate gradient 
method (Hestens et Stiefel 1952) with Diagonal 
incomplete-Cholesky (symmetric) while Diagonal 
incomplete-LU (asymmetric) was used for velocity, 
kinetic energy and other terms with minimum 
residue of 10-7 at each time step. 

3.5 Computational Domain 

The computational domain is a cubical of 112mm 
each side is used with an initial cell size of 1.5mm. 
Mesh refinement was carried out at an interval of 2 
with a maximum limit of 5.0 million number of cells.  
This led to a minimum cell size of 0.375mm after two 
refinements. Maximum limit ensures that the 
maximum number of cells does not cross 
computational limits. AMR is linked with scalar field 
variable such as kinetic energy and vapour mass 
fraction of non-evaporating and evaporating 
conditions respectively. 

4. RESULTS AND DISCUSSION 

The results are discussed below for both non-
evaporating and evaporating conditions in detail. 

4.1 Non Evaporating Cases 

Table 1 summarizes the comparison of experimental 
PDA data with simulation results of droplet size 
distribution for a 3-hole injectors under non-
evaporating conditions. Fig. 2 (a) compares the 
numerical predictions of average droplets size (D10) 
with the experimental results at different axial 
locations along the center of plumes during 1.6 - 2ms 

time interval. At 10mm downstream along the center 
of plume, experimental results for mean droplet size 
of 7.55µm matches reasonably well with numerical 
predictions of 7.43µm. The experimental mean 
droplet size reduces to 5.89µm at 40mm compared to 
6.55 µm predicted by numerical results (see Fig. 2 
(b)). 40mm downstream along the center of a single 
separated plume, the droplet size distribution 
Probability Density Function (pdf) also shows a 
good agreement. For comparison two standard 
particle distributions, log normal (Eq. 16) and Rosin 
Rammler (Eq. 17) distributions, are also used. 

݂݀݌ = 1݀௣ ௧ܵௗ(2ߨ)଴.ହ ݁ି ൥൫௟௡൫ௗ೛൯ିெ೙൯మଶௌ೟೏మ ൩                 (16) 

The two tuning factors namely ܯ௡ and ௧ܵௗ are mean 
and standard deviations adjusted to empirically fit 
the data. Here ܯ௡ = 1.85  and ௧ܵௗ = 0.5 
respectively. 

݂݀݌ = ௤݀௣௤ିଵ݁ି ቆିۄ௣݀ۃݍ ௗ೛ۃௗ೛ۄቇ೜                            (17) 

Rosin Rammler distribution uses different values for 
the mean diameter (݀ۃ௣ۄ = 6.5) with spread factor (q 
= 2.2).  

It can be noted that both distribution functions show 
reasonable fitting with experimental as well as 
numerical data. One may note that almost all larger 
droplets are well captured by the Log normal 
distribution function, however it misses smaller 
drops. While small drops are well captured by the 
Rosin Rammler profile but on the contrary it fails to 
fit some of the larger drops. Despite their 
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imperfections, both distributions are quite useful in 
comparison of drop size distribution at various 
locations. Near the injection region, with the 
probability of larger drops, Log normal distribution 
function is expected to work better while further 
away in downstream direction, Rosin Rammler 
distribution can be employed due to smaller droplet 
sizes. 

The experimental and numerical distribution of axial 
and radial droplets velocities at 10mm downstream 
position are compared in Fig. 2 (c) and (d) 
respectively. The distribution of the axial and radial 
velocity is normally distributed. The numerical 
results are comparable to the experimental results.    

4.2 Non Evaporating Cases 

4.2.1 Axial liquid Spray Penetration 

Along the direction of flow, spray axial liquid 
penetration rates are compared for both 3-hole as 
well as 6-hole injectors. The evaporating conditions 
are listed in Table 1. The comparison of experimental 
and simulation results in Fig. 3 show that despite 
their nominal geometrical differences both 3-hole 
and 6-hole injectors have similar penetration rates. 
The comparison of numerical results with 
experimental data show good match. Initial delay of 
400 µs was observed in the experimental data, for 
both 6-hole and 3-hole injectors, due to physical 
delay between the injector trigger (electrical signal) 
and the actual start of injection i.e., advent of liquid 
at the nozzle exit. Solenoid activation delay as well 
as hydraulic delay (nozzle internal flow) both 
contribute towards this delay, therefore the delay is 
also included in the numerical simulations so that the 
comparison shows both results at same starting time 
of fuel injection. The delay in simulation is 
incorporated through the mass flow rate profile as 
presented in Fig. 1 (b).  

 

 
Fig. 3. Comparison of penetration curves under 

evaporating conditions for 3 and 6-hole 
injectors. 

4.2.2   Air entrainment in Spray Plumes 

Numerical and experimental comparisons of the air 
entrainment in the highly evaporating spray plumes 
injected from 3-hole and 6-hole injectors are 
presented in Fig. 4. Two dimensional vertical cross-
sections which bisect the two spray plumes are 
considered for this purpose. The spray from 3-hole 

injector is  

Under the evaporating conditions, 2D flow fields’ 
comparisons are presented for measured 
experimental and simulated numerical results. 
Characteristics of the air entrainment for the 3-hole 
in Fig. 4 (a & b) and 6-hole injectors Fig. 4 (c & d) 
are presented, at time instant of 1.75 ms After Start 
Of Injection (ASOI). For both injectors, the 
numerical results show reasonable agreement with 
the experimental data. It can be noticed that in the 
region near the nozzle exit, air velocity is high due to 
high spray momentum compared to the leading edge 
of spray.  

On the other hand, 6-hole injector reveals a 
significantly different flow physics. Experimental 
data suggests that the spray collapses. It is presumed 
that this collapse is linked with the jet-jet interactions 
and this is likely to influence the air entrainment 
characteristics. Due to sudden collapse of spray it is 
not possible to collected PIV data in the inter-jet 
spacing for the 6-hole injector, therefore, the 
resulting formation only appears to have a 
continuous spray plume. For the sake of comparison 
the air entrainment data between the jets from the 
simulation has not been included at this point but it 
will be discussed later in detail. The difference 
between the numerical and experimental results for 
both injectors are presented in Fig. 4 (e & f). It can 
be noticed from the magnitude and direction of error 
vectors that the maximum difference does not exceed 
2.5m/s and mostly appears locally or linked with the 
flow directions instead of its magnitude. 

4.2.3   Interaction of Spray Plumes 

As mentioned earlier, jet to jet interactions can be 
important for multi-hole injectors which can 
influence the general spray structure. For the 6-hole 
injector, simulation results under the evaporating 
conditions reveal the presence of significant jet-jet 
interactions. This appears to modify the trajectory of 
the individual spray plumes as shown in Fig. 5. For 
the 3-hole injector the spray plumes appear to be well 
separated. On the other hand, the 6-hole injector 
reveals a semi collapsing spray structure. The dense 
spray plumes and narrow configuration of the six 
hole injector makes it quite hard to recognise 
individual plumes. This suggests that the adjacent 
plumes/jets interact significantly and thus modify the 
air entrainment characteristics and inadvertently 
influence the air-fuel mixture distribution. Due to 
limitations of experimental technique such flow 
aspects can be studied in more detail by performing 
numerical simulations. 

4.2.4   Spatial Evolution of Vapor Phase 

Numerical simulations provide further insight of the 
processes leading to flow physics characteristics 
especially for 6-hole injector under evaporating 
conditions. Using sequence of vapour phase imaging 
at various cross sections downstream of the spray 
injection reveals the propagation, structure and 
mixture formation of the spray. For instance, at 
3.10ms ASOI Fig. 6 shows the vapour mass fractions 
along the axial direction of the spray plumes. A star-
shaped spray plume structure is evident very near the  
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(a)                                                                    (b) 

 
(c)                                                                (d) 

    
(e)                                                                     (f) 

Fig. 4. 2D vector flow fields showing air entrainment at 1.4ms ASOI for the 3-hole injector (a) 
Experimental, (b) Simulation; for the 6-hole injector (c) Experimental, (d) Simulation; Error between 

experiment and simulation for (e) 3-hole (f) 6-hole. 

 

 
(a)                                        (b)                                      (c)                                       (d) 

 

Fig. 5. Liquid phase spray images of the sprays under evaporating conditions at 1.75ms ASOI; (a) 
Experimental result (high-speed Mie scattering) of 3-hole injector (b) Simulation result of 3-hole 

injector (c)  experimental result (high-speed Mie scattering) of 6-hole injector (d) Simulation result of 
6-hole injector. 

 

 

nozzle exit with each plume revealing own structure 
separated from neighbouring plumes.  

The images also reveal that the fuel vapours lie 
towards the central region of spray. Moving away 
from the nozzle, downstream the vapours of fuel 

begin to merge in to one another as revealed by the 
close-ring like structure instead of earlier star-shaped 
formation. The resultant structure of the spray 
resembles that of a hollow cone (Rottenkolber, et al. 
2002). At this stage the trajectories of the spray  
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(a) 

 

 
(b) 

Fig. 6. Numerical fuel vapor mass fraction at time 3.1ms ASOI, (a) 2-D axial cross-sectional plane (x, 
z); (b) 2-D horizontal cross-sectional planes (x, y) with (top left) 20mm, (top middle) 30mm, (top right) 

40mm, (bottom left) 50mm, (bottom middle) 60mm, (bottom left) 70mm. 
 

 
(a)                                                                    (b) 

Fig. 7. Two dimensional velocity vector plots of simulated air and gas entrainment; (a) 1.75ms ASOI, 
(b) 3.10 ms ASOI. 

 

 

plumes tend to deflect and a notable change is 
evident in spray angle. The process takes place as the 
spray propagates and could be better explained if the 
air entrainment characteristics are analysed. 

4.2.5   Axial Gas Velocity 

The vertical cross section (x-z plane) of air 
entrainment between two adjacent spray plumes 
from a 6-hole injector at 1.75ms and 3.10 ms ASOI 
are shown in Fig. 7. In general, air entrainment in the 
spray plumes can be divided in to two regimes; (1) in 
the region closer to the nozzle exit air is drawn in and 
(2) the air and vapor mixture is pushed downstream 

towards the spray tip (Prosperi, Helie et Bazile 2007) 
and (Skogsberg, et al. 2005). Both of these two 
regimes can be observed here as towards the nozzle 
exit vapor is being drawn inwards in first phase and 
forced downwards towards the spray tip as shown in 
Fig. 7.  

Further to above, a new characteristic of spray is 
revealed related to air flow between the two adjacent 
jets. Air between the two jets is pushed downstream 
in the upper half of the spray cone. This is contrary 
to the well separated jet streams and wide cone angle 
sprays such as 3-hole injector as shown in Fig. 7.  
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The resultant downward flow of gas, in the upper 
zone of the spray cone, encounters a flow in the 
opposite direction which originates from the bottom 
half of the spray cone usually known as internal air 
entrainment. The two oppositely moving stream 
interact at 30mm at 1.75ms and 50mm at 3.10ms, a 
stagnation plane is formed which produces radial 
flow towards the periphery of the spray as seen in 
Fig. 7. This strong radial flux causes the spray plume 
to deflect suddenly from its original trajectory and a 
significant change in angle can be noted. In the 
current operational conditions, the collapsing 
tendency vanishes at this location and the plumes are 
separated from each other which can also be seen in 
Fig. 6. 

While a second difference in the bottom half of the 
spray cone can be observed in 6-hole injector 
compared to 3-hole injector. In this region the spray 
tip recirculations on the internal side are 
comparatively weaker than the outer spray tip 
recirculations. This causes asymmetric 
external/internal flow as observed in the region 
where the jet plumes are widely separated. 

4.2.6   Comparison of Spray Angles 

High speed Mie-imaging is used to capture the spray 
angles of six hole injector and compared to simulated 
results as presented in Fig. 8. As discussed 
previously, the spray cone can be segregated in two 
zones, one close to the nozzle and second in the 
downstream region where a modification of the 
spray cone angle is evident. Through images the 
corresponding cone angles are measured in the y-z 
plane. Corresponding to 1.75 and 3.10 ms ASOI, the 
spray cone angles are analyzed using Matlab. The far 
plume angle in both experiments and simulation 
presented in Table 2 show a good agreement. The far 
plume angle in experiments (αfe) is found to be 61o 
and the fr plume angle in simulation (αfs) is 
calculated to be 62 o on both instances.  
 

(a)  
 

(b)                         
 Fig. 8. 2D Comparison of spray plumes at 1.8 ms 

ASOI; (a) Simulation result (b), experimental 
result. 

Table 2 Angles of close-up and deflected part of 
the 6-hole spray at time 1.75 ms and 3.10 ms 

Angles 
Time (ASOI) 

1.75 ms 3.10 ms 

Overall Close-up cone angle 
from Simulation 

54o 54o 

Overall Deflected cone angle 
from Simulation 

60° 61° 

Far cone angle from Simulation 
(αfs) 

62° 62° 

Far cone angle from Experiment 
(αfe) 

61° 61° 

 
However spray cone angle measurement in the first 
zone (near nozzle) (αc) is approximately 42°. It 
should be noted that αc is measured from center of 
the spray plumes on both sides. Therefore with an 
addition of half spray plume angles on both sides of 
the spray cone gives an overall spray close-up cone 
in the upper zone of the spray cone of 54°. Spray 
angles near the nozzle region suggest that the 
measured cone angle is narrower than its prescribed 
value of 60°. The difference of approximately 6° 
from the prescribed angle suggests that the near 
nozzle region has a spray collapse in the upper 
region.  

Towards the downstream of spray, the  overall 
deflected spray cone angle of approximately 60°, at 
1.75 ms ASOI, is measured which increases to 61° at 
3.10 ms ASOI. This suggests that the spray cone 
angles in the downstream zone are similar to the 
prescribed cone angles but the direction of the spray 
plume is different from the intended direction of the 
spray plumes as observed in Fig. 8 (b).   

Therefore a very important conclusion can be drawn 
from these results. The spray far cone angles shows 
a remarkably good comparison between the 
experimental and numerical results, however the 
spray plumes appear to propagate with two different 
angles in the injector close up and in different 
directions in the far zones. Which indicates that that 
overall spray cone angle is not an absolute indicator 
of spray direction especially when strong jet-jet 
interactions take place. Therefore the angle between 
αc and αd should be used as an indicator of the spray 
direction. 

4.2.7   Radial Gas Velocity 

Figure 9 shows the radial velocity vectors in 
horizontal directions of the air entrainment at various 
axial locations at time of 3.10 ms. It can be noticed 
that the till 40mm downstream of the spray, air is 
being sucked in from the outer region. Afterwards 
the air along with vapor is pushed out from the center 
of the spray cone. Inner side of the plumes, the air 
entrainment is caused by the accelerating flows 
between the adjacent jets. Some of the air is trapped 
between these jets, which cannot turn due to high 
momentum flux and is pushed further downstream. 
As described earlier, in the spray core region air is 
moving in opposite directions at 40mm and 60 mm  
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(a)                                                                              (b) 

 

 
(c)                                                                         (d) 

 

 
(e)                                                                             (f) 

Fig. 9. Radial velocity vector plot of the simulated air entrainments at 3.10ms ASOI at downstream 
locations; (a) 20mm (b) 30mm (c) 40mm (d) 50mm (e), 60mm (f), 70mm. 

 

 

and as the air vapor mixture is pressed downwards 
while the air is drawn upwards, both streams hit each 
other and form a stagnation plan. At this point strong 
radial flow is been generated which causes the spray 
to bend.  

This is evident in the Fig. 9 (d) at 50 mm 
downstream. One may observe a ring of gas pushing 
outwards; this is produced by the interactions of 
opposite gas velocity in the core of spray cone. The 
presence of strong radial flow as presented in Fig. 9 
(d) is relatively larger than the air entrainment from 
outside the spray cone. The strong radial flow blocks 
the outer region air from the spray cone and leads the 
spray plumes to bend from their original path. 

Further downstream, at 70mm, the observed radial 

velocity is primarily a projection of the air entrained 
in the spray with accompanying large external 
recirculation around the jets. This indicates the 
position where the process of jet-to-jet interaction is 
almost finished and the jets propagates linked to its 
previous (bent) direction. 

4.2.7   Flux Balance 

As discussed earlier the flux of air that enters the 
spray cone could not be immediately entrained. 
Therefore it is highly imperative to identify the 
percentage of air that is not entrained by the spray 
plumes. For this purpose air flux balance is 
calculated around the stagnation plane. A control 
volume is used, 5mm apart in axial direction, to 
compute the flux that enters the spray cone and the 
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flux that leaves the spray cone without being 
entrained. The stagnation plane travels in axial 
direction in time. Therefore the flux is calculated by 
moving the control volume axially at various 
positions at 1.35ms ASOI. It is observed in Fig. 10 
that the amount of flux that cannot be entrained by 
the spray plumes increase systematically from the 
near nozzle region to the point where the stagnation 
plane is present. It shows that almost 60% of the flux 
cannot be entrained by the spray plumes. After the 
stagnation plane most of the flux is entrained by the 
spray plumes 
 

 
Fig. 10. Axial air entrainment flux. 

 

5. CONCLUSION 

The spray properties of multihole gasoline direct 
injectors are investigated under non-evaporating and 
evaporating conditions. The experimental and 
numerical comparison of spray characteristics under 
non-evaporating and evaporating conditions show 
good agreement. Numerical simulations capture 
liquid penetration, droplets sizes and velocities 
reasonably well. The standard spray models with 
adaptive mesh refinement also showed good 
agreement with PDA and PIV results.      

Simulations provide additional information 
regarding the jet to jet interactions and partial spray 
collapse in case of six hole injector. Six hole injector 
produces narrow angled spray cone. The interactions 
of the spray jets are strongly linked to compact 
geometry of six hole injector. High momentum of the 
spray jets and narrow spray cone result in pushing 
the entrained air downwards. This process is 
continuous and it prevents the spray cone expansion. 
The air entrainment flux from the bottom half of the 
spray cone eventually interacts with entrainment flux 
from top half and forms a stagnation plane. The 
stagnation plane produces a radial force that bends 
the spray plumes. The vapor from the center of the 
spray plumes is pushed outwards and a ring like 
structure is formed. Therefore the spray cone under 
strong jet to jet interactions lead to a collapsing zone 
(upper zone) of the spray cone and a downstream 
zone with deflected spray plumes. The spray cone 
angles in upper and downstream zone are very 
different. Therefore the spray cone angle cannot be 
considered as the true indicator of spray plumes 
direction. The direction of the spray plumes should 
be based on the angles of collapsing spray cone 

portion and deflected portion.  

The spray plume direction and penetration play 
crucial role in the performance of GDI injectors. 
Based on the results, the spray cone angle, distance 
between the injection holes and the injection opening 
velocities are identified as the three most important 
controlling parameters. Larger spray cone angles and 
larger distance between the injection holes minimize 
the spray plume interaction. Higher injection 
opening velocity increases the spray momentum in 
the vicinity of the nozzle and thus reduces spray 
plume interactions and spray collapse. 
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