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ABSTRACT 
 

Automotive engine faces stringent regulations on emission with improved fuel consumption. As 
such, the Gasoline Direct Injection (GDI) engines which have the potential to meet these 
requirements are being improved on especially the mixture formation to the burning of the mixture. 
In GDI, late injection compared with early injection scheme generates charge stratification which 
contributes to the optimised fuel consumption and combustion. As a result, this strategy in GDI 
engines is considered to be promising with increasing research focus. This paper aims at 
evaluating the computational fluids dynamics (CFD) modelling of two-phase transient injection 
process in generic GDI engines with the late injection to study the features of fuel atomisation 
process, injection velocity and its influence on turbulence. The commercial CFD code Star CCM+ 
was used to perform this simulation due to its advanced polyhedral mesh technology and the user-
friendly interface. Transient liquid and gas flow inside the combustion chamber was simulated 
using the Eulerian multiphase segregated flow model with k-epsilon turbulence. The contour plots 
show that during the injection period turbulence for each phase was independent of the spray 
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shape predicted to be asymmetric under non-vaporisation conditions. In addition, increasing 
injection velocity of liquid fuel causes stronger turbulence for the liquid phase. The results also 
show that the variation of turbulence for gas-phase is mainly centred in the region of the inlet 
during the injection process and non-homogenous turbulent characteristics were observed for the 
late injection with the volume fraction of the liquid phase also seen to be asymmetric. 

 
 
Keywords: GDI engines; CFD; two-phase flow; turbulence; liquid atomisation; mixture formation. 

 
1. INTRODUCTION 
 
Gasoline Direct Injection (GDI) is regarded as a 
wide-used technology in modern spark ignition 
(SI) engines due to its improved thermal 
efficiency and exhaust emission compared with 
port fuel injection [1-4]. Generally, there are two 
types of GDI engines with different injection 
strategies, early injection operating under 
homogeneous charge mode while late injection 
at stratified charge condition. It is indicated that 
the latter could achieve the potential of GDI 
engine on better fuel economy and emission 
level [4,5]. As a result, the GDI engine with late 
injection and its process of mixture formation and 
fuel atomisation leading to fuel vaporisation and 
burning of the air-fuel mixture has been a 
research focus. 
 
In the GDI engine, fuel is injected directly into the 
combustion chamber where air-fuel mixture 
forms simultaneously which seems to solve 
mixture control problem occurring in Port Fuel 
Injection (PFI) engines fuel efficiency [3]. It 
applies charge stratification at part load to premix 
the fuels with air in the combustion chamber 
during the late period of the compression stroke. 
In this case, the ratio of air to fuel is 
stoichiometric near the spark plug while close to 
cylinder walls it is leaner with the tendency to 
reduce engine knock. Hence, the lean air-fuel 
mixture possibly gives rise to improved fuel 
economy. 

 
Additionally, due to stratified charge, the 
progressive charge cooling is realised which 
contributes to the utilisation of higher 
compression ratio without the risk of engine 
knock. Under such circumstances, the thermal 
efficiency is significantly increased [6].  
 
Furthermore, because of this lean combustion 
and the position the injector, the mixture             
control may not depend on throttling and there        
is an indication that pumping loss due to           
cycle work could be reduced compared with 
traditional PFI engine [2,7,8]. 
  

In spite of the increased power output produced 
by GDI engine at part load operation, recent 
research reveals that this lean mixture formation 
in combustion chamber could lead to misfires 
and emissions of unburned hydrocarbon to some 
extent which possibly weakens the advantage of 
this engine compared with PFI engine. Hence, in 
order to mitigate the effect of potential drawbacks 
of lean mixture formation in the GDI engine with 
late injection, the quality of mixture formation in 
this engine should be improved [9,10]. 

 
In GDI engines with late injection, the time for 
fuel to mix with air is limited. In order to obtain a 
desirable proportion of mixture, strong turbulence 
produced by tumble motion or swirl motion must 
be improved. The turbulence inside the cylinder 
is dependent on the injection geometry and this 
injection parameter appears to be sensitive to the 
type of injector [11,12]. Therefore, the utilisation 
of proper injectors plays an import part in 
enhancing the performance of mixture formation 
which in turn, mitigates the emission degree and 
further improves the fuel economy for GDI 
engine with late injection [13]. Swirl injector and 
multi-hole injector are widely employed, and a 
recent study reveals that the latter shows a 
significant promise in acquiring a better quality of 
mixture formation compared with the former [14]. 

 
The position of the spark plug in GDI is central at 
the combustion chamber while the injector 
position can be varied. In terms of the width of 
the gap between spark plug and injector, there 
are mainly two arrangements for the position of 
injector, namely, narrow spacing and wide 
spacing [15].  

 
It is indicated that the narrow spacing 
arrangement is more favourable due to the 
simplicity and the irrelevance to the motion of air 
charge. However, high thermal stress happening 
in the vicinity of the exhaust valve may become 
the drawback for that choice. Fiengo (2013) 
indicates that based on narrow spacing scheme, 
three types of combustion system are 
established for GDI engine with late injection 
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while the methods to obtain charge stratification 
are distinguished. These features are spray-
guided, wall-guided and air-guided [15,16]. 
 

For the spray-guided system, the injector is 
conventionally located close to the centre of the 
combustion chamber and the stratification 
process is strongly dependent on characteristics 
of spray dynamics whilst wall-guided system 
employs a cavity on the top of the piston to 
interact with spray to achieve stratification [17]. 
Another feature of this layout is that the injection 
is set proximate to the centrally fixed spark plug 
without cavity surface piston being arranged in 
the cylinder. In the air guided systems, 
stratification is obtained mainly by means of the 
interaction between the fuel spray and the  
motion of the air charge inducted in the cylinder  
[3]. 
 

The atomization process is also important to the 
spray formation which is the process where liquid 
fuel is broken up into drops and is of significance 
for liquid fuel to effectively burn in combustion 
chamber [13,18]. It is observed that the 
atomisation of liquid fuel is conventionally carried 
out by atomisers which is probably a part of 
injector on the scope of the internal combustion 
engine, and one of the acceptable classifications 

of atomiser is based on the energy that is applied 
for the purpose of atomisation[19].  
 
It is also established that the swirl atomiser could 
provide strong tumble or swirl for GDI engine 
with the late injection to achieve the anticipated 
charge stratification for mixture formation. Jet 
atomiser helps to study the process of 
disintegration of liquid into drops which usually 
takes place at a certain distance away from the 
atomiser. The degree of disintegration is 
determined by many factors such as the 
dimension of orifice, discharge velocity and 
ambient conditions. Typically, increasing the 
velocity of discharge may accelerate this process 
of break-up [13,19,20]. 
 

2. EULERIAN MULTIPHASE MODEL 
 
In STAR CCM+, Eulerian multiphase segregated 
flow tends to meet the requirements of two-
phase flow inside a GDI combustion chamber. 
The important governing equations for Eulerian 
multiphase segregated model are the 
conservation laws for mass, momentum and 
energy equation which is not originally included 
in Eulerian multiphase (EMP) model but provided 
in Star CCM+ as segregated fluid isothermal [21].  
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Momentum conservation  
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Energy conservation 
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For the above equations where: 

 

i  
: The volume fraction for phase i and 1

i i    
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i  
: The density for phase i 


 

: The void fraction 

iv  
: The velocity for phase i 

gv   
: The grid velocity 

ijm  
: The mass transfer rate from phase j to i 

jim  
: The mass transfer rate from phase i to j 

cda  
: The density in the interaction area 



iS  
: The mass source term for phase i 

p   : The pressure (equal for each phase) 

g   : The gravity vector 

i   : The molecular stress 

t

i  
: The turbulent stress 

iM  
: The interphase momentum transfer per unit volume and 1

i i M  

iF )( int  
: The internal force 


iS  

: The momentum source term for phase i 

iE  
: The total energy for phase i 

iH  
: The total enthalpy for phase i 

iT  
: The viscous stress tensor for phase i 

it  
: The temperature for phase i 

ieffk ，  
: The effective thermal conductivity 

if  
: The body force vector for phase i 

ijQ  
: The interphase heat transfer rate from phase j to i 

)(ij

iQ  
: The heat transfer rate from phase pair interface (ij) to phase i 

iuS ,  
: The energy source 

)( iji th  
: The enthalpy estimated at the interface temperature ijt for phase i 

 
3. NUMERICAL PROCEDURE 
 

The computational domain for simulations is the 
combustion chamber of the GDI engine and the 
piston is near the top dead centre (TDC) on the 
compression stroke and the fuel is sprayed 
representing the late injection strategy. The 
dimensions and 3D of the geometry are shown in 
Figs. 1 and 2 with the inlet orifice simplified to be 
at the surface.  
 
The polyhedral mesh (Figs. 3 and 4) was used 
with the main specifications shown in Table 1 
while mesh size for inlet region specified              
through the ‘Relative to base’ method. The 
percentage is determined in terms of the 

proportion for the diameter of the inlet to that of 
the outlet. The physical models used in Star 
CCM+ for modelling the mixture formation are 
shown in Tables 2 to 5. The initial states of the 
combustion chamber before injection at                 
the late compression process, volume fraction, 
turbulent energy and dissipation rate are shown 
in Table 5. For the boundary conditions, the 
volume fraction rate between gas and liquid is 
set 0:1 and the maximum velocity equal is 
150ms

-1
. To study the mixture formation, 

contours plots under critical time points of the 
injection velocity pulse (t) are selected such as 
1e-3s, 1.25e-3s, 1.75e-3s, 2.25e-3s and 2.5e-3s. 
These time points characterise a period of 
injection. 
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Fig. 1. Dimensions of geometry 
 

 
  

Fig. 2. 3D Computational domain 
 

 
 

Fig. 3. Surface mesh 
 

 
 

Fig. 4. Volume mesh 
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Table 1. Specifications for the polyhedral mesh 
 

Reference Value  Value 

Base size 0.002m 
Number of prism layers 5 
Prism layer thickness 45.0 (percentage of Base) 
Surface growth rate 1.2 
Inlet mesh value  0.125 (percentage of Base) 

 

Table 2. Physical models 
 

Group Box  Model  

Space Three Dimensional 
Time Implicit unsteady 
Material  Eulerian multiphase 
Eulerian multiphase model  Multiphase segregated flow  
Viscous regime Turbulent 

 
Table 3. Models for gas phase 

 
Group Box  Model  

Material  Gas 
Equation of state Ideal gas 
Viscous regime  Turbulent  
Reynolds-Average Turbulence  K-Epsilon Turbulence  

 

Table 4. Models for liquid phase 
 

Group Box  Model  

Material  Liquid 
Equation of state Constant density 
Viscous regime  Turbulent  
Reynolds-Average Turbulence  K-Epsilon Turbulence  

 

Table 5. Initial conditions 
 

Parameters Value 

Gas volume fraction  1 
Liquid volume fraction 0 
Turbulent Dissipation rate of gas  100.0 m

2
/s

3
 

Turbulent Kinetic Energy of gas 1.0 J/kg  
 

4. RESULTS AND DISCUSSION 
 

Contour plot of turbulent kinetic energy (TKE) for liquid 
 

 
 

Fig. 5(a) TKE for liquid, t=1e-3s 
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Fig. 5(b) TKE for liquid, t=1.25e-3s 

 

 
 

Fig. 5(c) TKE for liquid, t=1.75e-3s 
 

 
 

Fig. 5(d) TKE for liquid, t=2.25e-3s 
 

 
 

Fig. 5(e) TKE for liquid, t=2.5e-3s 
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Contour plot of turbulent kinetic energy for gas: 
 

 
 

Fig. 6(a) TKE for gas, t=1e-3s 

 

 
 

Fig. 6(b) TKE for gas, t=1.25e-3s with inlet region zoomed in 

 

 
 

Fig. 6(c) TKE for gas, t=1.75e-3s with inlet region zoomed in 
 

 
 

Fig. 6(d) TKE for gas, t=2.25e-3s with inlet region zoomed in 
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Fig. 6(e) TKE for gas, t=2.5e-3s with inlet region zoomed in 

 
Contour plot of liquid volume fraction 

 

 
 

Fig.7(a) Volume fraction of liquid, t=1e-3s with inlet region zoomed in 

 

 
 

Fig. 7(b) Volume fraction of liquid, t=1.25e-3s with inlet region zoomed in 

 

 
 

Fig. 7 (c) Volume fraction of liquid, t=1.75e-3s with inlet region zoomed in 
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Fig. 7 (d) Volume fraction of liquid, t=2.25e-3s with inlet region zoomed in 
 

 
 

Fig. 7 (e) Volume fraction of liquid, t=2.5e-3s with inlet region zoomed in 
 

Velocity vector of liquid 
 

 
 

Fig. 8(a) Velocity vector of liquid, t=1e-3s with inlet region zoomed in 
 

 
 

Fig. 8(b) Velocity vector of liquid, t=1.25e-3s with inlet region zoomed in 
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Fig. 8(c) Velocity vector of liquid, t=1.75e-3s with inlet region zoomed in 
 

 
 

Fig. 8(d) Velocity vector of liquid, t=2.25e-3s with inlet region zoomed in 
 

 
 

Fig. 8 (e) Velocity vector of liquid, t=2.5e-3s with inlet region zoomed in 
 
The results above show the motion of liquid jet 
inside the computational domain during the 
injection period indicated. This motion may 
somehow be affected by the gas-phase 
turbulence. Fig. 5(a) to Fig. 5(e) presents the 
turbulence of liquid-phase which is observed to 
be developed on both sides of its injection 
direction, and it was further observed in Figs. 8 
(a) to 8 (e). That is the flow of liquid-phase 
begins to vary irregularly around the inlet area 
where eddies may be involved in causing the 
turbulence. Consequently, as the injection 
continues, such turbulence expands with the flow 
of liquid jet.  
 
With its original turbulence, the motion of gas-
phase is affected by the injected liquid but 
possibly varies little. It can be seen from Figs. 

6(a) to 6(e) that the variation of turbulence for 
gas-phase is mainly centred in the region of the 
inlet during the injection process. In addition, 
analysing Figs 5 and 6 give an indication that the 
GDI engine with late injection may give rise to 
the two-phase flow with non-homogenous 
turbulent characteristics without the account of 
vaporisation in this simulation. 
 
The spray structure can still be observed by the 
volume fraction of liquid shown in Fig. 7(a) to Fig. 
7(e)). It can be seen that the spray structure 
remains asymmetric probably caused by injection 
angle during the injection period and 
aerodynamics. Thus the volume fraction of liquid 
approximately describes the spray formation in 
this non-evaporative case. Qualitatively, the 
spray angle and spray penetration at each time 
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step was different under this transient simulation. 
The results also show that decreasing the 
injection velocity, the structure of spray tends to 
remain similar axisymmetric compared with 
higher velocities. Also, the distributions of 
turbulence for gas-phase seem to be centralised 
at inlet region which is consistent with the high-
velocity situation. 
 

The turbulent degrees of liquid-phase somehow 
indicating the level of liquid disintegration                   
are quite different between the two scenarios. 
Conventionally, it is expected to acquire 
desirable rich mixture formation near the spark 
plug before the ignition in the GDI engine with 
late injection. The high volumes of the mixture 
near the vicinity of the inlet illustrate this 
phenomenon.  
 

It was also observed that higher injection velocity 
which gives rise to the stronger turbulence of 
liquid produce better-atomized liquid droplets 
around that area with very lean concentration. 
Therefore, increasing injection velocity will bring 
about better atomisation for liquid fuel which may 
contribute to the improved mixture formation. 
 

5. CONCLUSION 
 
The GDI late injection period near the end of the 
compression stroke is modelled and the internal 
air tends to be turbulent initially. The liquid fuel            
in a form of jet injected from the nozzle (inlet) 
also appears to be turbulent flowing within air 
surroundings. The flow of liquid influences the 
flow of ambient air which also has a reverse 
effect. Hence different developments of 
turbulence for each phase are observed. The 
Eulerian multiphase model shows that the 
turbulence of each phase is tackled separately 
showing a non-homogeneous state. For liquid jet, 
droplets drift towards both sides of injection 
direction and owing to such drifting and 
disturbance from environmental air,                    
possibly eddies are detected and lead to the 
turbulence consequently. The turbulence of liquid 
expands with the motion of droplets while for 
gas-phase the disturbing parts are centred in the 
inlet zone during the injection period. The 
asymmetric structure of spray is observed when 
the volume fraction of liquid is simulated and the 
effects of injection velocity are also investigated. 
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