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Abstract 
Diesel Engine has been the most powerful and relevant source of power in the automobile industry 
for decades due to their excellent performance, efficiency and power. On the contrary, there are 
numerous environmental issues of the diesel  engines  hampering  the  environment.  It  has  been  a  
great challenge for the researchers and scientists to minimize these issues. In the recent years, sev-
eral strategies have been introduced to eradicate the emissions of the diesel engines. Among them, 
Partially Premixed Combustion (PPC) is one of the most emerging and reliable strategies. PPC is a 
compression ignited combustion process in which ignition delay is controlled. PPC is intended to 
endow with better combustion with low soot and NOx emission. 
The engine used in the present study is a single-cylinder research engine, installed in Aalto Univer-
sity Internal Combustion Engine Laboratory with the bore diameter of 200 mm. The thesis presents 
the validation of the measurement data with the simulated cases followed by the study of the spray 
impingement and fuel vapor mixing in PPC mode for different injection timing. A detailed study of 
the correlation of early injection with the fuel vapor distribution and wall impingement has been 
made.   
The simulations are carried out with the commercial CFD software STAR CD. Different injection 
parameters have been considered and taken into an account to lower the wall impingement and to 
produce better air-fuel mixing with the purpose of good combustion and reduction of the emissions. 
The result  of the penetration length of the spray and the fuel vapor distribution for different early 
injection cases have been illustrated in the study. Comparisons of different thermodynamic proper-
ties and spray analysis for different injection timing have been very clearly illustrated to get insight 
of effect of early injection. The parameters like injection timing, injection period, injection pres-
sure, inclusion angle of the spray have an influence the combustion process in PPC mode. Exten-
sive study has been made for each of these parameters to better understand their effects in the com-
bustion process. Different split injection profiles have been implemented for the study of better fuel 
vapor distribution in the combustion chamber. 
The final part of the thesis includes the study of the combustion and implementation of EGR to 
control the temperature so as to get more prolonged ignition delay to accompany the PPC strategy 
for standard piston top and deep bowl piston top. With the injection optimization and implementa-
tion of EGR, NOx has been reduced by around 44%, CO by 60% and Soot by 66% in the standard 
piston top. The piston optimization resulted in more promising result with 58% reduction in NOx, 
55% reduction in CO and 67% reduction in Soot. In both cases the percentage of fuel burnt was 
increased by around 8%. 
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1. INTRODUCTION 

1.1 Motivation 
Diesel Engines have been the most relevant source of power in the automobile 

industries from decades because of their excellent performance, efficiency and power 

which is extensively used in transportation. The capability of energy conversion 

efficiency of diesel engines from the fuel combustion to mechanical output has been 

very high. 

On the other hand, the emissions produced by the engines are hampering the 

environment, causing global warming, greenhouse effect, acid rain and climate change. 

This has been the major environmental issue for researchers and scientists. Numerous 

studies focusing on the reduction of these negative impacts of diesel engines are 

evolving. In the recent years, several strategies and methods have been introduced to 

eradicate the emission of diesel engines in order to protect the earth from such 

environmental issues. The major sources of emission inhibiting the pollution are 

nitrogen oxides (NOx), carbon monoxide (CO), hydrocarbons (HCs) and the particulate 

matter (PM). Crude oil being a non-renewable source of energy and keeping an eye to 

the increasing world population and industrialization, efficient fuel consumption has 

always been desirable. Certain regulations and laws have been imposed emphasizing the 

reduction of such emission by the environment legislation. Therefore, it has been a 

challenge for the automobile industry and researchers to provide a fuel efficient and 

emission controlled device for the welfare of mankind and the earth. 

In the recent years, numerous efforts have been made and different strategies and 

innovations have been implemented for the reduction of the emissions and lower the 

fuel consumption with high output efficiency. Among them Low Temperature 

Combustion (LTC) has been a very promising technique which has been very successful 

in  the  reduction  of  emissions.  There  are  several  types  of  LTC  which  includes  

Homogeneous Charged Compression Ignition (HCCI) and Partially Premixed 

Combustion (PPC).  

HCCI method is based on the instantaneous ignition of a highly diluted premixed air 

fuel mixture through the combustion chamber. This combustion technique has been 

extensively studied and practiced to reduce soot and NOx. The disadvantage of this type 

of combustion is its controllability of combustion timing. 
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The emerging strategy which has been very effective and admired for the low emission 

and  good  combustion  is  -  Partially  Premixed  Combustion  (PPC).   PPC  is  one  of  the  

promising approaches in which emissions are reduced by attaining good mixing of air 

and fuel preceding to combustion. The premixing of air and fuel helps to decrease the 

production of soot whereas by reducing the combustion temperature with the premixed 

fuel and application of EGR help to reduce NOx production. PPC has higher 

controllability than HCCI. In this technique all or part of fuel is injected early to allow 

good premixing of fuel and air,  so called pilot injection is injected which is then 

followed by main injection close to Top Dead Center. 

There are some problems related to PPC mode of combustion which includes the 

possibility for spray wall impingement as a result of early injection. This results in 

increased fuel consumption and unburnt hydrocarbon emissions leading to the 

lubrication oil dilution. Moreover, it is important to delay the ignition. The early 

ignition which takes place before TDC results in increased NOx emission and decreased 

power output. Therefore it is very essential to control the ignition timing for efficient 

combustion process and low emissions. 

1.2 Hercules C Project  
The Hercules Project is  an EU project which is initiated in 2002 as a long term R&D 

Program in order to develop new technologies for the marine engines. It is the joint 

venture  of  two major  engine  manufacturer  groups  MAN and WÄRTSILÄ.  It  is  in  the  

third phase of its progress.  

The thesis is  the part  of Hercules C project which is in phase III  of the program. The 

major objectives of the program are to attain higher efficiency, reduce emissions and 

increase life time and reliability. There are number of cooperation involved as the 

partners of Hercules C project among which Aalto University of Technology have been 

participating actively. 

In this thesis, Extreme Value Research Engine (EVE), which is one of the case engines 

of the Hercules Project, has been used as an object for the study.  In the study, STAR-

CD  has  been  used  as  a  solver  for  the  CFD  simulation  of  the  fluid  flow  fields  and  

combustion.  
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1.3 Overview of the Document 
In this thesis chapter 2 describes the background of the PPC mode of combustion. The 

section illustrates the recent development in the combustion in the field of PPC. 

Furthermore, the literature review has been presented with the emphasis on the 

improvement of the PPC mode of combustion. Chapter 3 represents the detailed 

specification of the engine, the computational model and the methodology of 

computation techniques in engine combustion.  

In Chapter 4, I have exemplified the validation of the computational model for both 

conventional diffusion combustion and PPC mode of combustion. The comparison of 

conventional and PPC mode of combustion has been carried out in details. Chapter 5 

shows the detail study of the fuel vapor and spray-wall interaction analysis with number 

of optimized injection settings. Chapter 6 illustrates the combustion analysis in which 

the consideration in the emission out of the combustion has been taken into account and 

the analogy has been deemed in detail. Chapter 7 portrays the results and conclusion of 

the study of fuel vapor, wall impingement analysis and the combustion analysis. 

Finally, in chapter 9, I have pointed out some recommendations for the future work.  
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2. BACKGROUND 

2.1 Literature Review 
Partially Premixed Combustion is Low Temperature Combustion mode in which high 

EGR levels is achieved in combination with an injection timing adjusted to get an 

ignition delay long enough for air fuel to mix beforehand of combustion. PPC is able to 

combine low smoke and NOx emissions while having a combustion controllability that 

is higher than HCCI [1]. 

 

Figure 2-1 Conventional Diesel, PPC (PCI) and HCCI combustion regions in phi-T map [2]. 

Different injection strategies have been implemented in the recent years to accompany 

PPC mode of combustion to get good air fuel mixing prior to combustion and minimize 

the level of emissions. The major problem that has been encountered due to 

implementation of early injection includes the cylinder liner impingement. Due to the 

early injection, the temperature and the pressure of the combustion chamber is yet very 

low, thus the impingement of the spray is very high such that the spray impinges the 

cylinder liner though highly homogeneous air fuel distribution is obtained. This leads to 

the unburnt HC emission and lubrication oil dilution. 

Variation in spray orientation and piston blow shape has been extensively used to avoid 

the impingement in the cylinder liner surface [3]. Wide spray included angle impedes 

the liquid fuel extensively in the cylinder liner during the Early Pilot Injection (EPI) 

event [4]. Beside these uses of high swirl has been also taken into consideration for 

resolving these problems of spray wall interaction [5] [6].Many attempts have also been 
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made  to  combine  the  effect  of  EGR  and  narrow  inclusion  angle  to  avoid  the  liner  

impingement and get the good air fuel homogeneity [7].  

Furthermore, many investigations have been made to better understand the effect of 

different injection parameters such as injection pressure, reduced nozzle hole diameter 

to reduce the spray impingement on the walls interface and get better air fuel vapor 

distribution close to TDC where main injection is set to be carried out. 

The  study  on  the  effect  of  piston  bowl  geometry  in  order  to  improve  the  air  fuel  

homogeneity has also been considered in the study made by Genzale et al. [8]. In the 

study it was investigated that the increased fraction of the piston bowl diameter (80% of 

the bowl diameter) had resulted in the fuel rich mixture confined to the center of the jet 

rather than in the wall and interaction region. 

Abdhullah et al. [9] carried out a study on the effect of injection pressure with the split 

injection in which they successfully showed that the increased injection pressure 

significantly improved the engine performance and emissions. They have added the 

effect of EGR on such conditions to control the emissions to a considerable level. 

A study carried out by Seung et al. [10] showed that the conventional wide spray angles 

are generally suitable for single injection in which the fuel is injected close to the end of 

the compression stroke (close to TDC) at which most injected fuel are concentrated at 

the bowl region of the piston. Whereas for the narrow inclusion angle fuel injected 

impinges directly to the piston bowl for such conventional injection settings. So EPI is 

preferred to have homogeneous mixture during the compression stroke with such spray 

orientation.  

A study to attain PPC Process with advance injection strategies was carried out by Jesus 

et al. [11]. They used narrow inclusion angle accompanied by two different piston 

geometries  (straight  wall  bowl  and  open  bowl)  to  study  the  effect  of  premixed  

combustion. With the drawback of EPI impinging the liner and causing oil dilution, and 

Single Main injection (Conventional Injection close to TDC) they have used strategy 

called Advanced Single Injection in which single injection is carried out a somewhat 

later than EPI. Their results provided important improvement in soot emissions for same 

NOx emission. 

Boot el at. [12] carried out an investigation to acquire more insight into the relationship 

of wall and piston impingement of liquid fuel and unburnt hydrocarbon emissions 
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(UHC) under early direct injection premixed charge compression ignition operating 

conditions. In the study they have suggested the alternative operating conditions for the 

wall wetting reduction in which they have emphasized on intake temperature, fuel 

temperature, intake pressure and fuel pressure.   

In the study carried out by Iwabunchi et al., [13] , premixed compression ignited 

combustion system was investigated in which lean mixture was formed over a long 

mixing period but that resulted in the fuel spray adhering the cylinder liner. To prevent 

this, the impinged spray nozzle with low penetration was made and tested. This resulted 

in the low penetration and high dispersion in addition to good atomization and short 

injection period. The use of impinged spray nozzle resulted in extensive low NOx 

emission but fuel efficiency decreased slightly. 

Ra et al. [14] explored the variable geometry spray (VSG) which is capable of changing 

the spray angle with compression stroke. The result showed very effective ignition time 

controllability along with elimination of the spray wall wetting.  

H. Akagawa et al. [15], adopted the pintle type injection nozzle or a top-land crevice 

piston in addition to the EGR or the addition of an oxygenated component to the diesel 

fuel to eliminate the effect of early injection. They have shown the characteristics of the 

spray with the side injection (from two side injectors) and the pintle nozzle injection 

with swirl grooves to reduce the spray impingement subsequently.  

Nicolas Dronniou et al. [16] conducted a study on the multiple injection strategy in 

which the effect of pilot injection and post injection quantity has been made along with 

the changes in injection timing. Results presented that pilot injection dramatically 

reduced the soot emission when advance timings were used. More the pilot fraction 

more the soot emission was reduced without any penalty on NOx emissions. The study 

has also shown that the addition of the post injection improves the emissions results. 

Yamamoto and Niimura [17] investigated the fuel sprays from specially shaped and 

impingement flow nozzles. They concluded that with an impinging flow nozzle the fuel 

distribution in the spray became more homogeneous than standard conventional nozzle 

and slit nozzle. 

Wåhlin and Cronhjort [18] demonstrated nozzle configuration and injection condition 

leading to highly diluted, low penetrating fuel sprays suitable for Premixed Combustion. 
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Impinging spray nozzles with different angles and orifice diameter was used for the 

study. 

Hardy et al. [19]carried out an investigation of PPC strategies using multiple injections. 

In the study it was shown that the increased intake boost pressure simultaneously 

decreased NOx and PM emissions as a result of dilute mixture formation. The use of a 

close coupled post injection increased the in-cylinder mixing and decrease PM 

emissions. Furthermore the splitting of the pilot injection into two injections showed 

promising outcome with reduced fuel spray wall impingement due to decreased 

diffusion burn from the resulting wall fuel films. 

From the above literature review it can be envisioned that some changes in the injection 

system or optimization of the piston bowl shape has to be considered to accompany the 

PPC mode of combustion. With the conventional injection system, the possibility of fuel 

concentration in some regions and oil dilution due to spray wall impingement is 

prominent which has adverse effect in the emission minimization. Thus in this study 

different attempts have been made to acquire good fuel-air homogeneity and avoid 

spray wall impingement prior to the combustion to accompany PPC mode of 

combustion. 
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3. COMPUTATIONAL MODEL 

3.1 Engine Specification 
In the study, a single cylinder engine Extreme Value Engine (EVE) was investigated 

which is installed in Aalto University, Internal Combustion Engine Laboratory. The 

larger bore diameter of the engine implies the use of PPC strategy in large engine 

environment. The EVE is a medium speed Compression Ignition engine whose 

flexibility makes possible to run the engine with several setups and change in numerous 

injection parameters. The table 3-1 summarizes the specification of the EVE. It is 

designed to withstand the in-cylinder pressure of 300 bars [20].  

Table 3-1 Engine specification 

Number of Cylinder 1 
Stoke(mm) 280 
Bore(mm) 200 

Connecting Rod length 
(mm) 614 

Number of valves 4 
Engine Speed(rpm) 900 

Nozzle orifice diameter 
(mm) 0.36 

Number of nozzle holes 9 
Inclusion angle 153  

 

3.2 Computational Grid 
The computational grid used for the EVE engine is shown in the Figure 3-1. The engine 

has 9 injector holes equally spaced. Therefore, a sector of the combustion chamber is 

modeled with the angle of 400 which has cyclic boundary conditions. All the geometries 

of the chamber has been replicated including cylinder head, piston bowl and squish 

region to get the exact model. The geometric compression ratio has been preserved in 

the computational model. The total number of cell at BDC is 185665. During 

compression stroke the cell layer of the stroke is deformed and with the use of Event in 

Star CD, and the deletion of the layer is carried out to get the size of the cells of the 

stroke similar to that of the cylinder head and piston bowl close to the TDC. At TDC the 

total number of cell is reduced to 32800. 
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Figure 3-1 Sector Mesh at TDC 

3.3 Turbulence Model 
Turbulent flow refers to the irregular and random motion of the fluid. It depends on the 

flow scale. In this study the description of the turbulence is generally weighed up with 

the kinetic energy and dissipation rate which is known as k-epsilon turbulence model. 

Kinetic energy is the energy produced by the fluctuating components of the flow field 

whereas dissipation rate is the transfer of the turbulence from the larger eddies to the 

smaller ones and even smaller into the heat as the viscous effect. K-epsilon model is the 

two equation model in which transport equations are solved for two turbulence 

quantities, k and epsilon. The renormalized group method has been used to obtain k 

epsilon equation from the Navier Stokes equation [21]. 

The turbulence model used in the study is RNG k-  model [22]. In this model numbers 

of coefficients are obtained through the renormalization group analysis. Yakhot and 

Orszag are the pioneers of this model. This method is based on the renormalization 

group analysis in which the coefficients are obtained by Renormalization analysis rather 

than the empirical method. In this modeling only the equation of dissipation rate has 

been modified from the standard k-epsilon equation whereas the transport equation for 

kinetic energy is the same. The turbulence dissipation rate equation is suffixed with 

additional term as shown in the following equations. 

The transport equations for the turbulent kinetic energy and the dissipation rates are 

expressed as follows 

Turbulence Kinetic Energy 

 

( )
+ + = ( + )

2
3

+  
(1) 
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Turbulence dissipation rate 

 

( )
+ +

2
3

+
1

1 +
 

(2) 

                                                 

Table 3-2 Coefficients of the RNG  model 

             
0.085 0.719 0.719 0.9 0.9 1.42 1.68 0.0or1.42* -0.387 0.4 9.0** 4.38 0.012 

 

The engine model together with the turbulence model has been previously validated by 

Kaario et al. [23]. 

3.4 Nozzle Flow Model 
Nozzle flow velocity is an important parameter as considered from the view of spray 

calculation. The velocity of the spray plays an important role in the atomization and the 

break up processes. It also influences the spray penetration, droplets interaction with the 

walls and droplet interaction. 

The model used in the simulation is so called the Effective model of the nozzle flow. 

This model calculates the injection velocity from the given flow rate and the nozzle 

geometry.  

The mass flow rate is given as 

=  (3) 

 

where,  is the mass flow rate of fuel,  is the density of the liquid fuel, A is the cross-

sectional area of the nozzle and  is the injection velocity. 

Thus the injection pressure is calculated with the following equation 
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=
2 ×

 
(4) 

where, is the coefficient of discharge of nozzle and   in the Injection Pressure. 

3.5 Atomization and Break-up Model for spray 
The droplet break up model used for the simulation is Reitz-Diwakar model. In 

accordance to the study made by Reitz and Diwakar [24], the droplet breaks due to the 

aerodynamic forces. These aerodynamic forces occur in two modes 

1. Bag Break up 

2. Stripping break up 

The rate of change of droplet diameter is given by 

= ,   (5) 

where,  is the instantaneous droplet diameter, and is the characteristic time scale 

for the break up process. 

1. Bag break up:  

In this mode of break up the non-uniform pressure field around the droplet causes it to 

expand in the low pressure wake region and eventually disintegrate when the surface 

tension forces are overcome. The instability is determined by critical value of Weber 

number. 

= | |   (6) 

where,  is the surface tension coefficient and  is an empirical coefficient. In 

STAR-CD default value is the stable droplet size is that which satisfies the equality in 

the above equation. The associated characteristic time is 

=   
(7) 

where,   

2. Stripping break up 

In this mode, liquid is sheared or stripped from the droplet surface. The instability 

equation is given by 
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 (8) 

 

where,  is the droplet Reynolds number and  is  a coefficient with the value 0.5 

[25]. The characteristic time scale for this regime is  

=
2 | | 

(9) 

The empirical coefficient is in the range of 2-20. The default is used for the 

simulation ( =20). 

3.6 Spray Impingement Model 
Even though spray wall interactions are typically not very prominent in direct injection 

diesel engine, such model has its essence in the PPC mode of combustion as a result of 

early injection.  A number of wall interaction models are available in STAR-CD. In the 

study Bai Model [26] has been selected as the model for spray wall interaction. 

According to the model spray impingement on walls involves two processes: wall spray 

development and wall film evolution. This spray impingement model is formulated on 

the basis of literature findings and mass, momentum and energy conservation. The 

model confines the situation involving wall temperatures below the fuel boiling point 

and neglects the effects of neighboring impinging droplets and gas boundary layer on 

the impingement dynamics. The model formulation distinguishes between the wet and 

dry wall impingement, for dry wall: Stick, Spread and Splash and for wet wall Rebound, 

Spread and Splash. 

Regime transition criteria 

Range 1:  

In this range the model accounts for the following regimes 

 Stick 
 Spread 
 Rebound 
 Splash 
 Break-up 

1. Dry wall applied only when the liquid film model is in use 
a) Adhesion which combines the stick and spread regimes 

 
where,   is  
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 A is a coefficient which depends on the surface roughness, rs  
b) Splash 

 
2. Wetted wall 

a) Rebound 
5 

 
b) Spread 

5 <  
 

where is defined as  
                    is an empirical coefficient 
 
Range 2:  

In this temperature range there is no wall contact due to an intervening vapor film and 

the regimes are determined by two characteristics Weber numbers  and  

a) Rebound:  

b) Break up and rebound:   

c) Break up and spread:  

d) Splash without deposition:  

Range 3:  

In this regime, wall contact is prevented by a vapor film and the droplets are elevated 

from and move tangentially to the surface 

a) Spread:  

b) Break up and spread:  

c) Splash without deposition:  

3.7 Combustion Model 
The combustion model used in the simulation is DARS-TIF Combustion Model (Digital 

Analysis of Reaction Systems-Transient Interactive Flamelet). This combustion model 

is based on transient interactive flamelet method for solving the auto ignition and 

combustion chemistry problems. In the combustion process there are numerous physical 

processes which interact with each other. These include turbulent flows, fuel spray 

injection, droplet evaporation and combustion. To represent such model and accurate 

combustion model is required. DARS-TIF model thus is an appropriate combustion 
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model which represents a detailed chemistry and considers the effects of chemical 

reactions reducing the computational cost [27].  

DARS-TIF is a flamelet model where detailed chemistry is solved. It is assumed that the 

flamelet is a 1-dimensional thin laminar flame embedded in the turbulent flow field. The 

chemical reaction is separated from the flow simulation in order to save the time as full 

chemistry is not possible to solve directly even in simple case as there are numerous 

equations to be solved. So the detailed chemistry is solved as a function of mixture 

fraction and time. The solution is not done for every cell but every mixture fraction (Z). 

There is a separate chemistry solver which solves the detail chemistry. The connection 

from the chemistry to flow field turbulence is taken from mixture fraction and its 

variance which in a way indicates the mixing of the turbulence. 

The combustion model DARS-TIF is based on the following equations  

=
2

+  
(10) 

 

=
2

+  
(11) 

In the above equations,  is the mass fraction of species ,  the density,  the flamelet 

time,  the mixture fraction,  the chemical source term of the species ,  the 

chemico-thermal enthalpy,  the pressure and  a heat loss term. The scalar dissipation 

 is defined as 

= 2D
Z

x
 

(12) 

Scalar dissipation rate is modeled as 

= 2
k

 (13) 

where,   is the variance of the mixture fraction [28]. 

The chemistry used is n-heptane which has 209 species and 2159 reactions. 

ECFM-3Z combustion model has also been used for the comparison of the validation 

case for the multiple injections with the DARS-TIF combustion model.  ECFM-3Z 

consists of the mixing model in which 3Z stands for the three zones: the unmixed fuel 

zone,  the  mixed  gases  zone  and  the  unmixed  air  and  EGR  zone.   The  details  of  the  
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ECFM-3Z illustrated in more details by Colin,O et al [29]. The combustion models 

DARS-TIF and ECFM-3Z have been validated previously in diesel engine conditions 

by Kaario et al. [30] [31]. 

3.8 Emission Modeling 

3.8.1 NOx Flamelet Library  

NOx also called the nitrogen oxides are the air  pollutant as a result  of combustion. In 

the STAR CD the computation of NOx is decoupled from the main reacting flow fuel as 

it has very little effect on the flow field. The basic mechanisms of the formation of NOx 

are Thermal NOx, Prompt NOx and Fuel NOx. This NOx library was developed by 

Mauss et al. [32]. 

Thermal NOx is the main mechanism in which NOx formation takes place due to the 

high temperature. At high temperature the reaction of atmospheric nitrogen with oxygen 

produces  NOx.   Prompt  NOx is  the  result  of  the  reaction  of  hydrocarbon radicals  and  

atmospheric nitrogen. Fuel nitrogen is produced by the reaction of the nitrogenous 

components present in the fuel with oxygen. 

The flamelet library method is inbuilt in DARS-TIF model for the NOx modeling. This 

method uses flamelet approximation. The following transport equation is solved for the 

NOx mass fraction 

( ) + =
,

+  
(14) 

The source term is evaluated using the flamelet approximation. According to this 

approximation a counter flow flame consisting of two opposed reacting laminar jets, 

one of n-heptane as a fuel and the other as the oxidizer is solved and the steady state 

solution is stored for the several conditions of initial temperature, pressure and oxidizer 

composition which results in a table of source terms in the form of  

= ( , , , , ) (15) 

where,  is the mixture fraction, the scalar dissipation rate and  the EGR 

concentration. 



16 
 

3.8.2 The flamelet library method for soot 

It is based on the laminar flamelet concept in which all the scalar quantities are related 

to the mixture fractions and the scalar dissipation rate. Therefore in this method a 

transport equation is solved for the mass fraction of soot. 

The source term for the soot volume fraction are taken form a flamelet library using a 

presumed probability density function and integrating over mixture fraction space. The 

transport equation for the soot mass fraction is given by  

( ) + =
,

+  
(16) 

where,  is the soot mass fraction and  is the soot density 

The source term for the soot volume fraction is given by 

= ,

+ , , ,  

(17) 

where, =  is the mean soot volume fraction 

3.9 Computational Technique 

3.9.1 Solution method: PISO Algorithm 

There  are  two  solution  algorithms  available  in  STAR-  Semi-Implicit  Method  for  

Pressure Linked Equations (SIMPLE) and Pressure Implicit Splitting Operators (PISO). 

SIMPLE is used for the steady flows whereas PISO is optimized for the transient flow. 

Since, all the study made in the thesis is based on the transient flow, PISO solution 

algorithm has been used throughout the study. 

 

PISO algorithm makes iteration each time also called the predictor step which is then 

followed by correctors in which linear equation sets are solved iteratively for each main 

dependent variable. The decisions on the number of correctors and inner iterations are 

made internally on the basis of splitting error and inner residual. This is done by using 

the sweep.  

3.9.2 Solution method for scalar: CG 

The solution of the linear algebraic equation is solved in STAR CD in two ways 
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 Conjugate gradient (CG): In conjugate method is an iterative method in which 

consists of various preconditioning method. 

 The  Algebraic  Multi  grid  (AMG):  It  uses  the  multi-grid  methods  to  solve  the  

linear equation without relying on the geometry of the problem. 

AMG is preferred to CG for larger number of cell numbers as it reduces the 

computation time.  

3.9.3 Differentiating Scheme: UD, CD and MARS 

The differencing schemes used in the study are Upwind Difference (UD) scheme, 

Center Difference (CD) scheme and MARS scheme. All these schemes are valid for all 

types of mesh available in STAR-CD. In the study of fuel vapor homogeneity and spray 

wall impingement (without combustion modeling), UD scheme was used for all the 

velocity components, turbulent KE and Temperature whereas CD was used for the 

density.  During  the  combustion  simulation  MARS  scheme  was  used  for  all  the  flow  

variables with multi-component limiters. The use of multi component limiters 

guarantees bonded and consistent analysis results.  

3.10 Initial Condition 

3.10.1 Initial conditions for flow 

Initial flow conditions play an important role in the combustion characteristics of the 

simulation. BDC temperature, BDC Pressure and Angular momentum ( ) plays crucial 

role  in  the  accuracy  of  the  results  and  solution.  The  BDC conditions  for  pressure  and  

temperature are used closed to the conditions used for the experimental engine runs. The 

initial swirl ratio has been 0.22[33]. The initial BDC temperature and pressure used for 

the simulation are 271 K and 1.48 bars respectively. 

3.10.2 Initial condition for turbulence  

The initial condition for turbulence for the EVE engine was suggested by Lendormy et 

al. [34] in which the purposed values of the turbulent kinetic energy is k=130m2/s2 and 

dissipation =36000 m2/s3. These values for the initial conditions for the turbulence are 

used in this master thesis. 

3.11 Boundary Conditions 
The model consists of a 1/9th of  the  combustion  chamber  as  a  sector  mesh  which  

consists of the two sets of cyclic boundaries, and three walls - piston, cylinder head and 
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the liner. The temperatures of the all the walls are kept fixed. The respective fixed wall 

heat temperatures are 595 K, 458 K and 573 K for cylinder head, liner and piston which 

are obtained from the experimental measurements. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



19 
 

4. VALIDATION OF THE COMPUTATIONAL 

MODEL 
The validation of the model was carried out with respect to the in-cylinder pressure data 

of the experimental measurements to the computational in-cylinder pressure. The 

validation was based on two experimental cases a) conventional single injection and b) 

multiple injections (PPC validation). The combustion model DARS-TIF was used to 

carry out the validation of both types of combustion. The details of the validated cases 

are presented in Table 4-1. Figure 4-1 shows the validation in terms of in-cylinder 

pressure for the Single Injection case and Multiple Injection (PPC) case.  

In DARS-TIF, the mixing is modeled by the scalar dissipation rate which in turn is a 

function of the mixture fraction gradient. In a fully homogeneous mixture, the mixture 

fraction gradient would be zero. In these conditions a model based on mixture fraction 

gradient would not perform well. However, it is seen that in the current PPC validation 

case, the model yields relatively good results. In the multiple injections PPC validation 

case, the prediction of peak pressure is somewhat high as compared to the experimental 

data though the combustion process shows convincing comparison. This might be due 

to the availability of more combustible vapor due to pilot injection in the simulation 

case as compared to the experimental case. The experimental validation case is not at all 

optimized for the PPC combustion.  

Table 4-1 Details of the Validation cases 

Validation Cases Single Injection Multiple Injection 

SOPI (BTDC) - 30 

SOMI (BTDC) 4 4 

PI duration (CAD) - 4.3 

MI duration (CAD) 11.7 6.5 

Injection Quantity (mg/cycle) 657.1 652 

Total Lambda 1.98 2 
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Figure 4-1 Validation single injection (Left) and multiple injections (PPC) (Right) 

                                                                   

Figure 4-2 HRR for single injection (Left) and multiple injections (PPC) (Right) 

Figure 4-2 represents the heat release rate of the validation cases. Figure 4-3 shows the 

in-cylinder temperature of the simulated validation cases.                                                           

                                                                       

Figure 4-3 Average In-cylinder Temperature Single injection (Left) Multiple injection (PPC) (Right) 
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Figure 4-4 Spray visualization with fuel vapor scale (0-0.1) at 5 CAD after PI (Left) Spray visualization with 
temperature scale (1000-2000K) at 7 CAD after MI 

Provided that there is substantial wall impingement due to pilot injection, film model 

was  taken  into  account  for  the  validation  of  PPC  model  of  combustion.  Figure  4-5  

represents the liquid film due to pilot injection at 8 CAD after PI. Figure 4-6 shows the 

trend of liquid film mass as a function of crank angle. The two peak liquid film masses 

indicate the pilot and the main injection. 

 

Figure 4-5 Liquid film thickness in piston and liner at 8 CAD after PI (0-5e-05m)  

 

Figure 4-6 Liquid film mass  
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The  validation  was  also  carried  out  in  terms  of  the  exhaust  gases  O2 and  CO2 

concentration and it was found that the concentration of oxygen at the exhaust was 2% 

more in terms of volume fraction in the experimental case as compared with the 

simulation. This suggests that more fuel has been burnt in case of the simulation cases 

as compared with the experimental cases. Therefore, the combustion rate has been over-

predicted in simulation cases as compared to the experimental cases for both single and 

multiple injection cases. Table 4-2 shows the comparisons of the exhaust O2 and CO2 in 

the simulated and experimental cases. 

Table 4-2 Exhaust gases comparisons in validation cases 

Gas at Exhaust 
Single Injection Multiple Injection 

Experimental Simulation Experimental Simulation 

O2 (%-Vol) 10.9 8.9 11.2 9.3 

CO2(%-Vol) 7.3 11.33 6.8 10.54 

 

Figure 4-7 and 4-8 shows the trend of the normalized NOx and CO formation for both 

single and multiple injections cases. It can be seen from the figures that the trend of 

decrease of NOx and increase of CO formation is same as that of the experimental case 

for both the single and multiple injection simulated cases. It can be observed that the 

NOx emissions are decreased by around 50% compared to the single injection case. 

 

Figure 4-7 Normalized NOx formation trend in validation cases 
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Figure 4-8 Normalized CO formation trend in validation cases  

Figure 4-9 shows the trend of the Soot formation. The simulated soot and experimental 

soot are very different and therefore it is difficult to compare directly. The experimental 

soot is measured optically whereas the simulation deals with the formation of the 

mechanisms  of  soot.  In  experiments  the  amount  of  soot  is  measured  from  the  color  

change of a filter in the exhaust pipe whereas in simulations the soot particle formation 

and destruction mechanisms are modeled. Therefore, it is difficult to compare them 

directly. Nevertheless, the trends are presented in the figure 4-9. 

 

Figure 4-9 Normalized Soot formation trend in validation cases 
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5. SPRAY-WALL IMPINGEMENT AND FUEL VAPOR 

DISTRIBUTION ANALYSIS 

5.1 Current EVE Injection system  
The current Injection system present in the EVE has the inclusion angle of 1530 with the 

nozzle-hole diameter of 0.36mm. In order to get insight of the PPC combustion, initially 

the study was conducted for the current injection system without the combustion mode 

to correlate the effect of injection timing with the spray wall impingement. 

The mass flow rate profile starts from zero and increases linearly attaining the 

maximum flow rate within 1 degree of CA increment. Therefore the ramp for attaining 

the maximum mass flow rate is 1 CAD. There is constant injection rate for some 

degrees of Crank Angle (CA) and again decreases linearly in the same approach to zero 

with the ramp of 1 CAD. This profile of injection is known as top hat injection shape 

rating. The total mass injected during the compression stroke is the area enclosed by the 

injection curve. The profile of the mass flow rate of the fuel verses the crank angle for 

one of the cases is shown in the Figure 5-1. 

 
Figure 5-1 Injection Profile 

The onset of the study was carried out with the study of the effect of injection timing of 

pilot injection in various parameters in computational model. The effect of the spray 

impingement  with  different  start  of  pilot  injection  time (160  CAD,  50  CAD,  40  CAD 

and 30 CAD BTDC) was studied at the load of 16 IMEP. This study shows the effect of 

different injection timing on various thermodynamic properties in conjugate with the air 

fuel mixing and spray-wall impingement. In the study, an attempt to indicate the 

correlation of the injection timing to the spray-wall impingement and air fuel 

homogeneity has been made. The mass flow rate for each of the four cases were made 

constrained  with  50%  of  total  fuel  as  pilot  injection  and  the  comparisons  of  four  

injection timings has been illustrated without the combustion model . These cases were 
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simulated with the initial conditions of BDC temperature and pressure close to the EVE 

test runs. Table 5-1 represents the details of the injection. 
Table 5-1 Injection details and BCs 

Total fuel quantity (mg) 707 

Number of nozzle holes 9 

Inclusion Angle 1530 

Compression Ratio 17:1 

Pilot Injection quantity 50% 

BDC Temperature (K) 271.81 

BDC Pressure (Bars) 1.35 

Injection Duration (Pilot) 6.6 CAD 

 

The density of the gas in the combustion chamber is a crucial parameter that determines 

the spray penetration. Figure 5-2 shows the spray visualization at 5 CAD after injection. 

From the figure, it can be perceived that the late injection of the pilot, at which the fuel 

is injected close to TDC, is the most favorable in the context of wall impingement. The 

droplets wet the cylinder liner and the piston bowl during the compression stoke when 

the pilot injection is injected too early. In the case SOI -30, there is no spray-wall 

impingement. In the case of SOI-50, it has been observed that the fuel droplets wet the 

cylinder liner and eventually the squish region of the chamber during the compression 

stroke.  

 

Figure 5-2 Spray Visualization for (a) SOI -30 (b) SOI -40 (c) SOI -40 (d) SOI -160 4 CAD after Injection 
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The effect of wetting of the cylinder lining was observed in the first three cases of early 

injections (SOI -160,SOI-50 and SOI -40) whereas it was absent in the case of SOI -30. 

As soon as the injection starts within 2-4 degrees of CA the cylinder wall impingement 

occurs with maximum spray penetrations for the cases of early pilot injections. At that 

early injection stages, the temperature and pressure are very low so as the density as 

compared to the other three cases. As the spray penetration is inversely proportional to 

the increases in density, the spray penetration is higher in case of early injections. Thus 

the penetration length varies with the star of injection timings. Thus, we can see in the 

in the figure 5-2 that in the early pilot injection cases, the spray wets the cylinder liner 

very vigorously as compared to the other three cases. 

Figure 5-3 shows the contour plot of the fuel vapor distribution in terms of equivalence 

ratio at TDC for different start of injection. It can be seen that the fuel is concentrated at 

the peripheral region of the combustion chamber for all the cases with the current 

injection system of EVE engine. The homogeneity of the mixture is solely dependent on 

the injection timing. From the plots we can see that injection timing effect extensively 

in the mixing of air and fuel. In the early injection case (SOI -160), it can be seen that 

the  fuel  gets  enough time to  get  mixed  with  the  working  fluid  (air).  Therefore,  before  

the combustion the fuel is very well mixed as compared to the other injections (SOI -

50,-40 and -30) though there are some regions where the fuel is concentrated. 

                 
(a) SOI -30          (b) SOI -40 

   

                
                                       (c) SOI -50            (d) SOI -160 

Figure 5-3 Section plot of equivalence ratio at TDC scale 0 (purple)-0.5 (red) 

Although the fuel mixing is very good in the case of the very early injection case, the 

effect of fuel impingement resulting in the oil dilution of the cylinder lining would 

become a serious problem. Besides cylinder lining impingement, the wetting of piston 

bowl and squish region is also prominent in the case of very early injection cases. Even 

though the homogeneity of the air fuel is seen qualitatively good with the early pilot 
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injection, the concentration of fuel in the peripheral region of the combustion chamber 

and the liner are seen in all the cases which has adverse effect in the efficient 

combustion. The concentration of fuel in such regions has prone to the soot formation 

later in the combustion process which is highly undesirable. These concentrations are 

more in case of late injection (SOI -30). 

Thus, it is essential to figure out the optimal point between the spray impingement and 

good mixture formation of the pilot injection prior to the combustion in PPC mode of 

combustion which is the major objective of this study. 

                                 

                
                        (a) SOI -30                (b) SOI -40 

  

 
                                    (c) SOI -50               (d) SOI -160 

Figure 5-4 Azimuthal section plot of equivalence ratio scale 0 (purple)-0.5 (red) 

Figure 5-4 represents the azimuthal section of the air fuel homogeneity at TDC at the 

boundary of piston bowl and squish region of the chamber. The figure clearly illustrates 

that in the early injection cases the mixture is more homogeneous as compared to the 

late injection cases in the central region of the combustion chamber.  

As  a  result  of  this  study  we  can  draw  the  conclusion  that  the  conventional  injection  

setting does not favor for the better fuel-air homogeneity and results in the spray-wall 

interaction which may lead to subsequent increase in the emission rates. Therefore, the 

current injection setting was not in favor of good PPC mode of combustion as most of 

the fuel was concentrated along the peripheral region of the combustion chamber as 

shown in the Figure 5-3. Thus further modification in the injection setting is required 

which are discussed in more details in the upcoming section. 
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Figure 5-5 shows the density variation with increase in crank angle. This plot gives the 

general insight of the changing density of gas with compression. Thus, in the figure 

indicates the density at which fuel is injected and get the general imminent in the effect 

of evaporation of fuel and other thermodynamic properties. It can be seen that with the 

delay in injection, the density of the gas increases.  

 
Figure 5-5 Average Density 

Table 5-2 Density Variation with Injection Time 

Injection Time (CAD) Density(kg/m3) 
-160 1.761499 
-50 6.655778 
-40 9.023824 
-30 12.7133 

 

  
Figure 5-6 Evaporation Percentage Rate 

The figure 5-6 represents the evaporated percentage of the fuel along crank angle for 

different injections. As the fuel is injected very early for the case of -160 SOI, the 

temperature and pressure are very low so as to evaporate all the droplets. On contrary, 

for the other cases, the temperature and pressure will already attain there maximum 

values during the time of injection, therefore all the fuel gets evaporated when the 
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piston reaches the TDC. It can also be noted that the evaporated percentage increases 

linearly and slowly rises after reaching some point (around 98%) in the late injections. 

 
Figure 5-7 Liquid Penetration Length (mm) for different SOPI 

The figure 5-7 represents the liquid penetration length for different early injections for 

10 degrees Crank Angle after injection. We can see that the cylinder liner impingement 

is present in the cases of SOI -160, -50 and -40. On the other hand in case of SOI -30, 

after attaining the maximum length of penetration it slowly decreases. In the case of 

SOI -40, we can see the cylinder liner impingement until the injection timing and after 

the completion of injection, there is rapid decrease in penetration length. In SOI -30, 

there is no spray-wall impingement. This is due to the fact that at the time of injection 

for SOI -30 case, the temperature is very high enough to evaporate the fuel and also at 

this temperature the density of the fluid is very high such that it results in lower 

penetration. It was observed that the cylinder liner impingement in case of SOI -160,-50 

and -40 were just after 3-4degrees of crank angle after the injection. The wetting of the 

cylinder liner results in the splashing of the droplets back towards cylinder head and 

squish base of the piston. In context of oil dilution, these are very impact-able. 

Conclusions 

The study of spray-wall impingement and fuel vapor distribution was carried out with 

change in start of injection for the pilot injection. Beside these, the study of its effect on 

various thermodynamic and droplet properties was investigated. Above all, fuel vapor 

concentration was taken into an account with the change in Start of Injection in PPC 

mode, which is a very important aspect for the efficient combustion. 

The following conclusions can be drawn from the study: 
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a) The Spray penetration resulting in wetting of cylinder lining, piston bowl and 

cylinder head is most likely to occur at early injections at which the density is 

relatively low. The following table illustrates the regions of spray impingement 

in different regions of combustion chamber at various injection timings. 
Table 5-3 Table Spray impingement at different regions of combustion chamber 

Impingement Region SOI -160 SOI -50 SOI -40 SOI -30 

Cylinder liner Yes Yes Yes No 

Piston Bowl No No No No 

Squish Region Yes Yes Yes No 

b) Concerning all of the simulated cases, the fuel vapor distribution is not good 

enough.  The  fuel  vapor  is  concentrated  close  to  the  walls  and  close  to  the  

periphery of the combustion chamber. The early injection timing of SOI= -160 

has the best vapor distribution due to the time available for mixing. 

Nevertheless, even in that case the vapor is concentrated too much in the vicinity 

of the walls. Vapor distribution closer to the center of the combustion chamber 

would be more optimal. 

c) The effect of gas density to the spray penetration was clearly observed and also 

the effect of temperature to the spray evaporation. 

d) As considering the evaporation of the droplets, it was found that in case of -160 

SOI evaporation was not 100% as the injection was too early (low temperature 

and pressure). On contrary due to the achievement of maximum pressure and 

temperature during injection, the cases -50,-40 and -30 all attained to get 100% 

of fuel evaporated. 
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5.2 Effect of Increased Injection Pressure 
In this section the effect of injection pressure on fuel vapor distribution and wall spray 

impingement are illustrated. Three cases were simulated without the effect of 

combustion to understand the effect of increased injection pressure to the fuel vapor 

distribution. In order to keep the mass flow rate constant, the nozzle-hole diameter has 

been decreased in vicinity of increased injection pressure. 

Table 5-4 Injection Details 

Total fuel mass (mg) 707 
Pilot Injection fraction 30% 
Mass flow rate (kg/s) 0.0228 
Injection Duration (CAD) 5.8 
Start of Injection (CAD BTDC) 40 
Spray Inclusion Angle 1000 

 

Table 5-5 Details of the simulated cases 

CASES CASE I CASE II CASE III 

Nozzle hole diameter(m) 0.00034 0.0003 0.00025 

Injection Pressure (bars) 660 1090 2260 

 
High injection pressure produces smaller droplets. Thus as a result, the Sauter Mean 

Diameter (SMD) of the droplets is smaller. Higher injection pressure is also responsible 

for increasing the turbulence in the flow. This eventually lowers the soot formation and 

consequent low soot emission. Higher injection pressure resulted in the production of 

more developed sprays within the shorter injection duration. This illustrates the higher 

penetration of the spray is characterized by the increased injection pressure and 

subsequent decrease in nozzle-hole diameter. Higher injection pressure has the tendency 

to improve the vaporization processes since the surface area of the liquid spray has 

increased due to smaller droplets sizes. Smaller nozzle-hole diameter produces more 

atomized spray which has high tendency of fuel evaporation which results in the 

formation of good air-fuel mixture. 

The effect of high injection pressure in the spray properties like Sauter Mean Diameter, 

Evaporation rate and fuel vapor distribution are further discussed in more details in the 

upcoming sections. 
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CASE I CASE II CASE III 

   

   

   

   

   

   
 

Figure 5-8 Droplets Visualization (CAD 321 to 326 for three cases) 
          

                  

                           



33 
 

In the figure 5-8, it can be observed that the spray impingement over the walls are 

prominent for the low injection pressure case with larger nozzle hole diameter. Close to 

th onset of injection, it can be notified that the penetration length is maximum for the 

case of higher injection pressure, though on time being, the spray impingment could not 

be seen for the CASE III with injeciton pressure 2260 bars with the nozzle hole diamter 

of 0.25mm. The small nozzle hole diameter with the higher pressurized injection results 

in the more atomized spray which has high tendency of evaporation as a result of which 

wall impingment is absent. 

The figure 5-9 represents evaporated fuel and the Sauter Mean Diameter (SMD) of the 

droplets for three different cases. It can be notified that the SMD for higher injection 

pressure is relatively smaller than that of lower injection pressure. During the fuel 

injection, the smaller nozzle hole produces more atomized droplets, this results in the 

release of smaller SMD sprays for higher pressure cases. Fuel evaporation percentage 

rate is also comparatively higher than that of lower injection pressure cases. The 

tendency of fuel evaporation is very high within shorter injection durations. 

  

Figure 5-9 Fuel Evaporation and Sauter Mean Diameter during Injection 

It can be seen that the case with higher injection pressure and small nozzle hole 

diameter has better air-fuel mixing close to the TDC  which is very much desirable for 

effective combustion. A good fuel vapor distribution was attained for the high injection 

pressure of 2260 bars and nozzle-hole diamter of  0.25 mm. Thus, fuel concentration at 

the walls and periphery can be eliminated to great extend with higher injection pressure 

due to more atomized droplets. The figure 5-10 shows the fuel distribution for each of 

the three cases in terms of equivalence ratio (phi). 

Equivalence ratio (phi) =  
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For fuel lean mixture phi <1, lambda >1 
For fuel rich mixture phi >1, lambda <1 
For stoichiometric mixture, phi=lambda=1 

CASE I CASE II CASE III 

 
Figure 5-10 Equivalence ratio scale 0 (purple) to 0.55(red) at CAD 340 to 355 (5 CAD interval) 

Conclusions 

a) The study of effect of nozzle hole diameter was conducted to carry out the 

impacts on fuel vapor distribution in combustion chamber and on wall 

impingement. 

b) Nozzle hole diameter was decreased in vicinity of increased injection pressure to 

keep the mass flow rate constant. 

c) It was observed that the increased injection pressure and decreased nozzle hole 

diameter was in favor of better fuel vapor distribution and reduced wall 

impingement. 

d) Comparing the three cases for different nozzle hole diameter, CASE III with 

injection pressure 2260 bars and nozzle hole diamter 0.25mm was the most 
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optimized case for the better fuel vapor distribution and reduced wall 

impingement among the simulated cases. 

e) The narrow inclusion angle does not favor for the diffusion controlled 

combustion as the free length of the spray is smaller as compared to the larger 

inclusion angel which produces more diffused air fuel distribution. 

5.3 Sweep of Inclusion Angle with increased injection pressure 
Sweep of Inclusion angle is a major aspect of study to attain good fuel vapor 

distribution to accompany PPC mode of combustion. Two cases (CASE I and CASE II) 

were studied with different injection pressure in order to investigate the effect of 

inclusion angle in the fuel vapor distribution and spray-wall impingement. 

Table 5-6 Injection Details 

Initial Conditions (BDC) 
Pressure=1.35Bars 

Temperature=271.81K 

Pilot Injection 30% of total fuel Injected 

Compression Ratio 17:1 

Total Fuel Amount (mg) 688.9 

Amount of fuel Injected (kg) 7.65444E-05 

Pilot Injection (kg) 2.29633E-05 

Injection Pressure (bars) 1200 

density (n-heptane) kg/m3 678.308 

Coefficient of Discharge of nozzle (Cd) 0.76 

Injection Duration (CAD) 3.97 

Mass flow rate (kg/s) 0.041711623 

The base line case was with the inclusion angle 1530 in  which  30% of  the  fuel  of  the  

total injection quantity was injected as a pilot injection. The details of constrain 

parameters used for simulation are in the table 5-6. Table 5-7 illustrates the simulated 

cases with injection pressure 1200 bars. 

Table 5-7 Injection details CASE I 

Injection Pressure Nozzle diameter (mm) SOI BTDC Inclusion Angle 

1200 bars 0.36 

45 40 35 30 153 

45 40 35 30 140 

45 40 35 30 130 

45 40 35 30 120 
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In this set of simulations the injection pressure was kept the same (1200 bar) as the 

baseline case of EVE injection operating settings. The inclusion angle of the spray was 

made narrower to study its impact in fuel vapor distribution and spray-wall 

impingement. For each inclusion angle four sets of simulation were run with different 

injection timing- SOI 30, SOI 35, SOI 40 and SOI 45 BTDC. 

Inclusion Angle 1530    

    
Inclusion Angle 1400    

    
Inclusion Angle 1200 
 

   

 

Inclusion Angle 1000 

 
   

    

SOI30 BTDC SOI35 BTDC SOI40 BTDC SOI45 BTDC 
      Figure 5-11 Equivalence ratio at TDC for Injection Pressure 1200 scale (0-0.5) CASE I 

The figure 5-11 shows the fuel vapor distribution at TDC in terms of equivalence ratio 

for each inclusion angles in a set of 4 different Start of pilot injection timings. From the 

figure it can be observed that with the narrow inclusion angle of the spray, the 

homogeneity of air fuel mixture is improved extensively. The concentration at the 

periphery of the chamber which was observed in the baseline case of Inclusion angle 

1530 was  wiped  out.  However,  this  has  to  be  compensating  the  piston  bowl  

impingement and squish region impingement of the spray.                   

The figure 5-12 illustrates the maximum equivalence ratio (phi) for simulated cases with 

different Inclusion angle at different injection timings. 
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Inclusion Angle 1530     Inclusion Angle 1400 

        

Inclusion Angle 1200                       Inclusion Angle 1000 

Figure 5-12 Comparisons of Maximum Equivalence ratio in variation with inclusion angle and Injection 
Timing for Injection Pressure 1200 

From the figure the decreasing trend of maximum equivalence ratio can be clearly seen 

with the narrow inclusion angle s. Moreover, the spray impingement at the cylinder wall 

can be prevented with the narrow inclusion angle whereas the impingement at the piston 

wall and squish region seem to be prominent. Owing to the above plot we can figure it 

out that the piston position at the time of injection and inclusion angle plays an 

important role in determining good fuel vapor homogeneity close to the TDC. The 

following table estimates the correlation of the piston position at  the time of Injection 

and Inclusion angle favorable for good air-fuel mixture at TDC. 

Table 5-8 Favorable SOPI for different inclusion angles 

Inclusion Angle 
Favorable SOI for better homogeneity at 

TDC 
1530 SOI35 
1400 SOI40 
1200 SOI35 
1000 SOI40 

Furthermore, the injection pressure was increased to 2182 bars and nozzle-hole diameter 

was reduced to 0.31 mm keeping the mass flow rate constant. The details of the 

simulated cases are shown in table 5-8. The advantages of higher injection pressure 
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have been taken into account to produce more atomized atom resulting in the increased 

evaporation rate of the injected fuel. Same set of injection setting were used amidst the 

injection pressure was increased to 2182 bars in vicinity of reduced nozzle hole 

diameter to keep the mass flow rate same. 

Table 5-9 Injection details CASE II 

Injection Pressure Nozzle diameter (mm) SOI BTDC Inclusion Angle 

2182 0.31 

45 40 35 30 153 

45 40 35 30 140 

45 40 35 30 130 

45 40 35 30 120 

 
Inclusion Angle 1530    

    

Inclusion Angle 1400    

    
Inclusion Angle 1200    

    
Inclusion Angle 1000    

    
SOI30 BTDC SOI35 BTDC SOI40 BTDC SOI45 BTDC 

Figure 5-13 Equivalence ratio at TDC for Injection Pressure 2182 scale (0-0.5) 

The figure 5-13 shows the equivalence ratio at TDC. The trend in the improvement in 

the mixture with the change in Inclusion angle is similar to that of case of Injection 

Pressure 1200 bar i.e. with the narrower inclusion angle the mixing is more 

homogeneous. Due to smaller nozzle-hole diameter the atomization is highly increased 

as  a  result  of  which  the  SMD  is  significantly  reduced.  This  results  in  the  improved  

atomization and evaporation rate is very quick. As a result of highly atomized fuel the 

spray impingement length is reduced. Therefore, with the increased injection pressure 

the advantage of reduced liquid length of the spray could be taken into an account 

eventually preventing the spray-wall impingement at the cylinder liner and piston bowl. 
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                               Inclusion Angle 1530             Inclusion Angle 1400 

             

 Inclusion Angle 1200                                                                         Inclusion Angle 1000  

Figure 5-14 Comparisons of Maximum Equivalence ratio in variation with inclusion angle and Injection 
Timing for Injection Pressure 2181bar 

As compared to the Case 1 with Injection pressure of 1200 bars we can see that the 

trend at  which we get good mixture of air  and fuel at  TDC as per the Inclusion angle 

and Fuel injection timing is similar.  

From the above study some best cases were selected and further compared with each 

other. The selection is based on the cases indicating good fuel vapor distribution and no 

spray wall interaction. The best simulated cases are listed in the table 5-10. 

Figure 5-15 illustrates the maximum equivalence ratio at TDC for the best cases 

simulated. Figure 5-16 represents the equivalence contour plot at TDC. It can be 

notified that the concentration of the fuel in the peripheral region of the combustion 

chamber has been eliminated in all these cases thus enhancing for the good mode of 

PPC combustion. 

Table 5-10 Best simulated cases 

CASES Injection Pressure Inclusion Angle SOI/CAD 

CASE1 2182 
140 

40 

CASE2 2182 35 

CASE3 2182 
120 

35 

CASE4 2182 30 
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Figure 5-15 Comparison of equivalence ratio for best simulated cases 

 

        

                                      CASE 1   CASE 2 

       

                CASE 3                          CASE 4 

Figure 5-16 Equivalence Ratio plot at TDC for the best simulated cases scale 0-0.5 

5.4 Spray-wall impingement and fuel vapor analysis in various piston 

bowl shapes 
Optimization in piston bowl was carried out in order to get better fuel vapor distribution 

to the present injection system of EVE. Three different shapes of the piston bowl shapes 

were simulated and the comparisons were made with respect to the original piston shape 

in terms of equivalence ratio at TDC. Each of Piston bowl were simulated at 4 different 

injection timings- SOI45, SOI40, SOI35 and SOI30 BTDC. To compensate the 

compression ratio, the piston bowl is changed accordingly. The simulation is done 

without combustion in order to understand the effect of change in piston bowl shape to 

the air-fuel homogeneity of Pilot Injection. 

The following figures represent the different shapes of piston bowl simulated in order to 

study the effect in fuel vapor distribution and wall impingement.  
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              Original Piston                          Piston 1 

              

                 Piston 2                     Piston 3 

Figure 5-17 Piston Bowl Shapes 

Table 5-11 Injection details for optimized piston 

Compression Ratio 17:1 
Stroke 280mm 
Total fuel Amount 688.9 
Pilot Injected Amount 30 % of total fuel amount 
Injection Pressure 1200 bar 
Nozzle Diameter 0.36mm 
Number of Holes 9 
Inclusion Angle  1530 

    

 

Figure 5-18 Maximum phi for different piston shapes at different SOI at TDC 

The  figure  5-18  shows  the  maximum  phi  for  the  different  piston  shapes  at  different  

injection  timings.  From  the  plot  it  is  clear  that  piston  of  type  2  give  better  air  fuel  

mixture at  TDC. Injection at  35 CAD BTDC gives better fuel vapor distribution in all  

the types of piston. From the plot of the equivalence ratio at TDC it was observed that 

the fuel is concentrated at the periphery of the chamber in all the types of piston. Hence 

further modification is required to avoid this concentration at the periphery. 
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From the results illustrated in the study, it can be concluded that the piston bowl has 

relatively small influence in the determining the good fuel vapor distribution for the 

conventional injection system with wider inclusion angle. However, it can play a crucial 

role with the sweep in inclusion angle.  

Observing the phenomenon of the injection timing and piston position in case of piston 

3, a test run was simulated such that the advantage of the deeper piston bowl was taken 

into consideration. So the SOPI was around 25 BTDC. In this simulation it  was found 

that the concentration of fuel vapor distribution at the peripheral region was reduced 

extensively. Since the injection at pilot injection is at very high temperature and 

pressure,  the  impingement  of  wall  impingement  was  also  not  seen.  This  set  up  of  the  

piston bowl could be promising the main injection as well. 

Figure 5-19 shows the equivalence ratio at TDC for the standard piston and optimized 

piston. It can be observed that the advantage of the bowl shape has been taken into 

account to wipe out the fuel concentration in the peripheral region of the combustion 

chamber. Figure 5-20 illustrates the spray visualization. 

          

Figure 5-19  Equivalence ratio at TDC Scale Phi 0-0.5 

          

Figure 5-20 Droplet Visualization at CAD 339 (4 CAD after injection) 

In some literatures [11] it has been mentioned that single injection at such crank angle 

which also favors for PPC mode of combustion has very good results in the aspect of 

emissions. Such mode of injection has been referred as Advance single injection, in 

which consideration of the effect of early pilot injection resulting in the wall 

impingement and late injection close to TDC (conventional injection mode) has been 

taken in to account so the injection is optimized between EPI and conventional injection 

close to TDC. 
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6. COMBUSTION MODE STUDY FOR PPC 

STRATEGY 

6.1 Combustion Analysis in standard piston top 
Four different injection settings are implemented keeping the PPC -30 (PPC validation 

case) as the baseline case. The pilot injection quantity is kept constant whereas the 

sweep of inclusion angle with variable SOI for pilot and increased injection pressure are 

taken into account. The main injection is made constrained with the injection time of 4 

CAD BTDC for  all  the  simulated  cases.  Table  6-1  shows the  details  of  the  simulated  

cases.  

Table 6-1 Details of the simulated cases 

CASES Injection 
Pressure(Bars) 

Nozzle 
diameter 

Inclusion 
Angle 

SOPI 
(BTDC) 

PPC 30 Baseline 1200 0.36 153 30 
CASE 1A 2182 0.31 140 40 
CASE 2A 2182 0.31 140 35 
CASE 3A 2182 0.31 120 30 

 

  

Figure 6-1 Average in-cylinder Pressure and Temperature 

Figure 6-1 represents the average in-cylinder pressure and temperature for the different 

injection setting as indicated in the table respectively. It can be seen that both the 

thermodynamic properties predicts for the higher peak values than the case with the 

present injection setting (PPC 30). 

Figure 6-2 shows the heat release rate and maximum in-cylinder temperature of the 

simulated cases. It can be seen that with the change in injection settings the ignition 

delay has not been changed significantly. The ignition starts at 11 CAD BTDC which 

significantly influence the premixing of air-fuel prior to the combustion. Therefore, 
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EGR  has  to  be  implemented  to  control  the  ignition  timing  and  endow  with  air-fuel  

mixing time prior to the combustion. 

Figure 6-2 Heat Release Rate (Left) and Maximum in-cylinder temperature (Right) 

Figure 6-3 shows the evaporation rate and the Sauter Mean Diameter (SMD) of the pilot 

injection with compression stroke. From the figure it can be figured out that the 

evaporation rate is very sensitive to the injection pressure as well the start of injection 

whereas there is no significant change in the Sauter Mean diameter with the change in 

SOI but the effect is visible for the increased injection pressure. 

 

Figure 6-3 Fuel Evaporation rate (%) and SMD 

Figure 6-4 shows the trend of formation of average Soot and NOx formation. It can be 

analyzed that with the increased injection pressure and the narrow inclusion angle, the 

soot formation has been greatly reduced due to the good mixture formation prior to the 

combustion. Due to high injection pressure the average temperature of the cylinder has 

been increased slightly thus the NOx emission has not been simultaneously affected. 

NOx can be further lowered with the implementation of EGR.  

Concerning  the  CASE 1A and  CASE 2A,  the  difference  is  just  the  change  in  start  of  

injection for the pilot although there is big difference in the emission results. This is the 
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consequence of the fuel vapor concentration at the peripheral region of the combustion 

chamber. The air fuel homogeneity due to pilot injection for CASE 2A is more 

homogenous as compared to the CASE 1A which resulted in the low Soot emission. 

  
Figure 6-4 Average Soot and NOx emission 

Figure  6-5  shows  the  average  CO  production  for  all  the  simulated  cases.  The  result  

indicates that CO production has been lowered with narrow inclusion angle and 

increased injection pressure. 

 

Figure 6-5 Average CO emission 

Furthermore, implementation of the real EGR was carried out for the two cases and 

comparisons have been made with respect to the baseline case and the cases without 

EGR implementation. The EGR gases used are O2, CO2, H2O, CO, H2 and N2. The EGR 

calculation is based on replacing the fresh air intake by the EGR gases thus it reduces 

the measured total Lambda over the engine. This results in the richer mixture with 

respect to the O2 concentration with higher EGR rate. 20% EGR rate has been 

implemented to the CASE 2A and CASE 3A (details in Table 6-1) to better understand 
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the  effect  of  EGR  in  the  different  thermodynamic  properties  and  emission  rate.  The  

fraction of the gases used as the EGR agent for 20% level is listed in the table 6-2.  

Table 6-2 EGR gases composition 

EGR Gases O2 CO2 H2O CO H2 N2 

Fraction 0.199493 2.59E-02 1.23E-02 6.00E-04 2.60E-05 0.761708 

 

Figure 6-6 represents the in-cylinder pressure and temperature of the simulated cases 

with EGR and their comparisons with the baseline case and no EGR cases. 

                                                    

    Figure 6-6 Average In-cylinder Pressure and temperature 

Figure 6-7 shows the heat release rate and the maximum temperature for the different 

simulated cases. The effect of EGR in ignition delay can be clearly seen in the HRR 

curve. Maximum in-cylinder temperature has been significantly reduced with the 

implementation of EGR which suggests the combustion to be low temperature 

combustion thus accompanying the PPC mode of combustion. 

  

Figure 6-7 Heat Release Rate (Left) and Maximum in-cylinder Temperature 
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Figure  6-8  shows  the  average  soot,  NOx  and  CO  emission.  It  shows  that  keeping  the  

soot level to the considerable level, the NOx emission has been decreased to great 

extent due to implemented EGR. Figure 6-9 represents the average CO formation. 

  

Figure 6-8 Average Soot and NOx Emission 

 

Figure 6-9 Average CO emission 

Furthermore, the nozzle-hole diameter was reduced taking the advantage of more 

atomized droplets through small nozzle-hole diameter thus to analyze the effect in 

emission. Therefore, the nozzle hole was reduced to 0.26 mm limiting the injection 

pressure to 1800 bars. The details of the simulated cases and injection are illustrated in 

the table 6-3 and 6-4. 

Table 6-3 Specification of the simulated cases  

Specification Present nozzle hole Simulated cases 

Diameter (mm) 0.36 0.26 

Injection Pressure (bars) 1200 1800 

Total mass Injected (mg) 652 652 

PI Quantity 39% 39% 

Mass Flow rate (kg/s) 0.0376 0.0231 
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PI duration (CAD) 4.3 6.88 

MI duration (CAD) 6.5 10.46 

No of holes 9 9 

Total Lambda 1.9 2.1 
 

Table 6-4 Injection details of the simulated cases 

Simulated Cases 
Inclusion 

Angle 

Injection Pressure 

(Bars) 

Nozzle hole 

diameter (mm) 
SOPI BTDC 

PPC  baseline 153 1200 0.36 30 

CASE 1B 140 1800 0.26 40 

CASE 2B 130 1800 0.26 35 

CASE 3B 130 1800 0.26 30 

  

Figure 6-10 Average In-cylinder Pressure and Temperature 

  

Figure 6-11 Heat release rate and Maximum in-cylinder temperature 

Figure 6-10 shows the in-cylinder pressure and temperature trace along the Crank Angle 

and figure 6-11 represents the heat release rate and maximum in-cylinder temperature 

for the simulated cases. There is not significant change in the ignition delay in the 

simulated cases. It can be seen in the figure 6-12, the formation of soot increases with 

the narrow inclusion angle of 1300. This phenomenon can be explained as a reason for 
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the  MI  impingement  the  piston  slope  region  of  the  piston  top.  It  suggests  that  it  is  

essential to consider the MI direction as well while sweeping the inclusion angle. We 

can observe that there is significant increase in the emission rate with the narrow 

inclusion angle 1300 as compared to the inclusion angle 1400. Figure 6-13 shows the 

average CO emission for each of the simulated cases. 

  

Figure 6-12 Average Soot and NOx Emission 

 

Figure 6-13 Average CO Emission 

The emission analysis of all the simulated cases for the standard piston top is presented 

in the figure 6-14. The outcomes have been normalized with the baseline case of PPC 

30. The result suggests that CASE 2A with 20% EGR has the best result. NOx has been 

significantly reduced due to the implementation of EGR by more than 40 % whereas 

soot has been reduced to 70%. CO has been reduced by 60%.  
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Figure 6-14 Normalized emission (Standard piston top) 

Figure 6-15 shows the amount of fuel burnt for the simulated case. It can be seen that in 

CASE 2A EGR 20 %, the amount of burnt fuel has been increased by 9%. 

 

Figure 6-15 Percentage of fuel burnt (Standard piston top) 

From the results illustrated in the previous study, following conclusions can be drawn 

out. 

a) It  is  also  essential  to  consider  for  the  MI  along  with  the  sweep  of  inclusion  

angle.  

b) Intensity of Soot formation is also determined by correlation of MI timing and 

spray inclusion angle. 

c) 140 Inclusion angle has good results as compared to 130 in terms of soot 

formation due to the MI impinging the piston slope for the later case. 

d) NOx level has not been significantly reduced. Reduction can be achieved with 

implementation of EGR. 

e) Carbon monoxide emission has been reduced as compared to baseline.  
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f) The amount of fuel burnt has been increased with narrow inclusion angle. In 140 

cases it is increased by around 15% as compared to baseline case. 

6.2 Combustion Analysis in Deeper bowl piston top 
The study of the combustion analysis in the already existing Piston bowl was carried in 

order to investigate the better PPC conditions and to study the effect  of implementing 

deeper bowl in the EVE engine. Different injection parameters were tested to get better 

PPC mode of combustion. With the acknowledgement of the previous results, EGR was 

used beforehand to delay the ignition. The analysis is made basically in two sets of 

matrix. The details of the simulated cases are in the following table. 

6.2.1 Matrix 1 Results 

Matrix 1 was simulated with the 9 holes injectors in which the injection pressure was 

limited to 2000 bars. Table 6-5 shows injection specification and table 6-5 shows the 

different injection settings of the simulated cases. 

Table 6-5 Injection specification Martix1 (9holes) 

Quantity of Injected fuel (mg) 652 

Pilot Fraction 39.42% 

Umax (m/s) 601.039 

PI duration (CAD) 6.54 

MI duration (CAD) 9.94 

Mass Flow rate (kg/s) 0.024341650 
 

Table 6-6 Injection settings of the simulated cases Matrix 1 (9holes) 

Simulated 
Cases 

Inclusion 
Angle 

Injection 
Pressure 

(Bars) 

Nozzle hole 
diameter (mm) 

SOI 
BTDC EGR 

CASE 1C 1400 2000 0.26 40 

20% 
CASE 2C 1400 2000 0.26 30 
CASE 3C 1350 2000 0.26 40 
CASE 4C 1350 2000 0.26 30 

 

Figure 6-16 shows the average in-cylinder pressure and temperature for the simulated 9 

holes injector in the deeper piston top. It can be seen the early injection favors in the 

delaying  the  ignition.  It  can  be  seen  that  the  case  with  SOI  40  BTDC  has  longer  

injection delay as compared to the SOI 30 BTDC for both the inclusion angles. Average 

in-cylinder temperature is also low as compared to the late injection cases.  
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Figure 6-16 Average in-cylinder pressure and temperature 

Figure 6-17 shows the heat release rate and maximum in-cylinder temperature for the 

simulated cases. Figure 6-18 shows the average soot and NOx emission. It suggests that 

early pilot injection are not in favor of reduction in the soot emission irrespective of the 

inlcusion angle of the nozzle. The peak soot production is higher than the basline case 

for the cases 3C and 4C. The effect of low temperature combustion can be clearly seen 

in the NOx formation results. Figure 6-19 shows the trend of CO formation. 

  

Figure 6-17 Heat release rate and Maximum Average in-cylinder Temperature 

  
   Figure 6-18 Average Soot and NOx emission 
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Figure 6-19 Average CO emission 

6.2.2 Matrix 2 Results 

Matrix 2 was simulated with 10 holes injector such that the nozzle-hole diameter was 

0.22mm. The injection pressure is limited to 2000 bars as same as that of the cases 

simulated for 9-hole injectors (Matrix 1). Table 6-7 and 6-8 shows the injection 

specification and injection setting of the simulated cases respectively. 

Table 6-7 Injection specification Matrix 2 (10 holes) 

Quantity of Injected fuel (mg) 652 

Pilot Fraction 39.42% 

Umax (m/s) 601.039 

PI duration (CAD) 8.16 

MI duration (CAD) 12.44 

Mass Flow rate (kg/s) 0.017428045 
 

Table 6-8 Injection settings of the simulated cases Matrix 2 (10 holes) 

Simulated 
Cases 

Inclusion 
Angle 

Injection 
Pressure 

(Bars) 

Nozzle hole 
diameter (mm) 

SOI 
BTDC EGR 

CASE 1D 1400 2000 0.22 40 
20% 

 
CASE 2D 1400 2000 0.22 30 
CASE 3D 1350 2000 0.22 40 
CASE 4D 1350 2000 0.22 30 
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 Figure 6-20 In-cylinder pressure and temperature 

Figure 6-20 shows the in-cyliner pressure and temperature. The trend of ignition onset 

in each of the cases is similar to that of the Martix 1. Figure 6-21 shows the heat release 

rate and maximum in-cylinder temperature. It indicates that the cases with early 

injection favors for delay in ignition as in case of CASE 1D and CASE 3D.  Figure 6-22 

and 6-23 ilustrates the emission production of the 10 holes injectors. 

 

Figure 6-21 Heat Release Rate and maximum in-cylinder temperature 

 

Figure 6-22 Average Soot NOx emission 
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Figure 6-23 Average CO emission 

6.2.3 Comparisons of Matrix 1 and 2 

The comparison of the Matrix 1 and 2 are shown in the table 6-9 in terms of amount of 

fuel burnt and IMEP 360. The results suggest that the case with 9 holes resulted in the 

more efficient combustion as compared to the 10 holes cases. The amount of fuel burnt 

for the case with 9 holes is more than that of 10 holes cases. There is significant 

reduction in the amount of fuel burnt when the number of holes is increased. This 

suggests that the one spray in 9 holes case has more momentum than that of one spray 

of 10 holes case although, the spray interaction was not the major issue. Increase in 

momentum results in the rapid atomization and evaporation. As a consequence the 

combustion efficiency has been increased.  

Table 6-9 Comparisons Matrix 1 and Matrix 2 

Injection Details 9 holes cases 10 holes cases 

Inc Angle SOPI d=0.26 IMEP 
360 

% of fuel 
burnt d=0.22 IMEP 

360 
% of fuel 

burnt 
140 40 CASE 1C 17.90 87.23 CASE 1D 14.95 71.061 
140 30 CASE 2C 19.37 94.5 CASE 2D 17.5 85.84 
135 40 CASE 3C 15.37 76.18 CASE 3D 17.57 70.97 
135 30 CASE 4C 19.19 93.95 CASE 4D 16.61 82.17 
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Figure 6-24 Emissions normalized with baseline case Matrix 1 

 

Figure 6-25 Emissions normalized with baseline case Matrix 2 

Figure 6-24 and 6-25 shows the emission trend normalized with the baseline case for 

matrix 1 and matrix 2. It can be observed that late pilot injection is favorable for less 

emission out of the engine. Among the simulated cases CASE 2C and CASE 2D have 

the best results in terms of emission out of engine. As compared to the 9 holes and 10 

holes cases, 9 holes case (CASE 2C) has resulted in the better combustion as compared 

to the 10 holes case (CASE 2D). Figure 6-26 and 6-27 shows the percentage of fuel 

burnt in the matrix 1 and 2. The amount of fuel burnt is more than 10% more in case of 

9 holes as compared to 10 holes cases.  

 

Figure 6-26 Percentage of fuel burnt Matrix 1 
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Figure 6-27 Percentage of fuel burnt Matrix 2 

6.2.4 9 holes vs 10 holes nozzle diameter 

In  this  section  the  study  of  the  comparison  of  number  of  injectors  for  two  different  

nozzle-hole diameters has been carried out in details. In the cases simulated, the SOI for 

the pilot injection is 25 CAD BTDC and SOI for the MI is 4 CAD BTDC. The injection 

pressure for all the cases are maintained to the same level of 2000 Bars. Figure 6-27 

shows the in-cylinder pressure and temperature for the simulated cases. The table 6-10 

illustrates the IMEP 360 for each of the simulated cases. EGR level of 20 % has been 

implemented in order to delay the ignition due to pilot injection. It can be seen that the 

case with the 9 injectors has high IMEP-360 by 2 bars than the case with 10 injectors 

for both nozzle-hole sizes. Figure 6-28 shows the heat release rate due to pilot injection.  

 

Figure 6-28 In-cylinder pressure and temperature 

50

60

70

80

90

100

Pe
rc

en
ta

ge
 o

f f
ue

l b
ur

nt

BASELINE

CASE 1D

CASE 2D

CASE 3D

CASE 4D



58 
 

   

Figure 6-29 Heat release rate and maximum in-cylinder temperature 

Table 6-10 IMEP 360 

CASES IMEP 360* (Bars) 

10 holes (0.22) 17.4962 

9 holes (0.22) 19.5051 

10 holes (0.26) 17.6140 

9 holes (0.26) 19.4558 

 

  

Figure 6-30 Soot and NOx emissions 

Figure 6-29 and 6-30 illustrates the emission production rate with different number of 

nozzle holes for two different nozzle hole diameters. The result suggests that 9 holes are 

better in term of soot out engine emission as compared to 10 holes. It can also be seen 

that the peak soot production is lower in case of smaller nozzle-hole diameter of 

0.22mm as compared to 0.26mm. 
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Figure 6-31 CO emission 

Figure 6-31 illustrates the emission normalized to the baseline case. It can be seen that 

emission out of the engine has been subsequently reduced as compared to the baseline 

case. Furthermore, 9 holes nozzle with smaller diameter has promising results as 

compared to other simulated cases.  

The  figure  6-32  shows  the  amount  of  fuel  burnt  for  each  of  the  simulated  cases.  The  

results suggest that 9 holes injector case favors for the more amount of fuel burning than 

the case with 10 hole injectors for both nozzle-hole sizes. The percentage of fuel burnt 

has been increased by around 10% in case of 9 holes cases as compared to the baseline 

case. 

 

Figure 6-32 Emission trend normalized with baseline case 
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Figure 6-33 Amount of fuel burnt in 9 holes and 10 holes cases 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

80

82

84

86

88

90

92

94

96

98

Pe
rc

en
ta

ge
 o

f f
ue

l b
ur

nt

Baseline

10 holes d=0.22

9 holes d=0.22

10 holes d=0.26

9 holes d=0.26



61 
 

7. CONCLUSIONS 
The conclusion of the study is sub-divided into two separate headings which include the 

fuel vapor and spray-wall impingement analysis and combustion analysis. Fuel vapor 

and spray impingement analysis is based on the air-fuel mixing at different in-cylinder 

condition due to the Pilot injection. The correlation of the effect of early injection and 

spray wall impingement was illustrated in more detail in the study. Combustion analysis 

deals with emission analysis of the best cases obtained from the fuel vapor and spray 

wall impingement analysis. The combustion analysis was carried out for two different 

piston tops a) Standard piston top b) Deeper bowl piston top. 

7.1 Fuel Vapor and Spray-Wall Impingement Analysis 
1. The analysis of air fuel vapor distribution and spray wall impingement shows 

that  it  is  almost  impossible  to  maintain  the  condition  accompanying  the  PPC  

mode of combustion without change in injection parameter or piston bowl shape 

for the current system of EVE. 

2. The  fuel  concentration  at  the  periphery  of  the  combustion  chamber  and  spray  

wall impingement was observed for the current system which implies to the 

negative aspects of efficient combustion. 

3. The results show that the piston position and the start of injection is the crucial 

parameter in determining good air fuel mixture prior to combustion.  

4. The effect of increased injection pressure on different parameters was studied. 

The study concludes that the increased injection pressure enhance atomization 

and thus results in better PPC mode of combustion. 

5. The change in inclusion angle have great effect in determining good air fuel 

mixture prior to the combustion whereas the increase in injection pressure assists 

to better atomization and evaporation of fuel. The spray wall interaction can 

avoided to great extend with the change in both of these parameters. 

7.2 Combustion Analysis 
1. It was observed that with DARS-TIF combustion model, where scalar 

dissipation rate is related to the mixture fraction gradient, performed well in 

partially premixed conditions. 

2. Increased injection pressure showed good evaporation rate of the droplets due to 

the release of more atomized droplets with small nozzle-hole diameter. SOI does 
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not have much influence in determining Sauter mean diameter whereas injection 

pressure has great influence on it. 

3. Evaporation rate is quite sensitive to both temperature and injection pressure. 

4. As compared to the baseline case, reduction in soot emission has been observed 

prominently with high injection pressure though NOx reduction was not 

observed as a result of high average in-cylinder temperature. NOx reduction was 

further achieved with implementation of EGR. 

5. Carbon monoxide emission has been reduced greatly with increased injection 

pressure. 

6. Increased injection pressure showed good evaporation rate of the droplets which 

enhanced in better atomization and efficient combustion accompanying the PPC 

mode of combustion. 

7. Combustion in deeper piston bowl analysis suggests that the bowl shape has 

crucial role for attaining the good mixture formation before combustion.  

8. It was observed that the increased number of nozzle holes turned out not in the 

favor of efficient combustion but rather resulted in the decreased momentum of 

the single spray. 

9. Nominal start of injection in the deeper piston bowl resulted in a good mixture 

formation in the combustion dome unlike the standard piston top where the air 

fuel mixture is formed at the peripheral region of the chamber. 

 

Figure 7-1Emission comparison for the best simulated case 

Figure 7-1 shows that with the injection optimization and implementation of EGR, NOx 

has been reduced by around 44%, CO by 60% and Soot by 66% in the standard piston 

top. The piston optimization resulted in more promising result with 58% reduction in 

NOx, 55% reduction in CO and 67% reduction in Soot. 
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Figure 7-2 shows the percentage of the fuel burnt. It can be observed that the percentage 

of fuel burnt in the best optimized cases have been increased by around 8 %. 

 

Figure 7-2 Percentage of fuel burnt for the best cases 
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8. RECOMMENDATION FOR FUTURE WORK 
Mesh refinement is very essential in the aspect of accuracy of the results. Spray 

modeling is the other aspect that influences the results to a considerable level. The mesh 

refinement of the regions where the spray plays its crucial role should be taken into an 

account. 

More advanced turbulence modeling such as LES would probably increase the accuracy 

of the results. It would be interesting to carry out the comparisons of the simulated spray 

with that of the image captured by optical measurement. 

It  has  been  found  that  the  number  of  nozzle  holes  influences  the  emission  out  of  the  

engine. The result indicated that 9 holes have better results as compared to the 10 holes. 

It would be rather interesting to carry out the investigation for small number of nozzle 

holes.  

It would be interesting to investigate the effect of compression ratio in the PPC mode of 

combustion.  Furthermore,  the  effect  of  high  level  EGR  and  Swirl  in  the  PPC  

combustion results would be the interesting to investigate. 

Effect of change in Main injection timing would definitely influence the combustion 

process. The effect of change in MI could be noteworthy to be carried out in future. 

Furthermore, results with multiple injections such as pre-injection, main injection and 

post injection could be attention grabbing.  Beside these, implementation of Single 

Advanced  injection  somewhat  later  than  PI  with  high  level  of  EGR  would  be  worth  

testing. 
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