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ABSTRACT 
The homogeneous charge compression ignition (HCCI) concept has 
been acknowledged as a potential combustion concept for engines, 
due to low NOx and soot emissions and high efficiency, especially at 
part-load.  
 
Early direct-injection (DI) during the compression stroke is an option 
when Diesel fuel is used in HCCI. This implies that the risk for wall 
impingement increases, due to the decreasing in-cylinder density. The 
fuel sprays has to be well dispersed in order to avoid wall 
impingement. 
 
Specially designed impinging nozzles providing a collision of the 
Diesel sprays in the vicinity of the orifice exits have experimentally 
been verified to yield well dispersed sprays and the desired benefits of 
HCCI under various conditions.  
 
The purpose of this work is to use Computational Fluid Dynamics 
(CFD) as a tool to simulate and evaluate non-impinging and 
impinging nozzles with respect to mixture formation in direct-injected 
HCCI. Three different nozzles are considered: one non-impinging and 
two impinging nozzles with 30 and 60 degree collision angle 
respectively.  
 
Lagrangian CFD simulations of impinging sprays using the traditional 
collision model of O’Rourke is not sufficient in order obtain the 
correct spray properties of impinging sprays. This work proposes an 
enhanced collision model, which is an extension of the O’Rourke 
model with respect to collision frequency, post collisional velocities 
and collision induced break-up. The enhanced model is referred to as 
the EORIS model (Enhanced O’Rourke model for Impinging Sprays). 
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The initial drop size distribution at orifice and break-up time constant 
of the standard Wave model is calibrated and calculated wall 
impingement (piston and liner) is compared with combustion 
efficiency, smoke, HC and CO emissions as a function of injection 
timing. A set of model parameters were selected for further 
evaluation. These model parameters and the EORIS collision model 
were applied to non-impinging and impinging nozzles under low- and 
high load conditions. 
 
The EORIS model and the selected model parameters are able to 
predict wall impingement in agreement with experimental 
measurements of combustion efficiency and smoke emissions under 
low- and high load conditions for the investigated nozzles. A benefit is 
that one set of model parameters can be used to predict mixture 
formation, and there is no need for additional model calibration when, 
for instance, the injection timing or nozzle geometry is changed.  
 
In general, experiments and simulations indicate that impinging 
nozzles are recommended for early injection timing in the 
compression stroke. This is due to the shorter penetration which leads 
to a reduced risk for wall impingement. The non-impinging nozzles 
are, however, beneficial for later injection timing in the compression 
stroke. During these injection conditions the impinging nozzles have a 
more stratified charge and under some conditions poor mixture quality 
is achieved.  
 
Keywords: HCCI, Diesel, early direct-injection, impinging nozzle, 
CFD, Lagrangian modeling, collision models, O’Rourke, mixture 
formation, wall impingement 
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SAMMANFATTNING 
HCCI-konceptet (Homogeneous Charge Compression Ignition) är en 
tänkbar förbränningsprincip för att uppnå låga NOx och sot 
emissioner, speciellt under låglast förhållanden.  
 
Då Diesel används som bränsle är tidig direktinsprutning under 
kompressionsslaget en tänkbar strategi för att åstadkomma 
gynnsamma HCCI-förhållanden. Den tidiga direktinsprutningen 
medför däremot att risken för väggvätning ökar, på grund av den 
minskade densiteten i cylindern. Detta ställer krav på bränslesprejen 
som måste vara väl fördelad i cylindern för att undvika väggvätning.  
 
Special konstruerade spridarspetsar som skapar kollision av sprejerna 
nära hålmynningen, så kallade kolliderande sprejer, har experimentellt 
påvisats vara fördelaktiga för HCCI förbränning, tack vare kortare 
sprejpenetration och voluminös sprej.  
 
Syftet med detta arbete är att använda CFD (Computational Fluid 
Dynamics) som ett verktyg för att simulera och evaluera icke-
kolliderande och kolliderande sprejer med avseende på 
blandningsbildning under direktinsprutade HCCI förhållanden. Tre 
olika spridarspetsar har undersökts: en icke-kolliderande och två 
kolliderande med kollisionsvinkel 30 och 60 grader.  
 
CFD simuleringar av kolliderande sprejer med Lagrangiansk 
modelleringsteknik och O’Rourkes traditionella kollisionsmodell har 
visat sig vara otillräcklig för att uppnå korrekta sprejegenskaper. Den 
här avhandlingen presenterar en förbättrad kollisionsmodell baserad 
på O’Rourkes ursprungliga kollisionsmodell med avseende på 
kollisionsfrekvens, dropphastighet efter kollision och kollisions 
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inducerad break-up. Den förbättrade modellen kallas EORIS 
(Enhanced O’Rourke model for Impinging Sprays).  
 
Den initiala droppfördelningen vid spridarspetsens hålmynning och 
Wave modellens tidskonstant för break-up har kalibrerats och 
beräknad väggvätning (kolv och foder) har jämförts med 
förbränningsverkningsgrad, rök, HC och CO emissioner som funktion 
av insprutningstidpunkt. De valda modellparametrarna och EORIS 
modellen tillämpades för att evaluera blandningsbildningen på 
kolliderande och icke-kolliderande spridarspetsar under låg- och 
höglast förhållanden.  
 
EORIS modellen och de utvalda modellparametrarna kan prediktera 
väggvätning i överensstämmelse med uppmätt förbrännings- 
verkningsgrad och rökemissioner under låglast och höglast 
förhållanden för de undersökta spridarspetsarna. En fördel är att de 
utvalda modellparametrarna kan prediktera blandningsbildningen och 
det finns inget behov att justera modellparametrarna då t.ex. 
insprutningstidpunkten eller spridarspetsgeometrin ändras.  
 
Generellt påvisar såväl experiment som simuleringar att de 
kolliderande sprejerna är lämpliga för tidig direktinsprutning under 
kompressionsslaget. Det är på grund av kort sprejpenetration som 
reducerar risken för väggvätning. De icke-kolliderande sprejerna är 
dock lämpliga för sen direktinsprutning under kompressionsslaget. 
Under dessa förhållanden har de kolliderande sprejerna en mer 
stratifierad blandning och under vissa förhållanden uppnås då en 
ofördelaktig blandningskvalitet. 
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1 INTRODUCTION 
The present chapter is intended to give an overview of the work, such 
as background and purpose of this doctoral thesis. First, a motivation 
for internal combustion engine research is presented. Furthermore, the 
combustion process for the spark-ignited and compression-ignited 
engine is briefly overviewed. Moreover, alternative combustion 
concepts are discussed. Finally, the project background and purpose of 
the present work is presented.  

1.1 Motivation for Internal Combustion Engine 
Research 
The internal combustion engine has been a reliable work horse for 
mankind for more than a century. The increased economic 
development in the former developing countries, such as India and 
China, has rapidly increased the usage of automotive and heavy duty 
vehicles and the trends of oil consumption are steadily increasing. The 
increased mobility increases the possibilities for globalization and 
economic development.  
 
At the same time, the increasing consumption of fossil fuels has a 
negative impact on human health and the atmosphere. The short term 
effects are the emissions which have an immediate impact on health. 
The most common emissions are listed below [26]: 

• Nitrogen oxides (NOX) are major precursors both to ground 
level ozone and acid rain, and may affect both the terrestrial 
and aquatic ecosystem. Ozone is responsible for choking, 
coughing and stinging eyes associated with smog. Ozone 
also damages lung tissues, aggravates respiratory diseases 
and makes people more susceptible to respiratory infections. 

• Carbon monoxide (CO) is very harmful to humans in small 
amounts, especially indoors like parking lots and garages. 
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For low concentrations symptoms of fatigue appear, 
increased levels cause nausea and in worst cases it causes 
death. 

• Particulate Matter (PM) is created during incomplete 
combustion. Increased levels of PM have a negative 
influence on the human respiratory system. The particles 
create or aggravate infections in the respiratory passages. 
Additionally, PM could have a negative influence on heart 
and cardiovascular diseases like auricular fibrillation. There 
are also indications that PM could be carcinogenic. 

• Hydrocarbons (HC) are an exhaust and evaporative pollutant 
of hydrogen and carbon atoms resulting from unburned or 
partially burned fuel. HC participates in the formation of 
ground level ozone. 

 
The long term effects are the emissions which affects the atmosphere. 
A recent report from IPCC (Intergovernmental Panel on Climate 
Change) [9] concludes that global atmospheric concentration of CO2, 
CH4 and NOx have increased markedly as a result of human activities 
since 1750. The global increases in CO2 are primarily due to fossil 
fuel use. The consequence of the augmentation in CO2 is a warming of 
the climate system. This warming implies increased global average air 
and ocean temperatures, widespread melting of snow and ice and 
rising global mean sea level.  
 
Besides the problem of emissions the presently known oil resources 
are not infinite. Prognoses indicate that within a few decades these oil 
resources will not be able to supply mankind with the current demands 
of oil [7]. 
 
The emission problems of internal combustion engines and the ebbing 
oil resources is not really a new problem and for the past few decades 
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there has been an increasing interest in the internal combustion engine 
and on how to obtain low emission levels and reduce fuel 
consumption. The recent report from IPCC will most likely lead to 
some additional measures on automotive industry, like for instance 
leverage on development of alternative power train solutions. 
 
A frequently mentioned alternative to the internal combustion engine 
is the fuel cell. This engine emits only water vapor. On the other hand, 
the storage is a problem. It requires a large tank to store the gaseous 
fuel, due to the poor energy by volume versus hydrocarbons. An 
example of gaseous hydrogen engine is demonstrated by Ford [80]. A 
liquefaction of the hydrogen could be considered, which on the other 
hand requires large amounts of energy. Natural gas engines, albeit a 
fossil fuel, is an alternative combustion engine. This has high 
conversion efficiency, but a large tank is needed and infra structure is 
not completely adapted for this technology. 
 
Since liquid fuel possesses the superior benefit of a high energy 
density, research and development has aimed at reducing emissions 
and improve the existing internal combustion engine configurations.  
 

1.2 The Internal Combustion Engine  
The emissions which are responsible for short term health problems 
and long term atmospheric problems have their origin in the 
combustion process. There are generally two types of internal 
combustion engines used in automotive applications: the spark-ignited 
engine and the compression-ignited engine. However, research efforts 
of the recent decades have also procreated alternative, more efficient 
combustion concepts. 
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1.2.1 The spark-ignited engine 
In the spark-ignited engine, the fuel-air mixture is prepared in the 
intake. The air-fuel charge is introduced and ignited close to the top 
position of the piston, commonly referred to as TDC (Top Dead 
Center), by means of a spark plug. The flame is propagating from the 
spark plug towards the cylinder walls, principally depicted in Figure 1. 

 
Figure 1. Propagating flame front in spark-ignited engines, from 
Winklhofer [81]. 
 
Gasoline is normally used as fuel, since it has a higher propensity 
against auto ignition compared to Diesel. A modest compression ratio 
is used to avoid knock and auto ignition. Since the combustion takes 
place during stoichiometric conditions the use of a three way catalysts 
for after treatment is possible and emissions of HC, CO and NOx are 
merely eliminated. However, CO2 emissions are still present. Under 
part load conditions, throttling is necessary to provide the correct air-
quantity and the engine has to carry out a pump work, which gives 
low part load efficiency.  

1.2.2 The compression-ignited engine 
In the compression-ignited engine, air is introduced. When the piston 
approaches TDC, the fuel is injected by means of a spray under high 
injection pressure. The spray is atomized and the combustion of the 
charge starts within a few crank angle degrees and the combustion is 
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diffusion-controlled. This means that the combustion depends on the 
diffusion of fuel into the oxidizer, or vice versa [19].  
 

 
 
Figure 2. Diffusion flames in Diesel combustion, from Cronhjort [11]. 
 
In the compression-ignited engine, Diesel fuel is normally used, since 
it easily auto ignites. The main benefit of this engine type is high 
thermal efficiency, especially at part load. Soot and PM are mainly 
formed in the fuel rich regions and NOx in the locally hot 
stoichiometric regions. Thanks to the late injection a high compression 
ratio can be used, and the Diesel engine has a higher efficiency 
compared to the spark-ignited engine. No throttling is necessary, since 
the compression-ignited engine works with air-excess. On the other 
hand, this obstructs the use of a three way catalysts. A simultaneous 
reduction of NOx and soot is one of the challenges for Diesel engines. 
The formation of NOx and soot is characterized as a function of 
temperature and equivalence ratio, depicted in Figure 3. 
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Figure 3. Soot and NOx formation as a function of equivalence ratio 
and temperature in Diesel combustion, from Akihama et al. [4]. 
 
In order to reach the decisive emission trends there are many 
parameters to consider, such as piston shape, swirl and injection 
system. The injection system has gone through a remarkable 
development with a present performance of injection pressures more 
than 2000 bar. The high injection pressure leads to an increased 
atomization of the spray resulting in smaller droplets which enhances 
mixture formation. Smallwood et al. [64] sketched the recent decade’s 
progression towards higher injection pressures reproduced in Figure 4. 
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Figure 4. Diesel fuel injection trends the recent decades, from 
Smallwood et al. [64]. 
 

1.2.3 Homogeneous charge compression ignition 
An engine configuration combining the benefits of the SI-engine and 
the CI-engine would be desired. Already in 1979, Onishi et al. [49] 
investigated a lean combustion concept for a two stroke engine. The 
combustion was initiated by controlled auto ignition. They named the 
new concept ATAC (Active Thermo-Atmosphere Combustion). In 
comparison with the SI-engine, the ATAC concept showed small 
cycle to cycle variations and improvements in efficiency and 
reduction of emissions. A commonly used name for this combustion 
type is HCCI (Homogeneous Charge Compression Ignition). The 
name HCCI was originally proposed by Thring [74]. 
 
The principle of HCCI is that a lean homogeneous fuel-air charge is 
port injected during the intake stroke (similar to the SI-engine), but the 
ignition process is similar to the CI-engine, i.e. the high gas 
temperature and pressure ignites the mixture. Ignition occurs 
simultaneously at several locations at the time of ignition (see Figure 
5). In this sense it differs from the Diesel combustion, with its 
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diffusion combustion, and the SI-combustion with a propagating 
flame front. 

 
Figure 5. Simultaneous ignition in HCCI, from Winklhofer [81]. 
 
The lean combustion in HCCI leads to low combustion temperature 
and NOx emissions decreases significantly. Fuel rich regions are 
avoided which implies the absence of particulates. In comparison with 
the SI-engine, there is no need for throttling at part load which means 
that the fuel consumption will be lower. On the other hand, the 
combustion concept is also associated with some drawbacks. The 
spontaneous ignition is depending on in-cylinder conditions and 
governed by chemical kinetics, and cannot be controlled as the Diesel 
engine and the gasoline engine. The spontaneous ignition also leads to 
steep pressure increases which results in noise, vibrations and 
harshness. Furthermore, the emission levels of HC and CO are high.  
 
These problems have obstructed a successful implementation in 
automotive vehicles. The homogeneous combustion concept has 
shown benefits mainly for low loads, i.e. part load conditions. 
Therefore, one solution for a future engine would be a hybrid engine, 
working in HCCI-mode at part load which switches to conventional 
operation (SI or CI) towards full-load. An example is the AVL CSI 
engine (Compression and Spark Ignition engine) [18].  
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During the decades, the HCCI-concept has resulted in different HCCI-
progenies, depending on fuel, injection strategy and features of the 
combustion process. Some examples are ATAC (Active Thermo-
Atmosphere Combustion) [49], TS (Toyota Soken combustion) [46], 
AR (Active Radicals combustion) [27], PCCI (Premixed-Charge 
Compression Ignition) [5] etc. 

1.2.4 Diesel HCCI 
The low volatile properties of Diesel fuel implies that the port-injected 
HCCI concept is difficult to realize. Port injection of Diesel fuel 
would lead to wall impingement, fuel adhering on solid components, 
and a loss of potential fuel which should be used in the combustion 
event.  
 
An alternative HCCI-concept for Diesel fuel is direct-injection. 
Advanced injection timing in the compression stroke, compared to the 
compression-ignited engine, allows an extended time for mixing of 
fuel and in-cylinder gas. This type of HCCI research is known as 
PREDIC (PREmixed lean DIesel Combustion) [73] or simply PCI 
(Premixed Compression Ignition) [29]. In this thesis it will be referred 
to as Direct-Injected HCCI.  

1.3 Project Background 
This doctoral thesis is a part of a governmental joint project with the 
Swedish agency of Innovation System (Vinnova), Scania CV AB and 
the Royal Institute of Technology (KTH). Several PhD projects have 
contributed to knowledge on HCCI combustion, for instance fuel 
properties in HCCI combustion [57], control of HCCI combustion [2] 
and experimental investigations of Diesel HCCI [85].  
 
Experiments for DI HCCI have been carried out at the division of 
internal combustion engines at KTH [85]. Macro-scale properties of 
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fuel sprays have been characterized in a pressure vessel. The 
emissions for different injection strategies under different injection 
conditions have been characterized with a single cylinder research 
engine. The injection strategies which have been investigated by 
Wåhlin [85] are: 

• Early direct-injection with non-interacting sprays 
• Early direct-injection with interacting, impinging, sprays 

When injection takes place early in the compression stroke, the in-
cylinder density is lower compared to the conditions which prevail 
during direct-injected Diesel combustion. The low density implies that 
the spray penetrates further and wall impingement on cylinder or 
piston walls is likely to occur. Experimental investigations of 
impinging spray nozzles have shown that these sprays have a shorter 
spray penetration and a more voluminous spray shape compared to 
non-impinging sprays, which is attractive for DI HCCI, since wall 
impingement has to be avoided and the ambient gas should be used for 
mixing. The nozzle designs which have been considered for this work 
are depicted in Figure 6. 

 
Figure 6. Non-impinging (left) and impinging nozzle (mid, right). 
 
Photos from the impinging nozzle with 30-degree collision angle are 
depicted in Figure 7. 
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Figure 7. Photo of impinging spray in pressurized vessel. Bottom view 
(left), side view (right). Courtesy of Fredrik Wåhlin.  
 

1.4 Purpose of the Present Work 
The fuel-air distribution and conversion of injected liquid fuel to 
vaporized gas is determining when and where ignition is initiated and 
how the subsequent combustion evolves. Therefore, it is of importance 
to correctly predict mixture formation.  
 
CFD (Computational Fluid Dynamics) simulations of sprays from 
impinging nozzles are complicated, whereas simulations of non-
impinging nozzles are comparatively straightforward. In the early part 
of the present PhD project, the shortcomings of the traditional 
collision model of O’Rourke were identified. The application of this 
model on an impinging nozzle with two impinging sprays yields the 
spray shape illustrated in Figure 8. 

 
Figure 8. Simulation of impinging nozzle with 60-degree collision 
angle (left) and experimental photo of corresponding nozzle (right).  
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The simulated spray shape indicates traces from each individual spray, 
whereas the experimental photo indicates one coherent spray. The 
reasons for the erroneous spray shape will be discussed more detailed 
in chapter 2. To overcome this problem, a simplified model was 
proposed, where one spray replaces the two impinging sprays, 
henceforth referred to as the single-spray assumption. This assumption 
was used to investigate mixture formation [65], [66]. A summary of 
this research and the need for a more elaborate collision model was 
summarized in a licentiate thesis [68].  
 
The remaining part of the PhD project considered development of 
evaluation tools [69] and the development and application of an 
enhanced collision model [70]. The result part of this thesis (Chapter 
4) summarizes the application of the collision model validated with 
engine data.  
 
The purpose of the present work is to characterize mixture formation 
for non-impinging and impinging nozzles by using an enhanced 
collision model. This is accomplished by investigating the mixture 
formation using CFD and the commercial CFD code FIRE. 

1.4.1 Hypothesis 
A simplified model was proposed, where one spray with modified 
properties (spray cone angle) was used to mimic experimentally 
characterized impinging spray properties, i.e. the single spray 
assumption. This model has its shortcomings, since input data from 
experiment is needed, but more important the model is not predictive.  
 
An enhanced collision model was developed; and the hypothesis is 
that the enhanced collision model, described in chapter 2, could be 
applied in a predictive manner to impinging and non-impinging sprays 
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under various conditions (load, nozzle geometry). This hypothesis will 
be evaluated in chapter 4. 

1.5 Organization of Thesis 
This chapter intended to give a brief introduction to the environmental 
consequences of internal combustion engines, a brief overview of the 
internal combustion engine principles and DI HCCI and the 
motivation and purpose of this doctoral thesis.  
 
The second chapter gives a brief overview of the modeling theory that 
has been applied in the work. The development of the enhanced 
collision model is also presented and explained herein.  
 
The third chapter intends to give an overview of recent experimental 
research in the DI HCCI field, with focus on emission formation and 
its connection with mixture formation.  
 
In the fourth chapter, the modeling tools are applied and the 
experimental data is interpreted with CFD under low- and high load 
conditions.  
 
In the fifth chapter, a summary of earlier research work is presented 
followed by a conclusion of the work in the sixth chapter.  
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2 MULTIDIMENSIONAL MODELING AND 
GOVERNING EQUATIONS 
This chapter introduces theory of the models that have been 
considered in the work. A general background of modeling is 
presented followed by governing equations for gas and liquid phase 
respectively. Of particular interest in this work is modeling of droplet-
droplet interaction (collision) since an impinging nozzle concept is 
investigated. Therefore, droplet-droplet interaction is described in two 
sub-sections. The first sub-section introduces collision physics and 
traditional modeling of collision (the O’Rourke model), whereas the 
second describes the implementation and evaluation of an enhanced 
collision model.  

2.1 Modeling 
Modeling occurs frequently in automotive industry and internal 
combustion engine research worldwide. Numerical modeling is useful 
in development accompanied with experiments. Simulations could be 
used to facilitate test planning and explain physical phenomenon that 
occurs in the engine which cannot be explained by experiments.  
 
In engine research, one-dimensional models are used to a large extent. 
A complete engine can be modeled by approximating each component 
(turbine, injector, intercooler etc.) with a model describing 
thermodynamic properties, fluid and gas dynamics, chemistry etc. In 
general, this simulation method offers very short calculation times and 
each model involves constants which are tweaked to match 
experimentally measured data obtained from an engine test-cell. One-
dimensional modeling has geometric limitations which obstructs 
modeling of three dimensional phenomenons such as turbulence. This 
is where multidimensional modeling becomes interesting. 
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2.1.1 Multidimensional modeling 
Multidimensional modeling in this work refers to flow modeling in 
more than one dimension, also known as Computational Fluid 
Dynamics (CFD).  
 
The most widespread methodology to solve fluid flow is based on 
modeling of the Navier-Stokes equations. In this methodology, the 
continuity equation, Navier-Stokes equations of momentum and the 
energy equation are discretized to solve a specific fluid problem 
delimited in space and divided in a large number of computational 
cells.  
 
CFD modeling of spray injection and mixture formation in internal 
combustion engines is a multi-component multiphase problem which 
involves liquid fuel and the various species that participate in mixture 
formation. Generally, the gas phase is treated in an Eulerian fashion, 
which means that the property of a fluid φ is computed in each cell, 
i.e. φ(x,y,z,t). The liquid phase is treated in a Lagrangian fashion, 
which means that an individual particle is traced and the property is 
calculated as it moves through the domain, i.e. φ(t). The interaction 
between the phases is accounted for by source terms in the Eulerian 
gas phase. If an Eulerian perspective is considered for the liquid 
phase, the cell sizes in the computational domain must have the same 
size as the injector orifice diameter since the orifice is several orders 
of magnitude smaller than the dimensions of the cylinder. An Eulerian 
perspective would consequently be very computationally demanding.  

2.2 The Eulerian Gas Phase 
The governing equations state the following dynamic and 
thermodynamic properties [75]:  

• The mass of a fluid is conserved (The equation of 
continuity). 
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• The rate of change of momentum is equal to the sum of the 
forces acting on a fluid particle (Newton’s second law). 

• The rate of change of energy is equal to the sum of the rate 
of heat addition to the particle and the rate of work done on 
the fluid particle.  

As long as the fluid can be regarded as a continuum, the governing 
equations are assumed to describe the motion of a fluid element. This 
fluid element (control volume) is a particle, in accordance with the 
dynamic and thermodynamic properties above and it is the smallest 
possible element of the fluid. Its macroscopic properties are not 
influenced by individual molecules. An example of a fluid element, 
used in the derivation of the governing equations is shown in Figure 9. 

 
Figure 9. The control volume concept illustrating the mass flow in and 
out, from Versteeg et al. [75]. 
 
The conservation of a transferable property φ, defined per unit mass, 
in an arbitrary moving spatial region of volume V bounded by a 
surface S is defined in the following equation [40]. 

∫ ∫ ∫ ∫ φ
φ +ρ⋅−=φ−ρ⋅+φρ

V S S V
mmbmm dVsqdS)uu(dSdV

dt
d  (1) 
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where ρm is microscopic fluid density, u fluid velocity, ub velocity of 
the boundary of the volume V, φ

mq molecular diffusivity flux vector 
and sφ represents the volumetric source of the property φ per unit time. 
The first term on the left hand side is a transient term, the second a 
convection term. On the right hand side, the first term is representing a 
diffusion term and the last term is a source term.  
 

2.2.1 The continuity equation  
The equation for conservation of species mass fraction Yα is given in 
the following equation. 
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The first term on the right hand side represents mass molecular 
diffusion, where D is the mass diffusion coefficient. The second term 
is the chemical mass source term and represents the net mass 
formation rate per unit volume through reaction of species α. Finally, 
the third term represents mass source evaporated from the liquid.  

2.2.2 The momentum equation 
Newton’s second law states that the rate of change of momentum is 
equal to the sum of the forces acting on a fluid particle. These forces 
are divided into surface forces and body forces. The surface forces 
consist of pressure and viscous forces, whereas the body forces 
contain gravity, centrifugal, coriolis and electromagnetic forces. 
Conservation of momentum reads  
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On the right hand side, the first term represents the pressure gradient. 
The expression in the bracket in the second term is the molecular 
stress tensor, where δij is the unit tensor (i.e. if i=j then δij=1, if i≠j 
then δij=0). The third term indicates body force per volume unit. The 
last term represents rate of momentum gain or loss per unit volume 
due to the spray [48].  

2.2.3 The energy equation 
The energy equation can be formulated in many ways. In the equation 
that follows, it is expressed as the specific total energy (E), which is 
the sum of the specific internal energy and the specific kinetic energy. 
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The first term on the right hand side represents the temporal change of 
pressure. It is of importance where large pressure changes occur, such 
as internal combustion engines [8]. The second term is work due to 
external forces, where σij is the stress tensor. The third term represents 
the heat influx through conduction. The fourth term is work due to 
body forces. The last term is a source term due to spray interaction 
[48].  
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2.2.4 The turbulence equations 
Turbulent flow is present in most realistic flow situations. The flow is 
irregular, random and chaotic. Turbulence is associated with eddies 
which affects the mean flow. The largest eddies, with sizes in the 
order of the flow geometry, extract their energy from the mean flow. 
These eddies transfer energy to smaller eddies in a cascade process. 
The large scale eddies have an orientation imposed by the mean flow, 
whereas the smaller eddies will not remember their origin and 
orientation and will behave isotropic, i.e. independent of direction. 
The energy of the eddies (E) are described as function of the wave 
number (κ) in an energy spectrum shown in Figure 10. 

Wavenumber, κ

E
ne

rg
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( κ

,t)
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II
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Figure 10. Energy spectrum, adapted from Davidson [14].  
 
The energy spectrum is divided in three regimes:  

• Regime I: The eddies are highly energetic and extracts the 
energy from the mean flow.  

• Regime II: This regime is denoted the inertial sub range. The 
eddies in this regime are neither depending on the large 
energetic eddies, situated to the left in the energy spectrum, 
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nor the eddies in the third regime (III), where dissipative 
forces prevails. The decay of turbulence is expressed by 
Kolmogorov’s spectrum law and the energy spectra should 
exhibit a decay according to the following equation.  

3/53/2const)(E −κε⋅=κ  (5) 

where ε is the turbulent dissipation rate. 
• Regime III: The scale of the eddies, referred to as 

Kolmogorov’s microscale, are small and dissipative forces 
prevails. In this regime, the kinetic energy is destroyed by 
viscous forces and viscosity and dissipation affects the 
length scales. Therefore, the dissipative scales for velocity 
(Uκ [m/s]), length (lκ [m]) and time (tκ [s]) may be obtained 
by using dimension analysis with kinematic viscosity 
(ν [m2/s]) and turbulent dissipation rate (ε [m2/s3]). 

4/1)(U νε=κ , 4/13 )/(L εν=κ , 2/1)/(T εν=κ  (6) 

In spite of the stochastic behavior of turbulence, the governing 
equations describe the fluid motion as long as the fluid can be 
considered as a continuum. However, the energy cascade process 
occurs over a wide length scale spectrum, which implies that the grid 
has to be extremely fine to resolve the smallest Kolmogorov eddies. A 
very fine resolution in time is also needed, since turbulent flow is 
always unsteady. Considering the complex and reactive flow that 
occurs in internal combustion engines, an exact solution of the flow 
within realistic timeframes is beyond the capacity of the largest 
computer today [8]. 
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Reynolds averaging 
When turbulent flow is considered, it is advisable to express the 
instantaneous velocity by a mean and a fluctuating part. For instance, 
the velocity can then be expressed as follows 

iii uUU +〉〈=  (7) 

The mean component <Ui> can be calculated in three different ways: 
time average ( iU ), density average ( iU~ ) and ensemble average ( iÛ ) 
according to the following equations.  
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The density average is preferable to use in reacting flows [8]. The 
density averaged mean and fluctuating value are used in the governing 
equations, and the governing equations are averaged to filter out small 
scale fluctuations in order to obtain equations which describe behavior 
of the mean field variables. Averaging of the non-linear terms 
generates additional statistical correlations and there are more 
unknown variables than available equations. This is known as the 
closure problem. One of the unknown terms in the governing 
equations is the Reynold stress tensor.  

jiij uuρ−=τ  (11) 
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The closure problem could be approached by solving the Reynold 
stress tensor. Reynold Stress Models (RSM) refers to models which 
consist of transport equations to solve the Reynold stress tensor. A 
more widely used approach to handle the closure problem is the 
application of the Boussinesq assumption. This hypothesis states that 
the Reynold stresses are linked to mean rates of deformation by 
introducing a turbulent viscosity (µt).  
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The turbulent viscosity can, on basis of dimensional analysis, be 
expressed as the product of the characteristic turbulent length scale (L) 
and velocity scale (U).  

ULt
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ρ
µ

=ν   (13) 

The velocity scale is obtained from the expression for turbulent 
intensity. 
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The remaining part of solving the turbulent viscosity is determination 
of the length scale, which depends on the turbulence model that is 
used.  
 
The k-ε model 
The length scale which is needed to solve the equation for turbulent 
viscosity is defined in terms of turbulent kinetic energy (k) and 
dissipation rate (ε) using dimensional arguments, i.e. 



Lagrangian CFD Modeling of Impinging Diesel Sprays for DI HCCI 

24 

ε
=

2/3kL  (15) 

The transport equations for k and ε in the k-ε model read [17] 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
∂

σ
µ

+µ
∂
∂

+ε−+=
∂
∂

ρ+
∂
∂

ρ
jk

t

jj
j x

k
x

GP
x
kU~

t
k   (16) 

⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛

∂
ε∂

σ
µ

∂
∂

+
ε

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
ε−

∂
∂

++=
ε

ρ
ε

εεεε
j

t

j
2

k

k
431 xxk

C
x
U~kCGCPC

Dt
D  (17) 

where P represents production of turbulent kinetic energy by mean 
flow deformation and G is the production or destruction of turbulent 
kinetic energy by body forces. 
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and the turbulent viscosity reads  

ε
ρ=µ µ

2

t
kC  (21) 

 



2. Multidimensional modeling and governing equations 

25 

The corresponding coefficients used in the k-ε model are given in 
Table 1. 
 
Table 1. Constants in the k-ε model [17]. 

Cµ Cε1 Cε2 Cε3 Cε4 σk σε σP 
0.09 1.44 1.92 0.8 0.33 1 1.3 0.9 

 

2.3 The Lagrangian Liquid Phase 
A well known and extensively used approach in spray modeling is the 
Discrete Droplet Method (DDM) [16] treating the spray in a 
Lagrangian framework. This method solves ordinary differential 
equations for momentum, heat and mass transfer of a cluster of 
particles referred to as parcels. Each parcel is represented by a group 
of non-interacting droplets with identical properties. The number of 
droplets in each group is referred to as number density (Np). The 
parcel mass (mP) is calculated by  

6
dNmNm

3

dpdpP
π

ρ==  (22) 

where ρd is the liquid density and d the droplet diameter.  

2.3.1 The droplet continuity equation 
The evaporation of a droplet has experimentally been established to 
follow a d2-law [19]. 

tdd 2
o

2 β−=   (23) 

where d0 is the initial drop diameter and d is the drop diameter after 
time t. The coefficient of evaporation (β) is a function of the fuel, 
temperature, pressure and fuel concentration in gas.  
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The droplet continuity equation describes how the parcel mass 
changes in time.  

s
P

dt
dm

ρ−≡ &   (24) 

For spray parcels, the liquid evaporation rate is represented by 

d
V

ps mN && ∑=ρ   (25) 

where dm& is the evaporation rate for a droplet and Np is the statistical 
number of droplets in the computational parcel.  
 
This equation is rewritten to give the mass rate in terms of change of 
radius in time (dr/dt). 
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where ρd is the liquid density.  

2.3.2 The droplet momentum equation 
A general form of the droplet momentum equation is given in the 
following equation.  

epgd
id

d FFFF
dt

dU
m +++=   (27) 

where Uid is the droplet velocity vector. The right hand side in this 
equation represents forces due to drag (Fd), gravity and buoyancy (Fg), 
pressure (Fp) and external forces (Fe). By comparing the magnitude of 
the forces the only relevant force is the drag force. If the other forces 
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are neglected, the droplet momentum equation for a spherical droplet 
with diameter d is rewritten according to the following relation [12]. 
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where CD is the drag coefficient, ρ represents the ambient gas density 
and Ui is the ambient gas velocity. A commonly used CD coefficient is 
that of Schiller et al. [60].  

Red≥1000, CD=0.44 

Red<1000, CD=(24+3.6Red
0.687)/Red (29) 

where the Reynolds number (Red) is defined as 
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where (Ui-Uid) is the relative velocity of gas and liquid, d the droplet 
diameter and ν gas viscosity. Equation 28 is rewritten as a function of 
the Reynolds number 
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where the momentum response time is defined as 
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2.3.3 The droplet energy equation 
The heat and mass transfer processes of Dukowicz [15] are based on 
the following assumptions: 

• Spherical symmetry 
• Quasi-steady gas film around the droplet 
• Uniform droplet temperature along the drop diameter 
• Uniform physical properties of the surrounding fluid 
• Liquid – vapor thermal equilibrium on the droplet face 

 
The change of temperature of the drop is given by 

Q
dt

dm
L

dt
dT

cm dd
pdd

&+=   (33) 

where cpd is specific heat of the liquid, Td is the droplet temperature 
and L is latent heat of evaporation and Q&  represents the convective 
heat flux. The assumptions on the heat and mass transfer process 
stated above are used to obtain the energy equation for a droplet. This 
equation states that energy conducted to the droplet either heats up the 
droplet or supplies heat for vaporization. 
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where λ is heat conductivity of the ambient gas and T is temperature 
of the ambient gas. The Nusselt number (Nu) is modeled as a function 
of the Reynolds number (Red) and the Prandtl number (Pr). 

3/11/2
d PrRe6.02Nu +=   (35) 



2. Multidimensional modeling and governing equations 

29 

2.3.4 Modeling of primary break-up 
The primary break-up process refers to the disintegration of the initial 
liquid core to segments which are further affected by aerodynamic 
shear, i.e. secondary break-up. The primary break-up process, also 
referred to as atomization, is a complicated process, where many 
phenomenons are influencing the spray, such as cavitation, turbulent 
instability and buckling [61]. 
 
Modeling of primary break-up can be done in various ways, 
depending on the approach of modeling the spray. The nozzle flow 
can be solved using an Eulerian approach coupled with a Lagrangian 
spray at the nozzle orifice, where velocity and drop distributions are 
calculated in the Eulerian framework and transferred to the 
Lagrangian spray. This method has not been considered in the present 
work, since it was regarded as too computationally demanding.  
 
Traditionally, blob injection [55] is used to describe Diesel fuel 
injection. This assumes that the injected liquid parcels have the same 
dimensions as the nozzle orifice. Künsberg et al. [76] recognized the 
importance of including a correction of injection velocity and an 
effective flow area due to cavitation. This correction is based on the 
geometrical properties of the nozzle such as inlet radii and nozzle 
length. This nozzle flow model is intended to be used accompanied 
with the blob injection concept [17].  
 
SMD in modern injection equipment in the vicinity of the nozzle is 
typically much smaller than the orifice diameter. A drop-distribution 
that has been used in this work for calibration of spray penetration is 
the χ2-distribution. This distribution has been fitted to experiments 
under different injection conditions, for instance by Wu et al. [82] and 
Hiroyasu et al. [25]. A χ2- volume distribution can be given in the 
form of the following equation [25].  
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where dV is the incremental volume of drops within the size range x 
and x+dx, φ the degree of freedom and Γ is the Gamma function. The 
χ2 function is defined in equation 37.  

cx22 =χ  (37) 

where the constant c is a function of the Sauter Mean Diameter (D32).  
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2.3.5 Modeling of secondary break-up 
A commonly used break-up model is the Wave model of Reitz [55]. A 
stability analysis is considered on a cylindrical liquid jet, depicted in 
Figure 11. The sizes of the product drops are determined from the 
wavelength of unstable waves on the surface 

 
Figure 11. Schematic figure illustrating surface waves and break-up 
on a liquid blob, from Reitz [55]. 
 
New drops with radius r are formed from parent drops (r0) according 
to 
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where the model constant C1 usually is assigned the value C1=0.61, 
Urel the relative velocity between liquid and gas, Λ the wavelength of 
the fastest growing wave and Ω the maximum growth rate. The latter 
two variables are defined in the following expressions.  
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The Taylor parameter (T) is  
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The Weber and Reynolds number for liquid (Wer, Rer) and gaseous 
phase (We) are defined as follows 
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The rate of change of the drop radius is determined by the rate 
equation 
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τ−−= /)rr(
dt
dr

0
0  (44) 

where the liquid break-up time is given by 

ΛΩ⋅⋅=τ /)rC726.3( 02   (45) 

The constant C2 is a break-up time constant, which is an effective 
parameter for calibrating the liquid spray penetration, as will be 
demonstrated in Chapter 4.  

2.3.6 Modeling of droplet-droplet interaction – The 
traditional collision model of O’Rourke 
The role of collision and coalescence in sprays has a history ranging 
back about half-a-century. Initially, there was a particular interest in 
collision of water droplets and rain drop formation [50]. Binary 
collision of hydrocarbon droplets was investigated by Jiang et al. [31]. 
The outcome of collision depends on the properties of ambient gas 
and droplets and how the droplets collide. Figure 12 illustrates the 
geometrical parameters that govern the outcome of collision. 
 

 
Figure 12. Definition of collision parameters at the time of impact. 
Adapted from Jiang et al. [31].  
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From Figure 12 the collision Weber number (We) and the impact 
parameter (b) are defined as.  

σ
+ρ

=
2
rel21d U)rr(We  (46) 

21 rr
Bb
+

=  (47) 

Jiang et al. [31] used an ink-jet printing technique to generate a stable 
stream of droplets of controllable size and spacing. The droplet 
images and collision history were recorded with a video recorder by 
using a strobe light synchronized with the droplet generator with 
various phase differences. The outcome of the collisions are divided 
into five regimes, depicted in Figure 13, depending on collision 
Weber-number and the impact parameter  
 

 
Figure 13. Collision regimes for hydrocarbon droplets. Adapted from 
Jiang et al. [31]. 
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I. Coalescence after minor deformation: When low Weber 
number (low relative velocity) prevails, the droplets 
experience a modest collision and the intermediate film 
between the droplets vanishes whereupon the droplets merge. 

II. Bouncing: The increased collision energy from the higher 
relative velocity implies that the intermediate film has no time 
to discharge and the droplets bounce off.  

III. Coalescence after substantial deformation: At increased 
Weber-numbers the droplets merge and deform substantially.  

IV. Coalescence followed by separation for near head-on collision 
(reflexive separation): In this regime the collision energy is so 
high that the surface energy of the coalesced mass is not 
sufficiently high to keep the liquid in a closed surface. The 
contraction forces the coalesced mass to split. The droplets 
coalesce and in some cases formation of satellite droplets 
occurs. The production of satellite droplets increases with 
collision energy i.e. increased Weber number. 

V. Coalescence followed by separation for off-centre collision 
(stretching separation): In this case the grazing collision is 
highly energetic and dominated by shear forces. For higher 
collision velocity satellite droplets are formed. 

 
In a subsequent study by Qian et al. [53] from the same laboratory an 
improved experimental technique was used to record and characterize 
collision for hydrocarbon droplets. Figure 14 illustrates binary 
collision in the regimes IV and V. 
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Figure 14. Binary collision depicting stretching (left) and reflexive  
separation (right). Adapted from Qian et al. [53].  
 
Collision modeling- collision frequency 
The collision model has two major roles: first it must decide if 
collision occurs or not and if collision occurs, the model should 
provide the outcome of collision. 
 
O’Rourke [51], [52] was the pioneer in collision modeling for fuel 
sprays. The model of O’Rourke considers binary collisions and 
collision can only occur if and only if the two parcels are situated in 
the same computational cell. The expected number of collisions is 
expressed by the following relation.  

t
V
n

)rr(UUn
cell

22
212d1d ∆+π−=  (48) 

The larger parcel is denoted a collector (index 2) and the smaller 
referred to as droplet (index 1). In equation 48, Ud1-Ud2 is the relative 
drop velocity, r1 and r2 the radii of the involved parcels, n2 the number 
of droplets (commonly referred to as number density) in the collector, 
Vcell the cell volume and ∆t the time step. The probability for collision 
follows a Poisson distribution.  
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!n
neP

n
n

n
−=  (49) 

In order to determine if a collision takes place, a random number, 
0≤xx≤1, is introduced. If nexx −≥ , collision is taking place.  
 
Collision modeling-collision outcome 
If collision occurs, the properties of the parcels are modified. 
O’Rourke considered mass and energy balance in the collision point 
P, depicted in Figure 15.  
 

 
Figure 15. Geometry at collision point. Adapted from O’Rourke [52]. 
 
The postcollisional velocities are denoted with a prime, θ represents 
the angle between the line of centers at impact and the relative 
velocity vector Ud1-Ud2. The distance b is referred to as the impact 
parameter and describes in what manner the parcels collide. If b=1, 
the collision is termed grazing collision, whereas b=0 indicates a 
head-on collision. 
 

The post-collisional velocities and directions in the O’Rourke model 
are deduced from conservation of linear momentum, energy and 
angular momentum about the touching point (P) of the parcels. These 
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equations are deduced from solid-sphere collision and expressed in the 
center of mass frame of reference in the following equations. 

2d21d1 UmUm = , 2d21d1 'Um'Um =  (50) 
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=−+
 (51) 

)sin()r'Umr'Um(

)f1(sin)rUmrUm(

22d211d1

P22d211d1

ψ+θ+

=−θ+
 (52) 

The angle (θ+ψ) corresponds to the angle after collision. The 
coefficients fE and fP denotes fraction of energy dissipated in the 
collision, and fraction of energy dissipated in angular momentum. 
Two regimes are considered, grazing collision and coalescence, and a 
critical impact number bcrit is introduced. If b<bcrit coalescence occurs 
and if b≥bcrit a grazing collision occurs. The critical impact parameter 
is defined in the following expression. 

col

23

crit We
7.24.2b γ+γ−γ

=  (53) 

where γ denotes the diameter ratio of collector and droplet and Wecol 
is the collision Weber number.  

σ
−ρ

=
2

2d1d1d
col

)UU(r
We  (54) 

In this equation ρd is the density of the droplet, r1 is the radius of the 
smallest droplet and σ is the surface tension at the mass averaged 
temperature of the two parcels. The critical impact parameter, 
separating grazing collision from coalescence is depicted in Figure 16. 
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Figure 16. Collision regimes in the O’Rourke model. Equally sized 
parcels. 
 
The introduction of the critical impact parameter allows expressions 
for (1-fE) and (1-fP) and the equation system can be closed.  

2
crit21

2
crit

E )brr(
)bb(

f1
−+

−
=− ; EP f1f1 −=−  (55) 

where the impact parameter (b) is determined on a random basis given 
in the following equation.  

yyb = , where 1yy0 ≤≤  (56) 

The post collisional velocities (U’d1 and U’d2) can be expressed in the 
laboratory reference frame by the following equations.  
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which for U’d1 can be rewritten to equation 59, recognizing that U’d1 

and U’d2 are linear combinations of Ud1 and Ud2.  
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2.3.7 Modeling of droplet-droplet interaction – The 
enhanced collision model (EORIS) 
Since the present work considers modeling of impinging sprays, an 
enhanced model has been implemented and the present sub-section 
describes the implementation and improvements of the traditional 
O’Rourke collision model. The model improvements collectively 
describe a new model called the EORIS (Enhanced O’Rourke model 
for Impinging Sprays).  
 
Collision frequency 
Nordin [48] proposed a collision criterion based on velocity vectors to 
overcome the grid-dependency. First, the parcels have to travel 
towards each other. Second, the parcels have to be sufficiently close to 
reach each other within the same integration time step. These 
requirements can be postulated in the following equations.  

0U 12d >
−
−

⋅−=
12

12
d2d1 xx

xx)U(U  (60) 
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)rr(tU 21112d +−−>∆ xx2  (61) 

where x1 and x2 denotes position of each parcel. An expression for the 
probability of collision is defined according to the following equation.  
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In this expression, Dmin represents the minimum distance between the 
two trajectories. A1 and A2 are model constants where the former 
represents declination of spatial probability and the latter temporal 
probability decay. A1 allows for trajectories that are close to collide. If 
A2=0, all parcels crossing each others path will collide. The time 
variables α0 and β0 are the solution to the following system. 
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 (63) 

A random number xx, 0<xx<1, is introduced. If xx<P, collision 
occurs.  
 
In order to assess the influence of collision model on spray shape, the 
impinging spray nozzle geometry investigated in this work is 
considered, illustrated in Figure 17. 
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Figure 17. Impinging spray nozzle. Principle of spray with 30 degree 
collision angle (left), experiments of impinging spray nozzle, bottom- 
(mid) and side view (right). Courtesy of Fredrik Wåhlin. 
 
The collision model of O’Rourke is compared with the grid 
independent approach of Nordin, depicted in Figure 18. 

 
 

Figure 18. O’Rourke collision criterion (left). Nordin criterion (mid). 
Bottom view of spray using the Nordin criterion (right). Grey and 
black signifies orifice index. 
 
The approach of O’Rourke yields a poor collision frequency, since the 
initial jets retain their trajectories without interacting with the jet from 
the other orifice. This is mainly explained by the grid, which is coarse 
and a large cell volume leads according to equation 48 to lower 
collision frequency. On the other hand, if too small cells are used, the 
two parcels may reside in different computational cells, which exclude 
the parcels from collision in the O’Rourke model. When the grid-
independent approach of Nordin is used, a more realistic spray shape 
occurs with respect to the experiments in Figure 17.  
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Collision outcome 
The outcome of collision in the grid-independent approach, however, 
is the same as the O’Rourke model. The bottom view of the fuel spray 
in Figure 18 illustrates a planar shape, whereas the photo in Figure 17 
indicates more voluminous sprays from the bottom view. 
 
Experimental photos of impinging sprays, depicted in Figure 17, 
indicates that the impinging spray have similarities with a non-
impinging spray with no traces from each individual spray. Droplet-
droplet collision at higher collision velocities initially leads to a 
merged droplet which either by reflexive or stretching action releases 
one or more child parcels in a random direction. For example, the two 
droplets heading towards each other in Figure 19 completely change 
direction after collision. 
 

 
Figure 19. Initial direction (left) and post-collisional direction (right) 
of colliding droplets, modified from Qian et al. [53], see Figure 14.  
 
Ashgriz et al. [6] recognized the collision dynamics as a three 
dimensional free-surface flow. Therefore, it is necessary to introduce a 
disturbance in order to approach more realistic outcomes of drop-drop 
collision and hence the spray shape. The velocity vectors are rotated 
around their main momentum vector (Umain) with direction 
n̂ according to the following relations.  



2. Multidimensional modeling and governing equations 

43 

21

2d21d1
main mm

UmUm
U

+
+

= , 
main

main

U
U

n̂ =  (64) 

A local coordinate system is introduced, where the momentum axis is 
chosen as the ẑ  axis. Local velocity components, uloc=(u,v,w), are 
given by the following expression 

ẑVw,0v,x̂Vu gg ⋅==⋅=  (65) 

where the ŷ  component is zero and Vg is any velocity. The vectors of 
the local coordinate system are expressed as 

n̂)n̂V(V

n̂)n̂V(V
x̂

gg

gg

⋅−

⋅−
= , ẑx̂ŷ ×= , n̂ẑ =  (66) 

Rotation around the ẑ  axis is a transformation given by the rotation 
matrix.  
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The new local velocity is given by the following equation 

locrot1d uRU ⋅=  (68) 

The spreading is accomplished by randomizing the angle φ. Finally, 
the rotated droplet velocity vectors, in the global coordinate system, 
are given by the following equation.  

ẑwŷvx̂uU rot1drot1drot1d1d ⋅+⋅+⋅=  (69) 
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This implementation yields a spreading of the parcels according to 
Figure 20. 

 
Figure 20. Improvement of post-collisional velocities in collision 
model front view (left), bottom view (right). Grey and black signifies 
nozzle index. 
 
Collision induced break-up 
The model of O’Rourke has no mechanism to reduce the drop 
diameter. Experimental investigations [50] of binary collision indicate 
that higher Weber number leads to initially merged droplets followed 
by shattering into many smaller child droplets, i.e. collision induced 
break-up.  
 
In this work, a similar model for collision induced break-up to that of 
Ko et al. [35], [36] has been implemented and evaluated, which is 
based on the theory of Ashgriz et al. [6]. The model of Ko et al. [35] is 
divided in four regimes: bouncing, reflexive and stretching separation 
and coalescence. The first regime is not considered in this doctoral 
thesis, since the velocities during direct-injected Diesel conditions are 
much higher than those which are characterizing the bouncing regime.  
 
Reflexive and stretching separations are principally illustrated in 
Figure 21, where the hatched part corresponds to the overlapping 
region.  
 



2. Multidimensional modeling and governing equations 

45 

 
Figure 21. Stretching (left) and reflexive separation (right), from Ko 
et al. [36].  
 
Reflexive separation occurs when the collision Weber number exceeds 
a threshold value defined in the following equation.  
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∆+∆

∆+−∆+>  (70) 

where ∆ is the droplet size ratio of the smaller droplet to the bigger 
droplet (∆=1/γ) and η1, η2, and ξ are defined in the following 
equations. 
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Stretching separation occurs if the following Weber number is 
exceeded 
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In the O’Rourke model a statistical approach is used to determine b, as 
indicated in equation 56. Ko et al. [35] used a more deterministic 
approach and characterized b as 

)dd/(B2b 21 +=   (75)  

where B is calculated by taking the distance from the center of one 
droplet to the relative velocity vector, according to Figure 22. 

 
Figure 22. Definition of impact parameter, from Ko et al. [36]. 
 
The more stringent definition of b requires that the parcels, however, 
are in contact with each other, which seldom is the case when a 
discrete approach is used, especially for impinging nozzles when the 
collision distance is in the order of the orifice geometry. Therefore, in 
this PhD work, the relative distance between the parcels is considered 
rather than the diameters, so b is given by the following equation. 
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where relÛ  is calculated as 
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The interaction regions of the droplets are characterized in φ1 and φ2.  
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4
11 2
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)3(
4

2

2 λ−
λ

=φ , if h<d2/2 (81) 

where λ and the interaction height (h) are defined as 

)1)(b1( ∆+−≡λ  (82) 

)b1)(dd(5.0h 21 −+=  (83) 

If neither stretching separation nor reflexive separation occurs, then 
the outcome of collision is coalescence. This is treated in a similar 
manner as the model of O’Rourke. The three implemented regimes are 
shown in Figure 23.  
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Figure 23. Collision regimes in EORIS collision model. Equally sized 
parcels. 
 
Ko et al. [35] supplemented the theory of Ashgriz et al. [6] and 
introduced a separation volume coefficient (Cv), which is the ratio of 
the separating volume to the interaction volume. This is expressed in 
the following relation.  

coalsep

coalsep
v SEKE

SEKE
C

+

−
=  (84) 

where KEsep denotes effective kinetic energy including the energy of 
temporarily combined droplets and SEcoal is the effective surface 
tension energy retaining the coalescence between droplets. These were 
estimated by Ashgriz et al. [6]. For reflexive separation, the kinetic 
energy and the separation energy is defined as follows. 
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and for stretching separation 
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where V is the volume. In the approach of Ko et al. [35], child drops 
are released from the parent parcels. The new diameter of the parents 
depends on the interaction volume and the portions of the interaction 
region (φ) according to the following equation. 

j
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where d’ assigns diameter after collision and d denotes the diameter 
before collision. For the child drops, the following diameter was 
proposed 
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where Nsa corresponds to the number-density in the child parcel. This 
means that the kinetic- and the separation energies determine the 
collision outcome and parcel diameter. The b-parameter also has an 
important influence.  
 
However, introduction of child-drops leads to a very large amount of 
parcels which consequently increases the computational time 
substantially. In this work, the reduction of the parcel diameter is 
equivalent to equation 89. A corresponding augmentation of number 
density to conserve mass in each parcel is carried out.  

n
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Furthermore, the postcollisional velocities for reflexive separation are 
expressed as a function of energy loss coefficient (α) 

d
'
d U)1(U α−=  (92) 

whereas a collision in the stretching separation regime retains the pre-
collisional velocity. The loss of kinetic energy is involved in the 
interaction portion [36]. Figure 24 illustrates the spray shape including 
and excluding collision induced break-up. In order to elucidate the 
droplet reduction due to the collision model, the secondary break-up 
model has been disabled. 
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Figure 24. Spray shape. No collision induced break-up (left) collision 
induced break-up (right).  
 
The cone angle in Figure 24 appears narrower if a collision induced 
break-up criterion is used. This is explained by smaller droplets 
created by collision-induced break-up, which are dragged into the 
spray core.  
 
The enhanced collision model which has been described in this sub-
section is an extension of the traditional collision model of O’Rourke 
with respect to the following model improvements: 

• Grid independent collision criterion 
• Improved post-collisional velocities 
• Collision induced break-up 

This model will be referred to as EORIS (Enhanced O’Rourke Model 
for Impinging Sprays). 

2.3.8 Modeling of droplet-turbulence interaction 
Turbulence of the gas phase has an influence on the droplet 
dispersion. This influence is considered by including the fluctuating 
component of the gas phase (u’i) in the droplet momentum equation 
(equation 28). This fluctuating component accounts for the turbulent 
fluctuations exerted on the parcel and has to be modeled. In the 
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stochastic dispersion method offered by Gosman et al. [20] the 
turbulence is assumed isotropic and the components of the fluctuating 
velocities are determined from a Gaussian distribution on a random 
basis with the following standard deviation.  

3
k2

=σ  (93) 

Furthermore, the fluctuating velocity component is expressed as 
follows: 
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where xxi is a random number between 0 and 1 for each vector 
component. Additionally, a turbulence correlation time is introduced 
(tturb) which is the minimum of the eddy break-up time and the time 
for the parcel to cross the eddy. 
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with the model constants Cτ=1.0 and C1=0.16432. 
 
The influence of turbulent dispersion appears however small in direct-
injected Diesel engines and during direct-injected HCCI conditions. 
This is due to high relative velocity, and fast evaporation of the liquid 
fuel. The situation may however be different in multiphase problems 
where a lower relative velocity prevails [48]. 
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2.3.9 Modeling of droplet-wall interaction 
In general, there are two outcomes for a droplet impinging on a 
surface. In the first case, the droplet deposit and form a liquid film. If 
the impact velocity increases a part of the liquid deposits on the wall 
and the remaining part bounces off and forms smaller droplets. The 
splashing model of Mundo et al. [43] is experimentally verified under 
different conditions (droplet diameter, impact velocity, impingement 
angles, rough and smooth walls). Splashing means that the impinged 
parcels bounce off and forms smaller droplet. The conditions before 
and after wall impact are principally depicted in Figure 25. 

 
Figure 25. The splashing model, from FIRE User Manual [17]. 
 
In order to asses the amount of accumulated wall film, dimensionless 
groups of Reynoldsnumber (Rewall) and Ohnesorge (Ohwall) number 
are introduced.  

µ
ρ

= ⊥00d
wall

ud
Re   (96) 
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0
wall d

Oh
ρσ
µ

=   (97) 

where ρd droplet density, d0 is droplet diameter prior to wall impact,  
0u⊥ normal velocity component before impact, µ the liquid viscosity. 

The Ohnesorge number is the ratio of the viscous forces to the surface 
tension (σ). A K value is introduced, 25.1

DReOhK ⋅= and a critical K-
value (Kcrit=57.7). If K<Kcrit, (lower momentum/higher surface 
tension) all parcels are deposited on the wall and does not bounce off. 
If K>Kcrit, splashing prevails and a larger mass fraction is atomized 
and reflected. The reflected mass is given in the following equations.  

m1/m0=3.9869·10-21K9.2133  Smooth wall (98) 

m1/m0=8.0350·10-11K4.1718  Rough wall (99) 

The mass fraction m0-m1 is added to the wall film.  
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3 MIXTURE FORMATION IN DIRECT- 
INJECTED HCCI ENGINES 
While the previous chapter gave an introduction to modeling of gas- 
and liquid phase, this chapter is intended to give an experimental 
background of emission formation in direct-injected HCCI engines by 
reviewing investigations published in this field. Mixture formation is 
evaluated based on emission formation. Finally, numerical methods to 
characterize mixture quality are presented. 

3.1 Background 
In the compression-ignited engine, henceforth referred to as the 
conventional Diesel engine, the fuel is injected around TDC. This 
leads to a short ignition delay followed by diffusion combustion. The 
combustion normally starts during the fuel injection. If the fuel is 
injected earlier in the compression stroke, the injection is normally 
completed before combustion starts. This type of combustion is called 
premixed combustion or direct-injected HCCI (DI HCCI), and the 
combustion is governed by chemical kinetics.  
 
The fuel-air mixture formation process in direct-injected engines is 
highly influenced by the injected fuel spray. The fuel spray implies an 
entrainment of the surrounding gas, which intensifies the fuel-air 
mixture formation. Additionally, the macro-scale properties such as 
spray penetration and spray cone angle determine the dispersion of 
droplets which will form fuel vapor.  
 
Although many important mechanisms behind spray formation, and 
consequently mixture formation, can be ascribed to the internal nozzle 
flow where phenomena such as cavitation and turbulence are 
important [61], it is still a complex and relatively unexplored field. 
The modeling approaches that are described in this work are based on 
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the conditions defined at the nozzle orifice exit, and internal nozzle 
flow physics will not be discussed in this chapter.  
 

3.2 General Features of Mixture Formation in DI 
HCCI Engines  
The procedure to attain HCCI combustion depends on the fuel used. 
For high volatile fuels, HCCI engines are normally operated with port-
fuel injection. The liquid fuel is injected in the intake port where it is 
mixed with the incoming gas. The high volatility alleviates 
evaporation and mixing to the desired fuel-air equivalence ratio. This 
mixture is regarded as vaporized before it enters the cylinder although 
some further mixing between fuel and in-cylinder gases is likely to 
occur in the cylinder.  
 
Due to Diesel’s low volatile properties, it is difficult to accomplish a 
sufficient mixture formation in the intake when port fuel injection is 
used. Fractions of fuel which are still in the liquid phase will adhere to 
combustion chamber surfaces which in the end lead to high emissions 
of HC, CO, smoke and reduced combustion efficiency.  
 
Ryan et al. [58] demonstrated the possibility of using Diesel fuel in 
port fuel injection mode under HCCI conditions. In their study, high 
amounts of exhaust gas recirculation (EGR~50%), high intake 
temperatures (larger than 100° C) and a low compression ratio (ε=8) 
resulted in acceptable HCCI combustion. However, high intake 
temperature reduces the in-cylinder density which consequently yields 
a lower power density. Additionally, a low compression ratio gives a 
low efficiency. 
 
One of the first investigations with direct-injected HCCI with Diesel 
fuel was carried out by Takeda et al. [73] from New Ace. In their 
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work, a conventional Diesel combustion with injection around TDC 
was compared with an advanced injection timing (-80 CAD1). In order 
to avoid wall impingement in the early injection mode, a side injection 
concept, which provided collision of the sprays in the cylinder center, 
was applied. This concept decreased the NOx emissions remarkably 
compared to those measured in the conventional mode. The dramatic 
reduction of NOx at early injection timing was explained by a lean 
fuel-air mixture and reduced combustion of stoichiometric mixture. 
This concept is called PREDIC (PREmixed lean DIesel Combustion), 
schematically depicted in Figure 26. 

 
Figure 26. The PREDIC concept by Takeda et al. [73].  
 
If the injection took place too early in the compression stroke, the 
combustion stability was jeopardized because of knocking. 
Additionally, the HC and CO emissions increased with early injection 
timing, which was explained by an over-lean mixture entering quench 
regions.  
                                                 
1 CAD=Crank Angle Degree. 0 CAD is defined as combustion top dead center, i.e. 
 -80 CAD means 80 Crank Angle Degrees before top dead center. 
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In order to obtain homogeneous conditions, early direct-injection 
timing extends the time for the fuel mixing with the in-cylinder gas. 
An early injection in the compression stroke means a lower in-
cylinder density which results in a faster penetration. Earlier injection 
timing during the intake stroke is only beneficial for highly volatile 
fuel, due to too low in-cylinder temperature, which impairs 
evaporation of low volatile fuels.  
 
Late injection in the compression stroke means injection into higher 
density and the drag force exerted on the droplets increases, droplets 
are decelerated and hence penetration becomes shorter. Additionally, 
the air-entrainment increases [45]. On the other hand a too late 
injection may result in piston impingement. Moreover, the ignition 
delay decreases which means that there is a shorter time available for 
mixing before combustion occurs.  
 
In other words, it appears that the optimal injection timing should not 
occur too early in order to avoid wall impingement at the cylinder 
liner and not too late in order to avoid possible impingement at the 
piston. Furthermore, the fuel has to mix sufficiently to avoid undesired 
emissions due to incomplete combustion.  
 
A summary of the benefits and drawbacks of direct-injected HCCI 
combustion are as follows: 

• Low soot and NOx emissions. Soot origins from locally fuel 
rich regions, whereas NOx is created in locally 
stoichiometric regimes. The mixture preparation eliminates 
these rich and stoichiometric fractions, which reduces soot 
and NOx. 

• A modest compression ratio must be used in order to avoid 
premature ignition. If the intake temperature is raised, as 
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investigated by Ryan et al. [58], a low compression ratio 
must be used.  

• Control of start of combustion: Since ignition is governed by 
chemistry, start of combustion is difficult to control 
compared to the conventional Diesel or gasoline combustion.  

 

3.3. Types of DI HCCI 
When direct-injection is used, more degrees of freedom are 
introduced. Various injection profiles, single or multiple injections 
and different magnitudes of the injection pressure could be used. The 
injection system could be mounted in various ways, such as the side-
injected concept of Takeda et al. [73] illustrated in Figure 26. This 
section demonstrates some injection concepts that have been 
investigated by research and development groups worldwide. There 
are a vast number of acronyms used even for concepts which are very 
similar. The scope of this work is certainly not to cover them all. 
Nevertheless, some concepts have been covered for the sake of 
explaining mixture formation and controlling parameters. Although 
Diesel is the fuel of interest in this work, some concepts developed for 
high volatile fuels are mentioned as a comparison.  

3.3.1 Combined port fuel injection and direct-injection 
The HCDC concept [72], [28] (Homogeneous Charge Diesel 
Combustion) developed by Traffic Safety and Nuisance Research 
Institute in 1997 is a combination of port fuel injection and direct-
injection. A large part of the fuel is injected in the intake port through 
a gasoline injector (iso-octane), and the remaining part is injected with 
direct-injection (Diesel) which works as a spark plug. The emission 
formation depends on the ratio of premixed fuel and direct-injected 
fuel. If a sufficiently high ratio is used, low smoke and NOx follows. 
Imaging of the combustion indicated the absence of luminous flames 
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and local high temperature regions were avoided. Too high ratio leads 
however to controlling problems. The low NOx can be maintained at 
high loads by using EGR. In general, this concept offers a wide 
operation range and a high compression ratio (20.4) and start of 
combustion can be controlled. On the other hand, HC and CO 
emissions increase with decreasing NOx emissions. The concept is 
also complicated and two fuels are needed.  

3.3.2 Retarded and multiple injection concepts 
Pilot injection, in combination with Diesel combustion, shortens the 
ignition delay of main injection which reduces noise from combustion. 
Various concepts based on multiple injections have been explored for 
HCCI combustion and some of them have also been commercialized.  
 
Nissan introduced the MK concept (Modulated Kinetics) [41], [33] in 
the market in June 1998 as a four cylinder engine with 2.5 or 3 L 
displacement. It is characterized by simultaneous reduction of NOx 
and smoke. The NOx reduction is accomplished by lowering the 
oxygen concentration in the intake air. This reduction is achieved by 
using high levels of EGR. This leads to increased smoke levels, but if 
the injection timing is retarded, there is a sufficient time to achieve 
premixed combustion which reduces soot emissions. EGR also 
reduces the steep pressure rises, which yields a smoother combustion 
and reduced noise. A higher swirl ratio is used to suppress the 
formation of HC. The drawback with the MK concept is a limited load 
range. At higher loads, the in-cylinder temperature increases, which 
reduces the ignition delay. Additionally, the injection duration 
increases and ignition may occur before a sufficiently homogeneous 
mixture is achieved.  
 
The UNIBUS concept (UNIform BUlky combustion System) of 
Toyota [21] is based on a common rail injection system with a double 
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injection technique. The first fuel injection takes place early in the 
compression stroke and low temperature reactions occur (below 800 
K). Injection timing, fuel mass, gas temperature and pressure are 
controlled in a manner that no high temperature reaction occurs. The 
start of low temperature reactions depends on in-cylinder temperature 
and pressure. A variable nozzle turbocharger is used for boost 
pressure control. The second fuel injection takes place after TDC and 
controls the high temperature reaction. Ignition occurs simultaneous in 
a HCCI-fashion with non-luminous flames. A sufficient mixture 
formation is obtained which gives low smoke emissions and the 
combustion temperature is around 1500 K which gives very low NOx 
emissions. The UNIBUS concept has a limited operation range, and 
conventional Diesel combustion is considered at higher loads. The 
concept was introduced for production in the Japanese market in 2000 
as a 3 liter engine with four cylinders.  
 
The HiMICS (Homogeneous charge intelligent Multiple Injection 
Combustion System) is another example of multiple injections 
developed by Hino in 1997 [87], [88]. A homogeneous charge is 
obtained by pilot injection (one or more) in the compression stroke 
followed by a main injection. This leads to low NOx and smoke 
emissions and there exists a limited operation range where 
simultaneous reduction of NOx and fuel consumption is obtained. 
This is possible if a sufficient homogenization of the pre-mixture is 
achieved and by avoiding quenching and wall impingement. However, 
this concept is also afflicted by high HC and CO emissions.  
 
The NADI concept (Narrow Angle Direct Injection) was developed by 
IFP [77], [78] in 2002. The concept was applied in a dual mode 
engine, which uses a HCCI combustion at low and medium loads and 
conventional Diesel combustion at high loads. A narrow included 
angle (less than 100 degrees) is used in order to avoid wall 
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impingement and to promote fuel-air mixing. This gives extremely 
low NOx emissions under HCCI conditions, but at the same time 
higher CO and HC.  
 
Another novel concept based on multiple injections is the BUMP-
concept developed by State Key Laboratory of Engines (Tianjin) [71] 
in 2003. The BUMP concept is based on multiple injections (four pre-
injections and one main injection) and a bump ring mounted in the 
piston cavity. The spray from main injection is guided into the bump 
ring, depicted in Figure 27, which intensifies the mixing of fuel and 
gas. 

 
Figure 27. The BUMP concept, from Su et al. [71].  
 
The BUMP-concept has the benefits of low NOx and soot emissions. 
However, the operating range is narrow.  

3.3.3 Low pressure injectors 
Direct-injection with low pressure injectors, producing hollow cone 
and voluminous sprays, can be used to achieve HCCI combustion. 
These nozzles require long injection duration in comparison to high 
pressure injectors.  
 
Sjöberg et al. [63] investigated HCCI in GDI-mode (Gasoline Direct 
Injection) and the injection timing was considered between -330 and -
60 CAD. NOx was produced in regions slightly richer than the global 
equivalence ratio and CO was produced in slightly leaner regions, 
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because of quenching. The work indicated that a stratified charge may 
be beneficial to reach low emissions, rather than a homogeneous 
charge. 
 
A study of Ra et al. [54] investigated the potential of very early 
injection timing with a pintle nozzle for heavy duty Diesel engines. A 
low load case was considered (Φ=0.38, injection duration 32 CAD) 
and an injection range of -220<SOI<-80 CAD was investigated. Low 
NOx and soot was observed experimentally with very early injection 
timing (SOI<-140 CAD). However, the CO emissions were high 
independent of injection timing. Akagawa et al. [3] also concluded 
that wall impingement could be avoided with a pintle nozzle but the 
HC and CO emissions remained high. 
 

3.3.4 Impingement system 
The impingement system used by Takeda et al. [73] illustrated in 
Figure 26 has been investigated by New Ace in another design 
concept, the MULDIC concept [22] (MULtiple stage DIesel 
Combustion). The first stage combustion corresponds to premixed 
lean combustion, where the side injection concept, depicted in Figure 
26, is used. The second injection occurs in the vicinity of TDC with a 
conventional center mounted nozzle. The research group proposed a 
combination of PREDIC and MULDIC [3]. The PREDIC concept was 
used during low load conditions with a pintle nozzle, and in the high 
load mode the MULDIC concept was applied, with a side injection 
concept.  

3.3.5 Impinging spray nozzles 
Impingement and interaction between the sprays can also be achieved 
by using specially designed nozzles providing an impinging 
(colliding) spray. 
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Yamamoto et al. [86] investigated spray structure experimentally for 
different nozzle designs. Slit shaped and impinging flow nozzles were 
compared with a single orifice nozzle. The slit shaped nozzle was 
assumed to increase the air entrainment due to a larger surface area. 
The slit shaped nozzles did not show any improvement in 
heterogeneity and the spray shape was more rotational symmetric than 
planar. However, the impinging flow nozzles appeared attractive since 
they provided a more voluminous spray and measurements with a 
laser light sheet scattering method revealed that the radial velocity 
component was larger than the single orifice nozzle with higher 
velocities at the outskirts of the spray, suggesting a more turbulent 
mixing within the spray than a single orifice nozzle.  
 
Iwabuchi et al. [29] from Mitsubishi investigated an engine in 
PREDIC mode with a conventional nozzle. This resulted in wall 
impingement, fuel adhesion and hence reduced efficiency and 
increased HC emissions. Various impingement angles were 
investigated optically, and penetration significantly decreased with 
increasing collision angle. A new engine nozzle was manufactured 
with 60 degree collision angle to investigate PREDIC operation. Low 
smoke emissions and very low NOx emissions were observed 
accompanied with increased HC emissions. 
 
Wåhlin et al. investigated experimentally impinging spray nozzles 
[83], [84], [85] and characterized the macro scale properties of 
impinging sprays in a pressurized vessel and engine behavior in terms 
of emissions and combustion efficiency. The impinging spray nozzle 
resulted in a voluminous spray with short penetration, suitable for 
early direct-injection [83]. A HCCI like combustion was obtained for 
early injections under various injection conditions [84]. In spite of the 
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nozzle design, depicted in Figure 28, impinging sprays have similar 
macro scale behavior as non-impinging sprays [85].  

 
Figure 28. Impinging spray nozzle investigated by Wåhlin et al. [83], 
[84], [85]. Design (left) and photo of orifice pair (right).  
 
Advanced injection timing gives low NOx emissions accompanied 
with increased HC emissions. This trade-off was experimentally 
investigated by Nordgren et al. [47] using impinging and non-
impinging nozzles. Start of injection was varied between -170 and -20 
CAD and iso-octane was used as fuel. Low load conditions were 
considered, and the intake conditions were adjusted (3<Φ−1<4) in such 
way that start of combustion occurred at the same time for all 
investigated cases. For impinging sprays the NOx-HC trade-off was 
improved, i.e. low NOx accompanied with lower HC emissions than 
the non-impinging nozzles were observed.  

3.3.6 Summary of DI HCCI concepts 
Desirable HCCI conditions for Diesel fuels, i.e. simultaneous 
reduction of NOx and soot, can be achieved with advanced injection 
timing in the compression stroke or retarded injection timing with 
EGR. There are several methods to overcome the difficulties of 
controlling start of combustion, but the problem normally arises when 
high load mode is considered. Dual mode engines, i.e. HCCI mode at 
low load and Diesel combustion at high load, appear more realistic to 
meet the forthcoming emission legislation.  
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3.4 Altering the Mixture Formation 
From the previous section, it is clear that the injection timing plays an 
important role in the emission formation process. This section intends 
to explain other important factors that influence mixture formation in 
some way. Since the working principle of internal combustion engines 
is based on a moving piston which continuously changes the 
surrounding conditions (temperature, pressure, etc.), there are many 
factors besides injection timing that enhance or deteriorate mixture 
formation.  

3.4.1 Properties of gas and fuel 
The properties of the gas could be modified in order to control 
combustion. EGR is used in HCCI in order to prolong combustion 
duration. The EGR ratio is defined by the following equation [23]. 

[ ]%
CO
CO100EGR

out2

in2⋅=  (100) 

where CO2in and CO2out is CO2 concentration in intake and exhaust 
respectively. The concentration of oxygen reduces with increasing 
EGR, which delays the start of combustion. The reduced oxygen 
concentration has a negative effect on smoke emissions, since EGR 
inhibits particulate oxidation. The temperature of the EGR charge is 
also of importance. It could be used to control the combustion phasing 
[88]. 
 
The density of the gas phase also has an influence on spray 
penetration and hence mixture formation. As mentioned in a previous 
section, penetration decreases due to increased gas density as the 
piston approaches TDC. The decreased spray penetration is a result of 
the increased drag force. Nandha et al. [45] derived an expression for 
total entrained mass (Me), based on the theory of transient gas jets 
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offered by Abraham [1], to explain the increased air-entrainment in a 
fuel spray. The entrained mass is proportional to the fourth root of the 
ambient density (ρa).  

[ ] 5.1
i

5.0
i

25.0
a

5.0
te tdUC157.2M ρρ=  (101) 

where Ct is a constant, ρi the injected fluid density, d is the orifice 
diameter, Ui is the injection velocity and t represents time. 
 
Fuels in HCCI, port-injected and direct-injected, have a significant 
influence on ignition time [57]. Sakai et al. [59] investigated the role 
of high volatile fuels on wall impingement by numerically and 
experimentally comparing advanced injection timings for Diesel fuel 
and n-heptane. The higher volatility of n-heptane significantly reduced 
the accumulated fuel dilution on cylinder liner.  
 

3.4.2 Swirl and turbulence 
The influence of swirl has been investigated by many authors both 
numerically and experimentally. According to the previous section, 
the MK concept relies on a very high swirl ratio.  
 
A higher swirl does not always imply a better mixture formation and 
hence lower emissions and better efficiency. There is an optimal swirl 
level depending on the combustion chamber design and the operation 
condition of the engine.  
 
Kook et al. [39] performed an extensive numerical and experimental 
investigation of the effect of swirl ratio on CO emissions and fuel 
conversion efficiency for low temperature combustion. The authors 
found an optimal swirl ratio for reducing the CO emissions. Higher 
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swirl ratios leads to impaired mixing due to trapping of the partially 
burned fuel within the bowl. 
 
Turbulence is a part of the mixture formation process and determines 
the fuel vapor distribution. However, turbulence is more a 
consequence (depending on swirl, engine design, injection system and 
surrounding conditions) rather than a parameter that can be controlled, 
like for instance the injection pressure. Kook et al. [39] recognized the 
importance of turbulence during the compression stroke and proposed 
the following equation for the production of turbulence (Piso) as a 
function of the pre-existing turbulent kinetic energy (k), cylinder 
volume (V) and time (t).  

dt
dV

V
1k

3
2Piso −=  (102) 

This quantity is reportedly large between -30 and -5 CAD. Thus an 
injection before this period could profit from the increased turbulence 
during the mixture formation process. Kook et al. [39] confirmed this 
experimentally.  

3.4.3 Injection related parameters 
The injection timing and multiple injections are not the only important 
parameters to consider for improving the mixture formation. The 
magnitude of the injection pressure and dimensions of the orifice are 
also of importance. 
 
Minami et al. [42] investigated the influence of injection pressure and 
nozzle orifice diameter on mixture formation. An increased injection 
pressure resulted in small droplets and increased spray dispersion. A 
reduced orifice diameter increased the spray volume and promoted 
spray dispersion. A smaller droplet has a higher surface to volume 
ratio and requires consequently shorter time to vaporize.  
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The influence of drop size on ignition and emission formation was 
studied by Ra et al. [54]. Increased drop size yields poor evaporation 
and consequently an increase of accumulated wall film. Increased 
drop size gives more fuel on the walls which survives main ignition 
and burns in diffusion burning regime. The amount of available fuel 
vapor decreases with larger drops. This results in a lower equivalence 
ratio during the compression stroke which results in a delay of main 
ignition.  
 
A further degree of freedom to increase the fuel-air mixing is to rotate 
the injector. In general, the injection rotation promotes dispersion of 
the droplets. This is principally depicted in Figure 29. 

  
Figure 29. Simulated non-rotating injection (black) and 
counterclockwise rotating injection (grey). 
 
The air entrainment is additionally improved if the swirl movement 
acts towards the rotation movement, i.e. clockwise rotation in Figure 
29. The rotating injector reduces the spray penetration compared to a 
non-rotating injector, as principally illustrated in Figure 30 for 
different rotating speeds. 
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Figure 30. Rotating injection with counteracting swirl. SOI -50 CAD. 
Reference case (no rotation) rotation speed 3000 and 8000 rpm. 
Spray penetration and relative change in comparison to reference 
case. Calculated with the FIRE code. 
 
In the investigations of Sjöberg [62] and Konstanzer [38] there exists 
an optimum rotation speed for Diesel combustion with respect to low 
emissions and high efficiency. There were situations when a 
simultaneous reduction in NOx and soot was observed [62]. 

3.4.4 Stratification 
Direct-injection offers the possibility to stratify the charge. An ideal 
scenario is principally depicted in Figure 31. The cylinder walls (liner, 
piston, crevices) are isolated with an air layer (Φ=0). The remaining 
bulk consists of a charge of fuel vapor which has mixed to globally 
homogeneous conditions (Φ=Φgl). 
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Figure 31. Schematic representation of an ideal charge. Crevices 
have an isolating layer (Φ=0, black), whereas the bulk is represented 
by a homogeneous charge (Φ=Φgl, grey). 
 
This ideal scenario would avoid HC emissions from crevices and 
possible condensation at the walls. At the same time NOx emissions 
are low, due to fuel vapor conditions at the global fuel-air equivalence 
ratio. 

3.5 Summary Emission Formation Mechanisms 
Diesel combustion are afflicted with high emissions of PM and NOx. 
The locally fuel rich mixture cause formation of particulates during 
the combustion and locally stoichiometric mixture fractions results in 
high temperature combustion and NOx. Emission formation in direct-
injected HCCI combustion differs from that of the conventional Diesel 
combustion, due to the colder premixed combustion. These premixed 
conditions are achieved by advanced injection timing which allows a 
longer time for fuel-air mixture formation. As long as the mixture is 
sufficiently homogeneous, PM and NOx emissions can be avoided. 
However, the colder combustion temperature implies higher HC and 
CO.  
 
A conceptual model for low temperature Diesel combustion was 
proposed by Musculus et al. [44]. This model was developed based on 
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an extensive experimental investigation for two load cases (Φ=0.40 
and Φ=0.28) with a start of injection at -22 and -37 CAD respectively. 
The experimental investigation consisted of OH fluorescence 
characterization. The combustion was typically premixed with cool 
flames and a steep pressure rise. During the prevailing conditions, an 
OH distribution was observed throughout the jet, suggesting a more 
complete mixing within the jet. A broadening of the OH-distribution 
after ignition indicated a volumetric ignition and combustion rather 
than the diffusion flames which occurs in the conventional Diesel 
combustion.  

3.5.1 Piston and liner impingement 
With advanced direct-injection timing during the compression stroke, 
the density decreases and the risk for wall wetting increases. This 
could experimentally be characterized with in-cylinder visualization, 
for instance by optical access accompanied with photographic 
investigations. The quality of the lubrication oil could also be 
examined after a longer period of usage. A dilution of the lubrication 
oil indicates liner impingement. Emission measurements at different 
injection timings also give information about mixture formation and 
possible interaction with liner and piston. 
 
Kanda et al. [32] investigated early direct-injection with optical access 
to the cylinder by using an endoscope. They observed wall film 
accumulation which resulted in soot. Piston impingement was a source 
for high soot, HC and CO emissions. Reveille et al. [56] used the 
NADI concept and detected increased HC emissions due to piston 
impingement as the nozzle tip protrusion increased.  
 
Kong et al. [37] observed abnormally fast contamination of the 
lubrication oil in a research engine when early injection with a pintle 
nozzle (SOI -110 CAD) was considered. The reason for this was 
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observed as wall impingement in the simulations. Sakai et al. [59] also 
investigated the quality of the lubrication oil after approximately eight 
hours of operation and discovered a linearly increasing dilution for 
advanced injection timing with liner impingement, depicted in Figure 
32.  

 
Figure 32. Fuel oil dilution, from Sakai et al. [59].  
 
Figure 32 also illustrates that by using a high volatile fuel (n-heptane) 
with earlier injection timings, it is possible to avoid liner 
impingement. 

3.5.2 Homogenization and NOx 
Low, or non-existing, emissions of NOx are a typical feature of HCCI 
combustion. This is due to low local combustion temperatures. In 
general, higher combustion temperature implies higher NOx 
emissions.  
 
The thermal formation of nitrogen oxides could be described with the 
Zeldovich mechanism [24].  
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NNONO 2 +=+  

ONOON 2 +=+  

HNOOHN +=+  (103) 

The highest combustion temperatures are obtained around 
stoichiometric conditions, whereas NOx formation is highest on the 
slightly leaner side, depicted in Figure 33. On the slightly leaner side 
(Φ≈0.9) there are more oxygen atoms in the mixture which gives the 
highest NOx emissions, in accordance with equation 103.  

 
Figure 33. Variation of NO concentrations with A/F ratio and fuel/air 
equivalence ratio, from Heywood [24] . 
 

3.5.3 HC and CO  
HC and CO emissions are linked to each other as the injection timing 
is advanced. HC is a result of mixture which escapes combustion in 
crevices in the combustion chamber [24] or unburned flame islands. 
CO is a consequence of the cold combustion, due to over lean regions. 
The cold temperature cannot oxidize CO into CO2.  
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Helmantel et al. [23] suggested that the short combustion duration and 
reduced oxygen concentration, characteristic for HCCI, is a source for 
HC and CO emissions. According to Suzuki et al. [72] partial 
oxidation or burned residue of pre-mixture near the wall surfaces of 
the combustion chamber and top clearance is also a source of CO and 
HC.  

3.6 Numerical Characterization of Mixture Features 
In direct-injected HCCI, the amount of available fuel vapor for 
combustion depends on the properties of the injected fuel spray and 
possible interaction with the wall. There are a number of parameters 
that could be used to characterize the mixture features numerically 
prior to combustion.  
 
Spray penetration 
The liquid spray penetration can be related to the geometrical 
distances in the cylinder, illustrated in Figure 34. 
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Figure 34. Simulated liquid spray penetration as a function of Crank 
Angle Degree for different injection timings. 
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In Figure 34, the spray penetration decreases with later injection 
timing due to increasing gas density.  
 
Wall impingement 
Due to the range of injection timings that are applicable in Direct-
Injected HCCI it is of interest to distinguish the amount of wall 
impingement that occurs on piston and liner respectively. The liner 
impingement results in diluted lubrication oil [59] and loss of 
combustion efficiency. Piston impingement increases smoke 
emissions [32]. An example of wall impingement for piston and liner 
as a function of injection timing is depicted in Figure 35.  
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Figure 35. Simulated piston and liner impingement as a function of 
injection timing. 
 
The piston impingement has a maximum at SOI -60 CAD, whereas 
the liner impingement increases with advanced injection timing due to 
the decreasing in-cylinder density. The piston impingement is of 
interest for nozzle and piston design purpose.  
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Fuel vapor mass fraction equivalence ratio histograms  
In this method, the mixture is characterized in bins of equivalence 
ratio. The more fuel vapor that is distributed close to the average 
equivalence ratio, the more homogeneous the mixture is. An example 
is given in Figure 36. 
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Figure 36. Equivalence ratio distribution. Bin size 0.02, Φgl=0.25.  
 
In these histograms, different regimes can be distinguished, where 
NOx production is likely to occur (stoichiometric see Figure 33) or 
fuel rich regions responsible for soot production [30]. This method is 
used by several authors, for instance Jhavar et al. [30], Sakai et al. 
[59] and Klingbeil et al. [34]. If combustion is considered in the 
simulations, a similar distribution for temperature could be used in 
order to assess the temperature stratification as proposed by Jhavar et 
al. [30].  
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Degree of heterogeneity 
Nandha et al. [45] investigated the PREDIC concept numerically and 
introduced a way to characterize the fuel-air mixing through the 
degree of heterogeneity (DOH) defined in the following equations.  
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δΦ−Φ
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∑
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where the equivalence ratio (Φ0) is defined 

M

m
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i
ii

0

∑ δΦ
=Φ  (105) 

and the total mass of the mixture (M) in all computational cells 
(Ncells) is calculated by adding the mass of the mixture in each 
computational cell (δmi). 

∑δ=
Ncells

i
imM  (106) 

At the start of injection, the environment is gaseous and the introduced 
fuel has not yet vaporized and the DOH goes to infinity. After 
vaporization the mixture approaches homogeneous conditions, i.e. 
DOH→0. An example for various injection timings are depicted in 
Figure 37. 
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Figure 37. Degree of heterogeneity for an early injection (SOI -50 
CAD) and late injection (SOI -20 CAD) as a function of Crank Angle 
Degree.  
 
The benefit with the degree of heterogeneity is that one value defining 
the mixture quality is achieved each crank angle degree and different 
injection timings can be compared, such as in Figure 37. The early 
injection has a longer time to approach homogeneous conditions, 
whereas the later injection has not much time to approach DOH=0 
before TDC is reached. The drawback is that no information is given 
of the fuel air distribution, for instance it is not possible to tell whether 
it is bimodal or normal in comparison to the global homogeneity (Φgl). 
This cannot be connected to emissions, since various values of Φ0 
could give the same DOH.  
 
Jhavar et al. [30] proposed the variation of turbulent time scale, i.e. 
tturb=k/ε, as a parameter for indicating the amount of mixing. A small 
value of the timescales indicates smaller and faster rotating eddies, 
which results in faster mixing of fuel and air. 
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3.7 Concluding Discussion 
Advanced direct-injection of Diesel fuel appears attractive, since it is 
possible to reach typical HCCI conditions (low NOx and soot). Ryan 
et al. [58] investigated the possibility to use port fuel injection of 
Diesel fuel in HCCI operation. Although it is possible it requires 
additional equipment and reduces the power density which is one of 
the problems of the HCCI engine. Later investigations have paid 
attention to direct-injection and there are also commercialized 
concepts available where late injections accompanied with high levels 
of EGR gives the desired low NOx and soot emissions without any 
bigger penalties in efficiency, for instance the MK concept.  
 
With advanced injection timing the fuel spray may interact with piston 
or even the liner in the extreme case which has to be avoided. Design 
of the injection system (for instance using impinging spray nozzles) 
and piston should carefully be considered in the development. This is 
where CFD comes as a good supplementation of experiments and its 
value cannot be questioned.  
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4 RESULTS  
This chapter presents unpublished results of mixture formation 
simulations of direct-injected Diesel HCCI. The purpose of the present 
work is to characterize mixture formation for non-impinging and 
impinging nozzles by using an enhanced collision model (EORIS). A 
hypothesis was formulated in chapter 1, where it was assumed that 
this enhanced collision model, theoretically described in chapter 2, 
can predict mixture formation for impinging and non-impinging 
nozzles. 
 
First, the research method is presented. The model considerations for 
collision models are presented herein as well as how the simulations 
are validated. Second, boundary conditions and sub-models which 
have been used in the simulations are presented. Moreover, sensitivity 
analyses are presented that have been considered in the calibration and 
collision model selection. Finally, calibrated model parameters and the 
EORIS collision model are applied to low- and high load conditions.  
 

4.1 Research Method 
Since Diesel HCCI is achieved with advanced direct-injection timing 
in the compression stroke, wall impingement becomes pronounced. 
Wall impingement can be considered numerically without including 
combustion modeling.  
 
The impinging nozzles are designed in such way that collision occurs 
outside the nozzle exits. Two impinging jets imply that one spray is 
formed with a wide cone angle, principally depicted in Figure 38.  
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Figure 38. Impinging spray nozzle. Principle of spray with 30 degree 
collision angle (left), experiments of impinging spray nozzle, bottom- 
(mid) and side view (right). Courtesy of Fredrik Wåhlin. 
 
For validation purpose, modeled mixture formation trends are 
compared with experimental trends of emission measurements under 
various load conditions.  
 

4.1.1 Model considerations for collision models 
In section 2.3.6, the theoretical background of traditional collision 
modeling according to O’Rourke was explained. The shortcomings of 
the O’Rourke model were characterized and improvements were 
proposed which resulted in an enhanced collision model (EORIS), 
described in section 2.3.7. A summary of these models follows below.  
 
Traditional O’Rourke model 
The traditional collision model of O’Rourke [52] is a commonly used 
collision model for fuel sprays. Binary collision is considered and 
collision can only occur if the computational parcels are situated in the 
same computational cell. The set-up of an impinging spray as 
experimentally depicted in Figure 38 gives the spray shape according 
to Figure 39. 
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Figure 39. Traditional O’Rourke model. Simulated spray: side view 
and bottom view (left). Photo of spray: side view and bottom view 
(right). 
 
According to the side view of the impinging spray, the collision model 
significantly underpredicts the collision frequency. The bottom view 
of the simulated spray also delineates a planar spray shape; whereas 
the righter most photo in Figure 39 indicate a wide spray cone angle. 
The planar behavior is explained by the expressions for post-
collisional velocities which are linear combinations of the pre-
collisional velocities according to equation 58. In this example, a 
small initial cone angle was used (4 degrees) which leads to the planar 
shape.  
 
The first and most apparent drawback of the O’Rourke collision 
model is the collision frequency. An additional drawback is the 
outcome of the velocities after collision which is depending on which 
initial cone angle that is defined. Moreover, the outcome of collision 
is either a redirection of parcels with no changes in size (grazing 
collision) or an increase in size of the merged parcels (coalescence). 
Experiments of droplet-droplet collisions indicate that droplets at 
higher velocities collide and forms smaller droplets (collision-induced 
break-up) [50]. 
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Enhanced O’Rourke model for Impinging Sprays (EORIS) 
In order to overcome the grid-dependency, the collision criterion of 
Nordin [48] was implemented. An additional improvement of the 
post-collisional velocities was achieved by rotating the parcels around 
their main-momentum vector. Finally, in order to include a more 
phenomenological description of droplet-droplet collision, collision-
induced break-up was implemented as suggested by Ko et al. [35]. 
These improvements lead to a more realistic spray shape according to 
Figure 40. 
 

  
Figure 40. EORIS collision model. Simulated spray: side view and 
bottom view (left). Photo of spray: side view and bottom view (right). 
 
According to Figure 39, the O’Rourke model has obvious drawbacks, 
when the outcome of the model is compared with photos of the fuel 
spray in the pressure vessel. However, the poor collision frequency 
depends on the grid and if a sufficiently fine grid is used, the collision 
frequency may improve and resemble a realistic spray shape. 
Therefore, the O’Rourke model merits further evaluation under 
mixture formation conditions.  
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4.1.2 Investigated nozzles, pistons and load conditions 
Nozzles 
The geometries of the investigated nozzles are depicted in Figure 41.  
 

 
Figure 41. Non-impinging nozzle (left) and impinging nozzle (mid).  
Half included angles α and β  (right). 
 
The non-impinging nozzle has ten evenly distributed orifices, whereas 
the impinging nozzles have five evenly distributed orifice-pairs. 
Geometrical details of the nozzles are given in Table 2. 
 
 Table 2. Investigated nozzles. Nozzle orifice diameter 0.16 mm. 

Convention 
Half included angle α, β 

Collision angle (α-β) 
Circumferential  

angle 
0.16x00 75, 45 36 
0.16x30 75, 45 (75-45 = 30) 72 
0.16x60 90, 30 (90-30 = 60) 72 

 
Piston bowl 
Geometric compression ratio was kept around 12 for both pistons. 
Higher compression ratio implies premature ignition in the 
experiments [84]. Two different piston bowls, presented in Figure 42, 
have been used which will be referred to as deep and shallow bowl.  
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Figure 42. Piston shapes deep bowl (left) and shallow bowl (right). 
Compression ratio ε≈12. 
 
Load conditions 
Different injection timings under two different load conditions have 
been considered in this work, referred to as low- (Φgl=0.25) and high 
load (Φgl=1.0) conditions. For both conditions, an injection pressure of 
1500 bar was used. The injection timing was advanced in the 
experiments until unfeasible conditions were obtained with respect to 
too low performance, high emissions and noise. The conventions for 
the investigated load cases are listed in Table 3. 
 
Table 3. Experimentally investigated load conditions, low- (Φgl=0.25) 
and high load (Φgl=1.0), for shallow bowl (SB) and deep bowl (DB). 

0.16x00 0.16x30 0.16x60 0.16x00 0.16x30 0.16x60 SB 

Φgl=0.25 Φgl=0.25 Φgl=0.25 Φgl=1.0 Φgl=1.0 Φgl=1.0 

0.16x00 DB 

Φgl=0.25 
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4.1.3 Validation and evaluation of mixture formation 
The engine data of Wåhlin [85] was used for evaluating the impinging 
and non-impinging sprays. A single cylinder research engine was 
used. Details of the engine test bed equipment were presented by 
Wåhlin [84]. Emissions of NOx, smoke, HC and CO have been 
measured and combustion efficiency based on heat release were 
calculated for different injection timings. The experimental conditions 
available for validation were given in Table 3.  
 
No experimental information of fuel vapor distribution prior to 
combustion is available for validation, but combustion efficiency and 
emission measurement of NOx, smoke, HC and CO as a function of 
injection timing gives indications of in-cylinder mixture formation and 
the mixture quality.  
 
Since liquid spray penetration plays a significant role in the formation 
of fuel vapor, a sensitivity analysis is performed to assess model 
parameters that are effective for calibrating spray penetration. 
Moreover, a sensitivity analysis of the O’Rourke and enhanced model 
(EORIS), where experimental data is used for validation, is 
performed. Furthermore, a calibration of the relevant model 
parameters and a comparison with experimental data is carried out. 
Finally, the EORIS model and selected model parameters are applied 
to low- and high load conditions.  
 
The numerical criterions selected for validation in the present work 
are calculated accumulated2 wall impingement for piston and liner. 
These are compared with experimentally measured smoke emissions 
and combustion efficiency based on heat release.  

                                                 
2 No evaporation of the wall film was considered in the simulations. 
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The mixture quality is further investigated in a couple of operating 
points by using the following evaluation tools: 

• Liquid spray penetration as a function of crank angle degree. 
• Sauter mean diameter as a function of crank angle degree. 
• Evaporated fuel mass as a function of crank angle degree. 
• Fuel vapor equivalence ratio distribution at start of 

combustion. 
• Degree of heterogeneity as a function of crank angle degree. 

 

4.2 Numerical Method  

4.2.1 Boundary conditions and meshes 
An established CFD-methodology in engine simulations is to consider 
a segment of the cylinder in order to save calculation time. Cyclic 
boundaries are applied to the sides. A further assumption in order to 
reduce the computational time is to exclude calculation of intake and 
exhaust stroke, and only consider the compression and expansion 
stroke from inlet valve close (IVC) to exhaust valve opening (EVO). 
An example of an investigated segment is shown in Figure 43. 

 
Figure 43. 72-degree segment of investigated geometry. 
 
Mesh details for the investigated piston bowls are presented more 
detailed in Appendix B. Since the mesh is considered from IVC to 
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EVO, the intake- and exhaust strokes are neglected. This requires that 
the initial conditions at IVC are specified. Initial- and boundary 
conditions of the model are given in Table 4. 
 
Table 4. Engine specification, initial- and boundary conditions. Low- 
and high load conditions. 

Bore 127 mm 
Stroke 154 mm 

Connecting rod length 255 mm 
Engine speed 1200 rpm 
Piston types Deep and shallow bowl 

IVC -139 CAD  
Time step 0.2 CAD 
Swirl ratio 1.78 

kinitial 14 m2/s2 
Linitial 7.25 mm 
Tliner 402 K 
Tpiston 450 K 
Thead 490 K 

 
The initial turbulent energy (kinitial) is determined from the following 
equation [17]. 

( ) 2
fluctinitial u2/3k =  (107) 

where the fluctuating velocity (ufluct) is determined from [17] 

)60/n(h25.0u fluct ⋅=  (108) 

where h is the stroke and n is the engine speed. The initial turbulent 
length scale (Linitial) was assumed to be half of the maximal valve lift 
[17]. 
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Table 5 lists the models which have been used in the gas-phase 
(turbulence) and spray sub-models.  
 
Table 5. Turbulence and sub-models used in simulations.  

Turbulence model k-ε standard 
Particle-turbulence interaction Gosman et al. [20]  

Particle-particle interaction O’Rourke [52]/EORIS 
Particle wall interaction Mundo et al. [43] 

Secondary break-up Wave standard [55], C2=40 
Evaporation Dukowicz [15] 

 
The spray related boundary conditions are listed for the low- and high 
load conditions in Table 6.  
 
Table 6. Spray boundary conditions, common settings, specific 
settings low load (Φgl=0.25) and high load (Φgl=1.0).   

Time step during injection 0.0072 CAD 
Start of injection -80, -70, …,-20 

Droplet size at nozzle orifice χ2-distribution (Mean 30) 
Initial half cone angle Time resolved (5-7 deg) 

Φgl 0.25 (EGR 0 %) 
pinitial 1.21 bar (total) 
Tinitial 359.7 K 

Parcels/time step (total) 15 (25200) 
Injected fuel mass (two sprays) 7.6 mg (2x3.8 mg) 

Injection duration 0.84 ms (6 CAD) 
Φgl 1.0 (EGR 50 %) 

pinitial 2.32 bar (total) 
Tinitial 374.7 K 

Parcels/time step (total) 15 (79200) 
Injected fuel mass (two sprays) 28 mg (2x14 mg) 

Injection duration 2.64 ms (19 CAD) 
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Spray boundary conditions were obtained from experimental 
investigations in a pressurized vessel, designed for optical access [79], 
through several investigations [83], [84], [85]. The half spray cone 
angle, listed in Table 6, was obtained by means of photographic 
investigations and post processing with an in-house developed code, 
described by Cronhjort et al. [10]. Additionally, a Bosch tube has been 
used to obtain injection profile.  
 

4.2.2 Simplifications of boundary conditions 
The large amount of parcels injected leads to a large increase of spray 
calculation time when collision is involved since there is a loop over 
all parcels in the calculation domain which check whether collision 
has occurred or not.  
 
The long calculation time can be alleviated for the impinging nozzles 
by limiting the collision to a region near the nozzle and assuming that 
collision occurs to a smaller extent further downstream. A critical 
distance is introduced near the nozzle, and the collision model loops 
through the parcels within this distance exclusively. The other parcels 
are neglected in the collision routine.  
 
An additional modification is that the impinging nozzles were given a 
smaller initial half cone angle (2 degrees). Larger values of the cone 
angle results in underpredicted collision frequency. Nevertheless, the 
collision model predicts the cone angle and an earlier investigation 
[70] indicated an overall good agreement with measured data.  
 
The geometries of the 60 degree nozzle orifices were slightly modified 
to maintain a sufficient collision frequency. This was accomplished by 
moving the orifice coordinates backwards in the injection direction for 
each orifice. If the same coordinates as the 30 degree impinging spray 
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nozzle are used it implies that the distance from the orifice to the 
collision point reduces and collision frequency is greatly 
underpredicted. This is explained by the calculation sequence in the 
spray module of FIRE (see Appendix A), where the collision model is 
activated after the particle positions are updated. A too short distance 
to the collision point after parcel introduction implies that the parcels 
will be unaware whether collision has occurred or not. 
 

4.3 Sensitivity Analysis Liquid Spray Penetration 
Spray penetration affects mixture formation to a large extent, and it is 
assumed to explain the emission formation mechanisms for different 
nozzles and operating conditions. A sensitivity analysis was carried 
out in order to assess model parameters effective for calibrating spray 
penetration.  
 
The non-impinging spray concept (0.16x00) with geometrical details 
according to Table 2 (low load conditions) is considered in a 72-
degree constant volume segment. The constant volume, depicted in 
Figure 44, gives more control of the simulations due to non-varying 
cell size.  

 
Figure 44. Sensitivity analysis of non-impinging spray in a 72-degree 
segment.  
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One spray has an included angle of 90 degrees and the other 150 
degrees. The former is represented in the data by “Sp90” and allows a 
longer spray penetration before wall impingement occurs. The latter is 
represented by “Sp150”. An Eulerian nozzle flow simulation was 
considered to estimate cavitation and acquire values of mass flow in 
upper (Sp90) and lower (Sp150) hole. Figure 45 depicts the flow 
pattern of the investigated nozzle. The red region illustrates cavitation, 
which is pronounced in the lower hole (Sp150) due to the sharp 
curvature.  

 
Figure 45. Principle of nozzle flow. Blue-red scale (blue liquid phase, 
red gas-phase).  
 
In the constant volume investigation, evaporating conditions were 
considered with a gas pressure and gas temperature of 4.7 bar and  
525 K respectively. The measured injection rate is used as input data 
accompanied with measured cone angle. No experimental data under 
these evaporating conditions are available, but the purpose is to see 
how spray penetration responds to variation of different model 
parameters.  
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The following parameters were investigated:  
• Break-up time constant: (10<C2<90). There is a large range 

of C2-constants reported in literature. The FIRE user manual 
[17] recommends a C2-constant between 5 and 60. 

• Nozzle discharge coefficient: (0.63≤CD,150≤1, 0.69≤CD,90≤1). 
The range of the CD value was estimated based on Eulerian 
nozzle flow simulations, depicted in Figure 45.  

• Mass distribution: (50/50%; 53/47%). The range of the mass 
distribution in upper and lower hole respectively was 
estimated based on Eulerian nozzle flow simulations, 
depicted in Figure 45. 

• Initial drop distribution: (Blob injection, χ2-distribution 
Mean 10, 20 and 30 µm).  

 
A baseline case was considered with the following data: C2=40, CD=1, 
Mass distribution 50/50%. Drop size at nozzle orifice: 
dblob=dorifice=0.16 mm.  

4.3.1 Effects of break-up time constant 
The Wave model, described in chapter 2, is based on a stability 
analysis for a liquid jet. It consists of model constants, in which the 
C2-constant controls the characteristic break-up time, according to 
equation 45. A low and a high C2-constant (C2=10 and C2=90) was 
compared with the baseline case (C2=40).  
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Figure 46. Effects of C2-constant on spray penetration.  
 
Figure 46 clearly delineate that the C2-constant have a strong impact 
on liquid spray penetration during a long time of the investigated time 
period. A small C2-constant implies a shorter break-up time of the 
injected parcels, which leads to a shorter spray penetration, whereas a 
higher C2-constant have the opposite behavior. The C2-constant has no 
influence on the initial behavior, such as velocity or initial drop 
distribution. The spray with an included angle of 150 degree has a 
shorter distance to the liner and after some time wall impact occurs, 
which is illustrated in Figure 46.  

4.3.2 Effects of CD constant 
In the FIRE code, the initial velocity of the spray is governed by the 
prescribed injection rate and orifice diameter. A correction of the 
velocity can be carried out by using a nozzle flow model. Since the 
nozzle consists of ten holes in two rows with different designs, the 
cavitating conditions, which govern the initial velocity, will be 
different. As an alternative to the nozzle flow model, the effective 
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diameter (deff) has been corrected as a function of the blob diameter 
(dblob) and the discharge coefficient (CD).  

Dblobeff Cdd =  (109) 

The CD values of 0.63 and 0.69 were used for Sp150 and Sp90 
respectively and compared with the baseline case (CD=1). 
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Figure 47. Effects of CD constant on spray penetration.  
 
The initial behavior of the spray penetration shows an offset compared 
to the base line case according to Figure 47. This is due to a smaller 
orifice diameter according to equation 109 which increases the 
velocity. But, the slopes are similar and the maximal penetration 
differs barely between the cases. 

4.3.3 Effects of mass distribution 
The nozzle geometry implies that the flow through each row of holes 
will differ. The upper row, with opening angles 90 degrees is likely to 
have a higher mass flow. The effect of a mass distribution of 53/47 % 
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on spray penetration compared to the baseline case (50/50%) is 
illustrated in Figure 48. 
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Figure 48. Effects of mass distribution on spray penetration. 
 
The mass distribution in each hole appears to have a very weak 
influence on spray penetration. 

4.3.4 Effects of initial drop distribution 
Initial drop distributions as an alternative to blob injection have been 
evaluated. A χ2-distribution (see equation 36 to 38) was selected. 
Three different χ2-distributions with different mean (10, 20 and 30 
µm) were used as input data and compared with blob injection of the 
base line case (160 µm) principally depicted in Figure 49.  
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Figure 49. Droplet distributions.  
 
The 90 degree included angle (Sp90) was selected to depict the initial 
drop distributions effect on spray penetration in Figure 50. 
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Figure 50. Effects of droplet distribution on spray penetration. 



4. Results 

99 

The initial drop distribution has a strong influence on spray 
penetration. This is due to different response time of the droplets. The 
momentum response time for a droplet is a function of the droplet 
density, droplet diameter and the gas viscosity according to equation 
32. It expresses the time for the dispersed phase (droplets) to adjust to 
the carrier phase (surrounding gas). A larger droplet has a longer 
response time, according to equation 32. The larger droplet yields a 
slower deceleration compared to a smaller droplet. In accordance with 
Figure 50, the droplets decelerate fast when a distribution with small 
droplets are used.  
 
Another explanation of the initial drop distribution’s impact on spray 
penetration is the fuel vaporization since smaller droplets evaporate 
faster than bigger droplets. 

4.3.5 Summary of sensitivity analysis 
A summary of the sensitivity analysis is given in Table 7, where the 
maximal spray penetration for each case has been compared with the 
base line case. 
 
Table 7. Summary of sensitivity analysis. Model parameter, maximal 
spray penetration, relative change of baseline case. 

Model 
parameter 

Sp, max [m] Relative change [%] 

C2=10 0.089 -34.5 
C2=90 0.066 8.2 

CD=0.69/0.63 0.091 -2.1 
Mass 53/47% 0.097 1.3 

Drop-30 0.071 -26.6 
Drop-20 0.067 -32.3 
Drop-10 0.065 -36.8 
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The spray constant C2 and the initial drop distribution has the largest 
influence on spray penetration, whereas changing the fuel mass have a 
very small influence. The influence of initial velocity (depicted in 
Figure 47), controlled by the CD value, illustrates a similar penetration 
characteristics, albeit slightly displaced in the beginning. 
 
There are many different methods to approach a more physical 
behavior by calibrating the spray, but they are obscured by 
uncertainties in measurements which are not covered by the data such 
as difference between each hole-pair and measured needle lift. In this 
result section, the C2-constant and the initial drop distribution have 
been considered for further calibration due to their impact on spray 
penetration. 

4.4 Sensitivity Analysis Collision Model  
The implementation of the enhanced collision model (EORIS) was 
described in chapter 2. The following improvements are considered in 
this model:  

• Grid independent collision criterion 
• Improvement of post-collisional velocities 
• Collision induced break-up 

The EORIS model was evaluated under non-evaporating conditions 
with macro scale properties of spray cone angle and penetration [70]. 
In this section, the difference between the traditional model of 
O’Rourke and the EORIS model will be assessed during mixture 
formation conditions for a moving mesh.  
 
The grid dependency of the O’Rourke model was assumed to be 
problematic since start of injection in the investigated low- and high 
load cases takes place between -80 and -20 CAD. 
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The shallow bowl with 60 degree collision angle (SB, 0.16x60) was 
considered under low load conditions (Φgl=0.25) due to very low 
expected wall impingement. The two collision models are compared 
for different meshes using the same spray model parameters (C2 and 
initial drop distribution).  
 
Two injection timings were considered: -35 and -70 CAD. A target 
value for wall impingement is selected to 0 % of injected fuel mass, 
since these injection timings are expected to have very low wall 
impingement, due to high efficiency and low smoke, according to the 
Figure 51.  
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Figure 51. Combustion efficiency (left) and smoke (right), SB 0.16x60, 
low load conditions. 
 
Two meshes are considered for each case, one coarse and one fine. A 
coarse mesh is achieved by rezoning at the time of start of injection. 
For the finer mesh, rezoning takes place after end of injection. This is 
principally depicted in Figure 52 by comparing the meshes at start of 
injection for the late injection (SOI -35 CAD). 
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Figure 52. Meshes at start of injection (SOI -35 CAD). Rezoning at 
start of injection (coarse), rezoning after end of injection (fine) 
 
Penetration increases with increasing mesh density due to a finer 
resolution of the relative velocity. Smaller cells increase the collision 
frequency according to the O’Rourke model. But, the requirement for 
collision to occur is that the parcels should reside the same 
computational cell which occurs to a lesser extent with smaller 
computational cells.  
 
Calculated wall impingement for traditional (O’Rourke) and enhanced 
model (EORIS) is summarized in Table 8 accompanied with mesh 
details for the investigated cases. The cell sizes represent equivalent 
cell size at start of injection.  
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Table 8. Mesh info, calculated wall impingement with late injection 
(SOI -35 CAD) and early injection (SOI -70 CAD). 

Mesh details Wall impingement  
[% of injected fuel] 

SOI 
[CAD] 

Mesh Cell size 
at SOI 

Target
value 

Calculated 
O’Rourke 

Calculated 
EORIS 

Coarse 1.32 mm 0  3.73 0.18 
-35 

Fine 1.20 mm 0  5.80 0.12 
Coarse 1.60 mm 0 7.92 0.03 

-70 
Fine 1.40 mm 0  22.16 0.54 

 
Generally, the higher wall impingement for the traditional O’Rourke 
model is explained by an underpredicted collision frequency and more 
fuel impinges on the piston with late injection (SOI -35 CAD) and 
liner with early injection (SOI -70 CAD). In general, the EORIS 
model provides extremely low wall impingement where experiments 
indicate high combustion efficiency with low wall impingement.  
 
Another shortcoming of the O’Rourke approach is that the post-
collisional velocities are guided in the plane from which they are 
initialized, according to equation 57. This implies a planar behavior 
which can be observed in the following figure.  
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Figure 53. Spray shape O’Rourke collision model front- (left) and  
 side view (right). SB 0.16x60, SOI -70 CAD. 
 
Photos of the impinging sprays (see for instance Figure 38) indicate a 
more voluminous spray. The spreading of the spray in the plane 
perpendicular to the collision axis was also verified by Yamamoto 
[86] with a laser light sheet scattering method. In the EORIS model of 
this PhD work, a model supplementation was proposed to overcome 
the planar shape, in which the velocity vectors of the parcels were 
rotated around their main momentum vector.  
 
If collision occurs the two parcels can either redirect with no changes 
in size or merge (coalescence) to one bigger parcel. Collision induced 
break-up is included in the EORIS model to consider a more physical 
approach based on numerous experiments of binary collision of 
hydrocarbon droplets, for instance [50]. There are no mechanisms in 
the traditional collision model of O’Rourke for decreasing the parcel 
size. In general, the model supplementations results in a predictive 
model according to an earlier investigation [70] where the spray cone 
angle was governed by the EORIS model.  
 
The EORIS collision model was selected for further evaluation of 
mixture formation.  
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4.5 Calibration of Model Parameters and Validation 
Before the model is applied for prediction of non-impinging and 
impinging nozzles used in the shallow bowl mesh, a calibration 
procedure was carried out for the non-impinging spray (0.16x00) in 
the deep bowl under low load conditions (listed in Table 9).  
 
Table 9. Load matrix. Calibration deep bowl (DB) non-impinging  
spray (0.16x00). 

0.16x00 0.16x30 0.16x60 0.16x00 0.16x30 0.16x60 SB 

Φgl=0.25 Φgl=0.25 Φgl=0.25 Φgl=1.0 Φgl=1.0 Φgl=1.0 

0.16x00 DB 

Φgl=0.25 

 

 
In this calibration procedure, the initial drop distribution and C2-
constant were considered. These model parameters were characterized 
in section 4.3 as relevant for calibrating spray penetration and hence 
mixture formation. Experimental data of smoke, combustion 
efficiency, HC and CO for this nozzle is given in Figure 54. 
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Figure 54. Combustion efficiency, smoke (left), HC and CO emissions 
(right) as a function of injection timing, deep bowl, low load. 0.16x00. 
Courtesy of Fredrik Wåhlin. 
 
Earlier injections lead progressively to a reduced combustion 
efficiency and increased smoke emissions. One reason for the 
decreased combustion efficiency is wall impingement. An injection 
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earlier than -35 CAD leads to decreasing combustion efficiency and 
injection earlier than -50 CAD results in an increase in smoke 
emissions. The injection timings were considered from -60 to -20 
CAD. Two χ2-distributions, with a mean of 10 and 30 µm, were 
considered. The resulting wall impingement as a function of injection 
timing is depicted in Figure 55.  
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Figure 55. Calculated liner and piston impingement as a function of 
SOI, deep bowl, 0.16x00. χ2-distributions with mean 10 µm (left) and 
30 µm (right). C2=40. 
 
The distribution with smaller droplets (χ2 - mean 10 µm) results in 
very small piston and liner impingement, regarded as too low to 
explain the data in Figure 54. When the other initial drop distribution 
is applied (χ2 - mean 30 µm), the liner and piston impingement 
increases with advanced injection timing and this drop distribution is 
assumed to explain the experiments better than the distribution with 
smaller droplets. Although the combustion efficiency falls 
considerably with advanced injection timing, there are large amounts 
of fuel which is unburned. This unburned fuel forms CO and HC 
which increases significantly with advanced injection timing.  
 
The piston impingement is also high at SOI -60 CAD. This is 
explained by the piston geometry. The spray with an included angle of 
90 degrees impinges on the piston, which is verified by post 
processing the wall film thickness as illustrated in Figure 56.  
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Figure 56. Wall film thickness. SOI -60 CAD, deep bowl.  
 
If blob injection is used instead of a χ2-distribution with a mean of  
30 µm, a start of injection at -35 CAD results in piston impingement 
of 56 % and liner impingement of 2 %, which is too much, based on 
the experimentally characterized combustion efficiency and measured 
smoke as a function of injection timing, depicted in Figure 54. Blob 
injection is assumed to be a useful model for conventFional Diesel 
injection around TDC, investigated by for instance Dahlén et al. [13]. 
 
A similar investigation on the role of the C2 constant is that a disabled 
secondary break-up, i.e. C2 →∞, accompanied with a initial drop 
distribution with a mean of 30 yields 48 % piston impingement and 
liner impingement of 1 %, which also is considered too high.  
 
The calibrated wall impingement in Figure 55, χ2-distribution mean 
30 µm and C2=40, follows the trend of increasing smoke and reduced 
combustion efficiency with advanced injection timing. Therefore, 
these model parameters were considered throughout the rest of the 
investigation. Similar values of the C2-constant have been used in 
earlier investigations of non-impinging sprays in the PhD project, 
[67], [69]. 
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4.6 Application of EORIS Collision Model and 
Calibrated Model Parameters 
The hypothesis of the work is that the enhanced collision model 
(EORIS) can be applied for the impinging and non-impinging nozzles 
in order to predict mixture formation under low- and high load 
conditions. The calibrated model parameters have been applied to 
low- and high load conditions for the shallow bowl listed in Table 10. 
 
Table 10. Load matrix. Application of calibrated model parameters, 
shallow bowl (SB) low- (Φgl=0.25) and high load (Φgl=1.0) 
conditions. 

0.16x00 0.16x30 0.16x60 0.16x00 0.16x30 0.16x60 SB 

Φgl=0.25 Φgl=0.25 Φgl=0.25 Φgl=1.0 Φgl=1.0 Φgl=1.0 

0.16x00 DB 

Φgl=0.25 

 

 

4.6.1 Evaluation of wall impingement 
In the previous section the model was applied to non-interacting 
sprays. This concept worked successfully for one set of model 
parameters (initial drop distribution, break-up time constant). In this 
section, the same model parameters are applied to the shallow bowl 
for the different nozzles (0.16x00, 0.16x30 and 0.16x60) under low- 
and high load conditions.  
 
Low load conditions 
The calculated piston- and liner impingement as a function of 
injection timing is compared with experimental data of combustion 
efficiency and smoke for the three different concepts under low load 
conditions in Figure 57.  
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Figure 57. Experimental data of combustion efficiency (a) and smoke 
(b). Enlarged range considered in the simulations, combustion 
efficiency (c), smoke (d). Calculated liner- (e) and piston impingement 
(f). Shallow bowl, low load 0.16x00, 0.16x30, 0.16x60. Experiments 
from Wåhlin [85]. 
 
According to Figure 57, the liner impingement increases progressively 
with advanced injection timing, whereas piston impingement increases 
with later injection timings for all the concepts. The fuel adhesion on 
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piston and liner decreases with increasing collision angle. This is in 
agreement with experiments, where combustion efficiency increases 
with increasing collision angle for advanced injection timings, which 
is an indication of lower wall impingement by using impinging 
nozzles.  
 
The smoke emissions serve as an indication of wall impingement. For 
late injection timing, between -20 and -40 CAD, the smoke emissions 
increases significantly. One reason for this is that the combustion is 
diffusion-like with rich fractions, but wall impingement is also an 
explanation. This is reflected by the simulations, and piston 
impingement decreases with increasing collision angle.  
 
The EORIS collision model and the calibrated model parameters 
predict wall impingement trends with respect to the experimental data. 
 
High load conditions 
Figure 58 depicts calculated wall impingement for different injection 
timing under high load conditions. 
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Figure 58. Experimental data of combustion efficiency (a) and smoke 
(b). Enlarged range considered in the simulations, combustion 
efficiency (c), smoke (d). Calculated liner- (e) and piston impingement 
(f). Shallow bowl, high load 0.16x00, 0.16x30, 0.16x60. Experiments 
from Wåhlin [85]. 
 
The combustion efficiency is generally very high for the investigated 
injection timings. The calculations suggest that liner impingement 
starts already at -60 CAD according to Figure 58. The liner 
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impingement is assumed to be slightly overpredicted in the 
investigated regime. However, experiments indicate for earlier 
injection timings (SOI < -80 CAD) that the combustion efficiency is 
higher for impinging nozzles. The trend of decreasing impingement 
with increasing collision angle is illustrated by the high load 
calculations in Figure 58.  
 
The high smoke emissions for late injection timing are partly 
explained by the included EGR which reduces the concentration of 
oxygen. Additionally the combustion has more fuel rich fractions 
compared to the low load case, due to longer injection duration and 
higher Φgl. Another explanation is piston impingement causing flame 
islands which burns in diffusion combustion and creates soot [32]. 
This piston impingement is reflected in the simulations, where a non-
interacting nozzle leads to a large piston impingement, and increased 
collision angle implies a lower wall impingement. Figure 58 also 
illustrates that combustion efficiency drops for later injection timings 
(SOI -30 to 0 CAD), which suggests that a large fraction of the fuel 
sticks to the piston during combustion. 
 
The large piston impingement at late injection timings (-40< SOI<-20 
CAD) occurs likely due to the long injection duration. A pronounced 
piston impingement occurs for the non-impinging spray nozzle. This 
is due to the small included angle (90 degrees) which is pointing into 
the piston, which leads to wall film formation according to Figure 59.  

 
Figure 59. Wall film formation. Piston at top dead center, SOI -30 
CAD. 
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In general, the simulated wall impingement trends meet the 
experimentally characterized trends under the low load conditions. 
The liner impingement is assumed to be overpredicted in the high load 
conditions. Nevertheless, the trend of decreasing wall impingement by 
increasing the collision angle as observed during low load conditions 
are reflected in the high load conditions as well.  
 
A noteworthy benefit of the enhanced EORIS model is that one set of 
model parameters was used to predict the experimental trends, and 
there is no need for additional model calibration, when for instance the 
injection timing or nozzle geometry is changed.  
 

4.6.2 Evaluation of homogeneity 
The mixture quality was further investigated by comparing the spray- 
and fuel vapor properties in a couple of operating points with 
experiments for the low- and high load conditions.  
 
Low load conditions, SOI -30 CAD 
Mixture of fuel vapor before ignition occurs is of importance for 
emission formation. According to Figure 60, earlier start of injection 
than -40 CAD for all nozzles results in low NOx which accompanied 
with increasing HC and CO emissions represent typical HCCI 
conditions.  
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Figure 60. NOx (left), HC and CO emissions (right), low load 
conditions, shallow bowl, from Wåhlin [85]. 
 
However, later injections, like SOI -30 CAD also performs premixed 
combustion characteristics according to the heat releases in Figure 61. 
For this injection timing there are still considerable NOx emissions 
according to Figure 61. There is also a trend with increasing NOx with 
collision angle.  
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Figure 61. Heat releases calculated from experimentally measured 
pressure traces (left), NOx emissions for each nozzle (right). SOI -30 
CAD, low load, shallow bowl. Courtesy of Fredrik Wåhlin.  
 
These conditions represent premixed conditions, since end of injection 
(-24 CAD) occurs before the heat release increases. Additionally, a 
cool flame behavior is observed where the heat release increases 
slightly followed by a fast accelerating heat release. Moreover, the 
jagged behavior after combustion is due to the steep pressure rise 
which causes oscillations in the cylinder, also a known feature of 
premixed combustion.  
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In order to investigate in-cylinder mixture formation numerically, for 
start of injection -30 CAD, the in-cylinder penetration, evaporation 
and SMD as a function of CAD are compared between the cases and 
depicted in Figure 62 magnified under the injection period.  

0

10

20

30

40

50

60

70

80

90

100

-30 -28 -26 -24 -22 -20
Crank Angle Degree

S
pr

ay
 p

en
et

ra
tio

n 
[m

m
], 

S
M

D
 [ 

µm
]

0

10

20

30

40

50

60

70

80

90

100

Ev
ap

or
at

ed
 m

as
s 

[%
]

0.16x00 0.16x30 0.16x60  
Figure 62. In-cylinder spray penetration (x), SMD (ο), evaporation 
(+), low load, SOI -30 CAD. Injection duration 6 CAD. 
 
According to Figure 62, increasing collision angle leads to a shorter 
penetration. The evaporation is poor for the non-impinging spray 
which is a consequence of wall impingement. More information is 
obtained by investigating the Sauter mean diameter for the three 
concepts. According to Figure 62, the SMD falls for all nozzles. This 
is first due to aerodynamic interaction and the increasing in-cylinder 
density. Collision induced break-up is considered and the parcel size 
is reduced, which leads to a significant decrease in SMD for the 
impinging nozzles. The nozzle geometry will affect the outcome of 
the impact parameter (equation 76) which will influence the drop size. 
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This explains the slightly smaller droplet sizes in Figure 62 for the 60-
degree impinging nozzle.  
 
From this discussion, it is clear that impinging nozzles provide a 
shorter penetration and effectively avoids wall impingement. The non-
impinging spray is on the other hand assumed to mix with the ambient 
gas more effectively. This assumption can be verified with simulations 
by investigating the homogenization of fuel vapor. 
 
As a first approach to investigate the homogenization the fuel vapor 
distribution at start of combustion is characterized. The mass fraction 
is divided in bins of equivalence ratio size Φ=0.02 for each injection 
concept and depicted in Figure 63. 
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Figure 63. Fuel vapor distribution at start of combustion for each 
nozzle (left) and magnification (right). 0.16x00 (-6.0 CAD), 0.16x30 
 (-7.5 CAD), 0.16x60 (-8.8 CAD). SOI -30 CAD, low load.  
 
Each nozzle has a stratified charge with both lean and rich fractions of 
gas. The distribution indicates more lean fractions for the 60 degree 
collision angle, while the smallest amount is obtained for the non-
impinging nozzle. The start of combustion mentioned in the caption of 
Figure 63 occurs earlier with increasing collision angle. This is due to 
more available fuel vapor for ignition and is in accordance with the 
observations of Ra [54].  
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Of special interest is the stoichiometric region where NOx formation 
is likely to occur. The fuel vapor distribution is magnified in the 
interval 0.8<Φ<1.2. The mass fraction of rich fuel vapor increases 
with collision angle, according to Figure 63. This is the regime of 
interest and the trends are in agreement with the experimentally 
measured NOx, depicted in Figure 61, for this injection timing. 
 
The degree of heterogeneity (DOH), presented in equation 104-106, 
can not be used to compare the nozzles with the emissions since DOH 
is a variance around the average equivalence ratio (Φgl). Instead, the 
DOH has been reformulated to Risk For NOx (RFN).  
 

∑
∑Φ

=
ii

iii

Wm
Wm

RFN  , where 
2

i )9.0(C
i eW −Φ−=  (110) 

The equivalence ratio is weighted with the weight factor (Wi) and 
have a maximum at Φ=0.9 where the maximum NOx formation rate 
according to Figure 33. For instance, by using a C value of 20, the 
RFN with indicated start of combustion have the appearance 
according to Figure 64 for the investigated nozzles. 
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Figure 64. RFN as a function of CAD for 0.16x00, 0.16x30, 0.16x60 
with indicated start of combustion (-6.0, -7.5 and -8.8 CAD 
respectively), SOI -30 CAD, low load. 
 
The indicated combustion timings for each injection concept in Figure 
64 demonstrate that a higher collision angle leads to a higher RFN. 
Although the difference between the injectors is relatively small, 
especially between 0.16x30 and 0.16x60, the trend is in agreement 
with the increasing NOx emission for a larger collision angle. The 
combustion is moreover not completed prior to TDC and the mixture 
formation simulation, depicted in Figure 64 illustrates a trend with 
increasing RFN with collision angle and a larger discrepancy between 
the nozzles. 
 
High load conditions, SOI -50 CAD 
A start of injection at -50 CAD during high load conditions was 
selected to assure premixed conditions. Later injection timings were 
not feasible since combustion in these cases starts before injection is 
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complete. The in-cylinder penetration, evaporation and SMD are 
depicted in Figure 65.  
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Figure 65. In-cylinder spray penetration (x), SMD (ο), evaporation 
(+), high load, SOI -50 CAD. Injection duration 19 CAD. 
 
The trends reminds to a large extent of the low load conditions, where 
the 60 degree impinging nozzle provides a short spray penetration, 
better evaporation and a lower SMD. Homogenization is characterized 
in Figure 66 by using the degree of heterogeneity (see equation 104-
106).  
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Figure 66. Degree of heterogeneity. SOI -50 CAD. High load 
conditions. 
 
The degree of heterogeneity (DOH) suggests that the non-impinging 
nozzles mix faster to homogeneous conditions compared to the 
impinging nozzles, since 0.16x00 has a lower DOH in the investigated 
crank-angle range for SOI -50 CAD. This implies that the impinging 
nozzles have an inferior mixing compared to the non-impinging 
nozzle. 
 
The impinging nozzles are however effective for minimizing wall 
impingement and all of the nozzles are applicable for HCCI 
combustion in a specific injection window during the compression 
stroke. 

4.7 Conclusions and Evaluation of Hypothesis 
This chapter has described the evaluation of the enhanced EORIS 
model, theoretically described in chapter 2, and mixture formation 
simulations of non-impinging and impinging sprays.  
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First, a sensitivity analysis was carried out where the influence of 
break-up time constant, discharge coefficient, mass flow distribution 
and initial drop distribution on spray penetration were assessed. The 
break-up time constant (C2) and the initial drop distribution (χ2) had 
the most profound effect on spray penetration and were considered for 
further calibration.  
 
Moreover, a sensitivity analysis of mixture formation was performed 
comparing the traditional model of O’Rourke and the enhanced 
collision model (EORIS), in which the EORIS model provided a 
lower wall impingement, as expected from the experiments, compared 
to the O’Rourke model where large fluctuations of wall impingement 
were observed. 
 
Different injection timings for the non-impinging concept (0.16x00) 
were considered in the deep bowl geometry and the initial drop 
distribution and C2-constant were calibrated. The wall impingement 
trends were compared with the experimentally characterized smoke, 
HC and CO emissions and combustion efficiency.  
 
The selected model parameters from the calibration and the EORIS 
collision model were applied in the shallow bowl under low- and high 
load conditions for the non-impinging and impinging nozzles 
(0.16x00, 0.16x30, 0.16x60), covering total 42 different injection 
conditions with respect to density and collision angle. A larger 
collision angle implies higher combustion efficiency for advanced 
injection timings. This was successfully simulated, where an increased 
collision angle reduced wall impingement. A good agreement was 
achieved in the low load conditions. The trend of reduced wall 
impingement with increasing collision angle was also predicted in the 
high load conditions, although the liner impingement were assumed to 
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be slightly overpredicted for advanced injection timings during these 
conditions.  
 
In the low load conditions, injection timing at -30 CAD was 
examined, since a trend with increasing NOx with collision angle 
existed in the experiments. The fuel vapor distribution at start of 
combustion and a weighted equivalence ratio indicated indeed that the 
large collision angle had more fractions near the stoichiometric values, 
which give the undesired potential to form NOx.  
 
In the high load conditions, the degree of heterogeneity indicated that 
the non-impinging spray mixes faster compared to an impinging 
spray. A non-impinging spray appears beneficial for late injection, but 
too late injection indicated a high piston impingement, due to the long 
injection duration.  
 
The hypothesis formulated in chapter 1 can consequently be accepted, 
i.e. the enhanced collision model (EORIS) can be used to predict 
mixture formation for non-impinging and impinging nozzles under 
various load conditions and nozzle designs. 
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5 SUMMARY OF PAPERS 
This chapter summarizes the work which has been investigated in the 
appended papers. The papers are appended in chronological order. All 
simulations have been carried out with the CFD-software FIRE, 
described in Appendix A. The fuel spray has been modeled with the 
Lagrangian approach [16] implemented in FIRE and the standard k-ε 
model was used as a turbulence model.  
 
Experimental data has been carried out and used in this doctoral thesis 
on courtesy of Fredrik Wåhlin. The sprays were investigated in a 
pressurized vessel under non-evaporating conditions. Macroscopic 
spray properties were obtained using photographic imaging with an 
in-house developed software of Cronhjort [10], characterizing spray 
penetration, spray volume and spray cone angle based on a grey level 
threshold value. A single cylinder research engine was used and 
emissions as a function of injection timing were recorded.  

5.1 Paper I - Effects of Injection Timing on the 
Conditions at Top Dead Center for Direct Injected 
HCCI 
The first paper describes an investigation on in-cylinder homogeneity. 
An impinging nozzle with 30 degree collision angle was investigated. 
The difficulties to achieve a correct spray shape of the impinging 
spray by using the traditional collision model of O’Rourke were 
recognized. In order to overcome this problem, two impinging sprays 
were assumed to behave as one spray with modified properties, 
henceforth referred to as the single spray assumption. This feature of 
impinging sprays was identified from the photos. The purpose of the 
paper was to demonstrate calibration and application of the single 
spray assumption. 
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First, the break-up time constant C2 in the Wave model was calibrated 
in order to match numerical and experimental spray penetration. A 
successful agreement was achieved with a C2 value of 20.  
 
Moreover, a study of mixture formation was carried out. The 
simulations were considered from IVC to TDC and TDC was chosen 
as a reference point to evaluate the homogeneity by means of mass-
averaged histograms of equivalence ratio. A medium-load case was 
investigated (Φgl=0.44) and two fuels with different volatility were 
compared: n-dodecane and n-heptane. Three different injection 
timings were examined: -64 (“Early”), -47.5 (“Mid”) and -31 (“Late”) 
CAD. The higher volatility implied a slightly faster evaporation rate 
for n-heptane, but both fuels were completely vaporized. The 
homogenization was further investigated for n-dodecane.  
 
For early injection the fuel vapor was distributed more homogenously 
with values close to the overall equivalence ratio. When the fuel was 
injected later approaching top dead center, a distribution with both 
lean and relatively rich fractions, Φ>0.7, appeared. The early injection 
timing appears beneficial due to the more homogeneous conditions 
achieved, whereas the later injection timing and its stratified 
equivalence ratio distribution is likely to produce NOx. 
 
This paper was presented during the SAE Powertrain and Fluid 
Systems conference in Pittsburgh, USA, October 27th – 30th, 2003.  

5.2 Paper II - Strategies towards Homogeneous 
Conditions in Direct Injected HCCI Engines 
The second paper describes another study on the mixture formation 
conditions at TDC. An impinging spray nozzle (60 degree collision 
angle) was investigated. The purpose of the paper was to investigate 
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different parameter influence on the TDC conditions, namely injection 
pressure, intake temperature and compression ratio.  
 
The break-up time constant was tuned in order to achieve an 
agreement between simulated and experimental spray penetration. 
Good agreement with experiments was obtained for C2-values 
between 12 and 15.  
 
The same simulation methodology as presented in the previous section 
was used to investigate mixture formation and the conditions at TDC 
for a low load case (Φgl=0.18). The selection of initial length scale 
was shown to have a modest effect on the progression of the turbulent 
length scale during the compression stroke. 
 
First, the influence of fuel injection pressure (250, 800 and 1300 bar) 
on homogeneity was investigated with start of injection around -30 
CAD. The mixing of air and fuel increases and distributes more 
evenly in the cylinder for increased injection pressure. Therefore, the 
highest injection pressure was considered to investigate the effect of 
inlet temperature and compression ratio on the TDC-conditions. The 
inlet temperature affects the global average equivalence ratio and the 
amounts of rich and lean fractions of gas. A lower temperature is 
favorable, since an elevated temperature results in relatively rich 
fractions likely to produce NOx. A higher temperature also results in 
the drawback of a reduced power density. Finally, increasing the 
compression ratio leads to slightly more homogenous conditions at 
TDC.  
 
This paper was presented during the AVL AST International 
Usermeeting in Graz, Austria, October 14th – 16th, 2003. 
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5.3 Paper III - CFD Simulations of Single Hole VCO 
Common Rail Diesel Sprays in a Non-Evaporating 
Pressurized Constant Volume Vessel 
The first study carried out in the present PhD project on single-orifice 
(non-impinging) nozzles is described in the third paper. Sprays under 
different injection and surrounding conditions from a single orifice 
(non-impinging) nozzle were considered. More experimental data than 
the previous investigations were available. A Bosch tube was used to 
separately measure injection rate.  
 
The measured spray cone angle and injection rate were used as input 
in the CFD-code. Furthermore, the break-up time constant (C2) of the 
Wave model was calibrated to agree with measured spray penetration. 
For the simulated cases an overall good agreement with experiments 
in terms of spray penetration were obtained using a C2 value between 
40 and 45.  
 
This paper is an internal publication (2004-08-26) at the Division of 
Internal Combustion Engines (KTH), Stockholm, Sweden  

5.4 Paper IV - Evaluation of Injection Strategies for 
Direct-Injected HCCI Engines 
The fourth paper was the first to report a comparison between non-
impinging and impinging sprays with respect to mixture formation. A 
Bosch tube was used to separately measure injection rate. Macro scale 
properties of the spray (spray cone angle and spray penetration) were 
available for validation. Additionally, emission trends from a single 
cylinder research engine were available as validation of the in-
cylinder mixture formation. 
 
A fully working model for the impinging spray nozzle was yet not 
developed, but a grid-independent criterion [48] was implemented and 
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used for the simplified description of impinging sprays, i.e. the single 
spray assumption.  
 
First, a calibration of spray penetration as described in the previous 
papers was considered. The CFD model was designed from IVC to 
TDC and the fuel-air mixing conditions were evaluated at TDC as in 
paper I and II, but wall impingement was also evaluated. Several 
injection timings in the compression stroke were considered. A very 
large wall impingement was observed when a classical blob-injection 
concept [55] was used for advanced injection timing. To overcome 
this, the parcel diameter was reduced to alleviate evaporation. 
Additionally, the extended Wave child break-up was used to consider 
stripping which enhances evaporation.  
 
In agreement with experiments, injection with impinging sprays 
appeared promising early in the compression stroke, whereas injection 
with non-impinging sprays were better later in the compression stroke. 
The impinging sprays have the benefits of short penetration which 
admits an earlier injection, whereas the non-impinging sprays are 
beneficial for late injection when the back pressure is high. A slightly 
better homogenization was observed for non-impinging sprays at late 
injection timing. 
 
This paper was presented during the AVL AST International 
Usermeeting in Graz, Austria, June 13th – 14th, 2005. 

5.5 Paper V - A Lagrangian Collision Model Applied 
to an Impinging Spray Nozzle  
This paper describes the implementation and evaluation of a collision 
model for impinging sprays. A more thorough description is given in 
Chapter 2.  
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An impinging nozzle with 30-degree collision angle was investigated 
and the model was validated under various surrounding conditions in 
terms of macro scale properties, such as spray penetration and spray 
cone angle.  
 
The enhanced model was improved in terms of collision frequency, 
post-collisional characteristics and collision induced break-up. The 
collision frequency was improved by introducing the grid-independent 
approach of Nordin [48]. The post-collisional velocities of the 
O’Rourke model could not yield the spray cone angle as observed in 
experiments and the velocity vectors of the parcels were rotated 
around their main momentum vector. Moreover, collision-induced 
break-up as proposed by Ko et al. [35] was implemented.  
 
The simulation case was initialized with blob injection and even 
distribution of mass in upper and lower orifices. The collision model 
was predictive since the spray cone angle and spray penetration were 
governed through the collision process. The enhanced collision model 
and a C2 value of 20 resulted in a good agreement with respect to 
spray penetration and cone angle for all of the investigated 
surrounding densities.  
 
This paper was presented during the SAE Powertrain and Fluid 
Systems conference in Toronto, Canada, October 16th – 19th, 2006. 

5.6 Concluding Discussion 
The summarized papers describe the research which has been carried 
out before the present thesis was written. Initially, there were only 
limited experiments available and simplified models were used to 
simulate mixture formation in direct-injected HCCI engines. 
Nevertheless, these models gave reasonable results of mixture 



5. Summary of papers 

129 

formation. As more experiments were carried out, more confidence in 
the calibration procedure were obtained.  
 
The single spray assumption, i.e. the assumption that two impinging 
sprays behave as one spray with modified properties, could be used to 
reproduce experiments and give reasonable explanation of in-cylinder 
mixture formation for different injection timings. The spray 
penetration could be reproduced by calibrating the C2-constant in the 
Wave model. A non-impinging spray was characterized by a high C2 
value (C2≈40), whereas an impinging spray was successfully 
reproduced with a low C2-constant (C2≈15).  
 
The first and most apparent weakness of the single-spray assumption 
is that the collision between the sprays is not considered since only 
one spray is modeled. Another drawback is the different model 
constants which have to be applied depending on whether non-
impinging or impinging sprays are investigated. The EORIS model, 
described in chapter 2 and evaluated in chapter 4 considers both 
sprays involved in the impingement and produces a spray similar to 
the experimentally measured. Furthermore, the EORIS model is 
predictive rather than depending on experimental input data of initial 
cone angle and there is no need for model constant adjustments.  
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6 CONCLUSIONS 
This work has described Lagrangian CFD modeling of mixture 
formation in direct-injected HCCI engines for two different injection 
strategies: non-impinging and impinging sprays.  
 
Modeling of sprays from impinging nozzles is not straightforward. 
There are also very few, if any, recommendations in literature on 
Lagrangian modeling of these impinging nozzles. The traditional 
collision model of O’Rourke was evaluated and the shortcomings 
were identified. In the beginning of the PhD project, a single spray 
assumption was proposed, where two impinging sprays were assumed 
to behave as one non-impinging spray. By using experimental input 
data of spray cone angle, it was possible to reproduce the macro-scale 
properties of the impinging spray. This assumption provided 
reasonable results of mixture formation as summarized in the previous 
chapter from earlier research papers. The shortcomings of the single 
spray assumption were first and foremost that it couldn’t predict the 
spray properties of impinging sprays. Moreover, it was in need of 
defining experimental input data. In addition, it was fundamentally 
wrong, since two sprays are colliding. The need for an enhanced 
collision model was recognized.  
 
A hypothesis was formulated assuming that an improved collision 
model could be used to predict non-impinging and impinging sprays 
under various conditions of load and collision angles. The following 
improvements were considered for this enhanced collision model: 

• Collision frequency: The grid-independent collision criterion 
according to Nordin [48] was implemented. This is based on 
the parcels movement, rather than the grid-dependent 
formulation of O’Rourke [52], which states that the parcels 
have to be located in the same computational cell.  
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• Improved post collisional velocities: In the traditional 
approach of O’Rourke, the post collisional velocities are 
linear combinations of the pre-collisional velocities, which 
implies that a spreading as observed in experiments could 
not be reproduced. In order to approach the spray shape as 
observed in experiments, a rotation of the velocity vectors of 
the parcels around their main momentum vector were 
proposed.  

• Collision induced break-up: There are no mechanisms for 
drop size reduction in the O’Rourke model; whereas 
experiments of hydrocarbon droplet-droplet collision at high 
Weber numbers indicate collision induced break-up. A 
modified collision model similar to that offered by Ko et al. 
[35] was implemented and included in the enhanced collision 
model.  

 
This enhanced model, named EORIS (Enhanced O’Rourke model for 
Impinging Sprays), was applied to an impinging nozzle and validated 
with experimentally measured spray penetration under various 
ambient conditions [70]. A good agreement was achieved and the 
spray cone angle was also successfully predicted, which was a first 
sign of the ability of the model to predict spray properties.  
 
In the unpublished work, described in chapter 4, mixture formation for 
non-impinging and impinging nozzles were subject for investigation.  
 
Since spray penetration is an important parameter in direct-injected 
HCCI engines and affects mixture formation to a large extent a 
sensitivity analysis was carried out to assess the parameters effective 
for calibration of spray penetration. The break-up time constant C2 
and the initial drop distribution at the nozzle orifice were identified as 
parameters useful for further calibration of mixture formation.  
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The applicability of the EORIS model compared to the O’Rourke 
model was assessed by evaluating wall impingement for advanced 
injection timing by using different meshes. The EORIS model resulted 
in a very low wall impingement as expected from the experiments of 
combustion efficiency, whereas the O’Rourke model had too high 
wall impingement.  
 
A calibration of mixture formation in the deep bowl was carried out, 
where a set of model parameters showed good agreement with 
experiments. These model parameters, accompanied with the EORIS 
model, were applied under low- and high load conditions for another 
piston configuration (shallow bowl).  
 
The experimental trends were successfully predicted for one set of 
model parameters during the low load conditions. The combustion 
efficiency drops faster when a non-impinging nozzle is used compared 
to an impinging nozzle. This was verified by the simulations, where 
an increased collision angle results in lower wall impingement. This 
trend again showed the ability of the EORIS model to predict mixture 
formation.  
 
In the high load conditions, the calculated liner impingement was 
assumed to be slightly overpredicted in the investigated injection 
range. However, experiments of earlier injection timings indicate a 
similar trend of combustion efficiency as the low load conditions, i.e. 
increased collision angle gives higher combustion efficiency for 
advanced injection timings. The trend of decreasing wall impingement 
with increasing collision angle was successfully simulated in the high 
load conditions as well, which again verified the EORIS model’s 
ability to predict mixture formation.  
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Higher NOx emissions were observed for the impinging nozzles under 
some premixed combustion conditions (for instance SOI -30 CAD). 
This was assumed to be a consequence of the shorter spray penetration 
for impinging nozzles, as observed in the simulations. The mixture 
formation indicated that the nozzle with 60 degree collision angle had 
more fractions of stoichiometric fuel vapor compared to the other 
nozzles, which could explain the NOx trend. This was verified with 
equivalence ratio distributions at start of combustion and a weighted 
equivalence ratio (Risk For NOx - RFN).  
 
In general, impinging nozzles gives sprays attractive for advanced 
injection timing. An increased collision angle gives a shorter 
penetration and lower wall impingement and injection can be 
advanced to earlier injection timing. However, the shorter spray 
penetration gives a more stratified charge, whereas the non-impinging 
nozzle has a benefit due to its faster mixing. This faster mixing was 
explained by the NOx investigation (low load, SOI -30 CAD), where a 
high collision angle leads to a stratified charge. Moreover, a start of 
injection at -50 CAD in the high load conditions resulted in a lower 
degree of heterogeneity for the non-impinging spray.  
 
The optimal injection timing depends on the nozzle, but in general the 
non-impinging are recommended for late injection and the impinging 
earlier injection in the compression stroke.  
 
Finally, the hypothesis that the enhanced collision model (EORIS) 
could be used to predict mixture formation under various conditions 
for non-impinging and impinging sprays was verified.  
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7 NOMENCLATURE 
Latin letters 
b Impact parameter     [-] 
C2 Break-up time constant    [-] 
CD Droplet drag coefficient     [-] 
d Droplet diameter     [m] 
D Mass diffusion coefficient    [kg/ms] 
k Turbulent kinetic energy     [m2/s2] 
L Turbulent length scale     [m] 
md Droplet mass       [kg] 
Np Number density      [-] 
p Gas pressure       [Pa] 
rs Droplet radius at droplet surface    [m] 
T Gas temperature     [K] 
U Instantaneous gas velocity     [m/s] 
Ud Droplet velocity     [m/s] 
Yα Mass fraction of species α    [−] 
Y∞ Mass fraction fuel vapor far away from droplet  [−] 
 
Greek letters 
∆t Time increment     [s] 
ε Turbulent dissipation rate     [m2/s3] 
λ Heat conductivity     [W/mK] 
ρ Gas density       [kg/m3] 
ρd Droplet density      [kg/m3] 
σ Droplet surface tension    [N/m] 
µt Turbulent dynamic viscosity     [kg/ms] 
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Dimensionless numbers 
Nu Nusselt Total heat transfer/conductive heat transfer 
Oh Ohnesorge Viscous force/inertia force 
Pr Prandtl  Momentum diffusion/thermal diffusion 
Re Reynold Inertia force/viscous force 
We  Weber  Inertia force/surface tension force 
 
Spray- and engine related abbreviations 
CAD  Crank Angle Degree 
CFD  Computational Fluid Dynamics 
DI  Direct-Injection 
EGR  Exhaust Gas Recirculation 
EOI  End Of Injection 
EORIS  Enhanced O’Rourke model for Impinging Sprays 
HCCI  Homogeneous Charge Compression Ignition 
IVC  Inlet Valve Close 
RFN  Risk For NOx 
SOI  Start Of Injection (Injection timing) 
SMD  Sauter Mean Diameter 
TDC  Top Dead Center 
Φ  Actual fuel air-ratio/stoichiometric fuel-air ratio 
Φgl  Overall equivalence ratio 
 
Miscellaneous 
AVL Anstalt für Verbrennungsmotoren List 
AST Advanced Simulation Technologies 
FIRE Flows In Reciprocating Engines 
HSRI High Speed Rotating Injection 
KTH Kungliga Tekniska Högskolan (Royal Institute of Technology) 
Scania Latin for the Swedish province Skåne  
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APPENDIX A - THE FIRE CODE 
In this work, the AVL code FIRE has been used. This is a three-
dimensional Reynolds Averaged Navier-Stokes code (RANS) and 
offers models for a wide application area, especially applicable for 
internal combustion engines. The software was launched to the market 
in 1987. The code has been developed ever since and at the time of 
writing this thesis the code has reached version 8.5.  
 
The governing equations and turbulence equations are treated with 
time average when incompressible flows are considered. If 
compressible flows are considered, a density averaged implementation 
is considered.  
 
The FIRE code consists of a workflow manager which integrates 
preprocessing, solver and post processing. The solver is divided in a 
set of modules (porosity, multiphase, species transport etc.). Each 
module constitutes of models depending on the application. This is 
also the place where boundary- and initial conditions are specified as 
well as model constants, output information for 2D- and 3D data (for 
instance pressure, velocities etc).  
 
In this work, the spray-, wall film- and species transport modules have 
been used to investigate mixture formation. In general, the sub models 
in each module are solved between the gas time steps using a time 
step sub cycling procedure. The calculation sequence in the spray 
module is depicted below.  
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Figure A1. Calculation sequence in the spray module, adapted from 
the FIRE User Manual [17].  
 
The collision model (parcel interaction) is considered after the 
updated velocity, which implies that a short time step is needed for the 
impinging nozzles as mentioned in chapter 4.  
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APPENDIX B – MESH DETAILS 
The computational meshes in this work have been designed with the 
FAME tool in FIRE. First, an edge mesh is created according to a 
drawing of the piston. A surface mesh is created from the edge mesh 
and the compression volume at BDC. This surface mesh is rotated 72 
degrees with a small offset from the centerline. This gives a mesh 
consisting of hexahedron cells exclusively. The remaining topologies 
and the moving mesh are designed with Fame Engine [17]. Mesh 
details for the investigated geometries are given in Table 11 
 
Table 11. Mesh info, deep and shallow bowl. Equivalent cell size 
given in parenthesis in millimeter (maximal cell size/minimal cell 
size). 

Deep bowl Shallow bowl 
Rezoning

CAD  
Number of cells 

Size (max/min) [mm] 
Rezoning

CAD 
Number of cells 

Size (max/min) [mm] 
-180 72128 (1.76/1.38) -180 69024 (1.78/1.11) 
-70 47288 (1.59/1.14) -40 45840 (1.25/1.02) 
-30 34868 (1.27/1.02) -20 34248 (1.13/1.00) 

 
Rezoning means that the results from one mesh are interpolated to 
another mesh, which allows several topologies during the compression 
and expansion stroke.  
 
 
 


