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Abstract 
 

Improvement of the Diesel engine and optimization of the combustion process continues to 

be an important aspect in the efforts to meet new emissions regulations. The most 

important factors which directly influence the performance of the Diesel engine are related 

to the spray formation and vaporization of the liquid fuel upon injection into the cylinder. 

Therefore, in order to improve Diesel engines new studies need to be undertaken  to further 

develop the injection system and, in particular, the nozzle layout and subsequent spray 

formation. 

 

This thesis describes the computational modelling of spray formation and atomization for a 

novel type of Diesel injector with a new nozzle layout that consists of a group of upper and 

lower sets of holes. The KIVA-3V code with extended capability of Large Eddy 

Simulation (LES) was utilized for this work. This particular version of KIVA can predict 

two-phase flows where the fluid dynamics behaviour of an annular fuel jet and the effects 

of the initial ambient swirl on the flow field need to be captured. The original code did not 

support the modelling of two-row injectors with different velocity profiles, hence certain 

modifications were implemented.  

 

The developed version of KIVA is capable of simulating two or more rows with different 

input parameters such as velocity, angle of injection and injection pressure. It also includes 

a new formulation for modelling the collisions processes of liquid droplets based on initial 

droplet diameter ratio, Weber number and impact parameter. The yielded results were post-

processed and validated against experimental data in terms of penetration length for the 

vapour and liquid phases of the fuel and spray curvature. Significant improvement was 

observed in comparison to predictions obtained with the previous version of the code and 

good agreement was obtained with experimental data.  
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Nomenclature 
Roman Symbols: 

Symbols    Units         Description 

a [m/s2] Acceleration (by drag force) 

ASOI [-] After start of injection 

ATDC [-] After top dead centre 

b [-] Impact parameter 

B [m] Distance between droplets 

B0, B1 [-] Constants in KH model 

c, C [-] General symbol for empirical constants 

Cb [-] Breakup length constant 

CD [-] Drag coefficient 

Cv [-] Separation volume coefficient 

d0 [m] Nozzle hole diameter 

D [m] Droplet diameter 

DE [J] Dissipation energy 

DDB [-] Droplet deformation and breakup model 

DNS [-] Direct numerical simulation 

DPF [-] Diesel particulate filter 

ECU [-] Electronic control unit 

EGR [-] Exhaust gas recirculation 

ecoal [-] Efficiency of collision 

g [m/s2] Acceleration of gravity 

h [m] Interaction height 

k [m2/s2, J/kg] Turbulent kinetic energy 

k1, k2 [-] Constants 

KV [-] Velocity coefficient 

 [J] Effective kinetic energy inducing separation 

KH [-] Kelvin-Helmholtz model 

KH-ACT [-] KH aerodynamics, cavitation turbulence model 

l [m] Nozzle hole length 
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L [m] Breakup length 

LES [-] Large eddy simulation 

m [kg] Mass 

n, N [-] Number of droplet or Number of collision 

T [K] Temperature 

P [Pa] Pressure 

P0, Pk, Pn [-] Probability of collision 

PM [-] Particulate matter 

Q1, Q2 [-] Variable defining droplet interaction regions 

RANS [-] Reynolds averaged Navier-Stokes equations 

RPM [min-1] Revolutions per minute 

Re [-] Reynolds number 

RT [-] Rayleigh-Taylor model 

 [J] Effective surface tension  

SMD [m] Sauter mean diameter 

SMR [m] Sauter mean radius 

SOI [-] Start of injection 

SPH [-] Smooth particle hydrodynamics 

TAB  [-] Taylor-analogy breakup model 

SGS [-] Subgrid scale 

TDC [-] Top dead centre 

Ur [m/s] Relative droplet/gas velocity 

We [-] Weber Number 

x, y, z [m] Coordinates (also X,Y, Z) 

XX [-] Random number (also q) 

z [-] Fraction of dissipated energy 

Z [-] Parameter in KH model 

 

Greek Symbols: 

Symbols    Units         Description 

α [-] Energy loss coefficient 

Δ [-] Droplet size ratio 
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∆ [m] LES filter (can be non-dimensional) 

ε [m3/s2] Viscous Dissipation Rate of k (per unit mass) 

η1, η2 [-] Variables for reflexive separation criterion of We 

Λ [m] Wavelength 

µ [Ns/m2] Dynamic viscosity 

µt [Ns/m2] Eddy viscosity 

ν [m2/s] Kinematic viscosity 

ξ [-] Variable in reflexive separation criterion of We 

ρ [kg/m3] Density  

σ [N/m] Surface tension 

τ [N/m2] Stress 

τ [s] Timescale (in breakup model) 

τ [-] Timescale (in collision model, non-dimensional) 

Τ [-] Timescale (in collision model, non-dimensional) 

Ф [°] Cone angle 

ψs, ψl [-] Variables for calculating the ligament radius r0 

Ω [s-1] Maximum growth rate 

δϰ [m] Computational cell dimension 

 

Subscripts      Description 

1 Smaller one of two colliding droplets 

2 Large one of two colliding droplets 

a After collision 

bu At breakup 

crit Critical 

d Droplet 

f Fuel 

g Gas 

i Interaction portion of droplets 

rel Relative 

s Separation portion of droplets 

sat Satellite 
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Chapter 1: Literature Review & Background 
 
 
1.1. Introduction 

 

The Diesel internal combustion engine was named after its inventor, the German engineer 

Rudolf Diesel, in 1892. In this particular type of engine, the fuel is ignited by being 

spontaneously exposed to the high temperature and pressure of a compressed gas rather 

than using a spark plug like in the Otto cycle (i.e. spark-ignition gasoline) engine. Today’s 

Diesel engines are playing a very important role in our day-to-day life, due to their wide 

usage in different applications, such as heavy trucks, urban buses, and industrial 

equipment. Although these high-performance high-efficiency engines are about 90% 

cleaner than what they were about decade ago, they are still undergoing development in 

order to meet the ever strictest future emission legislations in terms of Particulate Matter 

(PM), NOx, unburned HydroCarbons (HC) and CO. The need for even better efficiency 

and lower fuel consumption, hence lower CO2 emissions, is also of paramount importance.  

 

1.2. Injector Unit and Common Rail System 
 

The Diesel engine fuel system is classified as the key unit that influences directly the 

torque, fuel consumption and emissions of the engine. The Diesel injection system must 

ensure that sufficient amount of fuel is delivered to the cylinders at a specific time in the 

engine cycle to achieve the desired engine working conditions. In order to succeed in this 

task and produce sufficient fuel evaporation within each cycle, a number of injections are 

needed into the cylinder at an appropriate pressure that will suit different loads and 

engines.  

 

One of the successful systems that provide flexibility and control is known as the “common 

rail”. As Figure 1 shows, the common rail consists of a fuel tank that is installed on the 

engine, a supply pump that sucks the fuel from the tank and carries it through a filter to the 
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high pressure pump, as well as pressure sensor and regulating valve which maintain the 

correct pressure in the rail. An Electronic Control Unit (ECU) collects the signals from the 

different sensors for different modes of driving and determines the volume and time of 

injection per cycle. Hence the injection pressure is provided by the high pressure pump and 

it is not mechanically controlled by the camshaft. This increases the flexibility of mixture 

formation and provides better performance at low engine speeds. The rate of injection and 

timing are both controlled by a solenoid actuator. The solenoid is capable of very high 

injection pressures as well as fast responses of the order 1 ms. Recently, piezo-electric 

actuation has replaced the typical solenoids for even faster injector response and flexibility. 

 

Current common rail technology can operate at pressure as high as 2000 bar. The speed of 

response is sufficient to employ pilot injections that can limit the amount of fuel that needs 

to be injected during the ignition delay period. The ECU controls the electro-magnetic field 

through the solenoid. Once the solenoid valve is energised, the needle starts to open as a 

result of the pressure gradient of the inlet and outlet of the throttle, hence the fuel injection 

starts. Subsequently, the ECU de-energises the solenoid coil, the pressure inside the control 

chamber increases and forces the needle to close. Many investigations have been 

performed on the development of high-pressure common rail systems, multiple injection 

systems and the magnetic properties of the rail electro-injector. Additionally, due to the 

increasing popularity of bio-Diesel fuels, several studies have been conducted on various 

types of bio-Diesels (e.g. see [1], [2] and [3]). 

 

 

 

 

 

 

 

 

 

 
Figure 1. Schematic of Diesel injection system; Left: Common rail; Right: Diesel injector.
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Computational Fluid Dynamics (CFD) has become an indispensable tool for the design of 

automotive products. For research purposes, it is important to capture the interaction 

between the droplets and unsteadiness of the flow. Engine cylinder flow is an extremely 

complex phenomenon that consists of wide range of turbulence scales, ranging from 

combustion chamber size to droplet size. In addition to the diversity of length scales, 

combustion and multiple-phase phenomena increase the complexity of modelling, which 

requires enormous amount of computational time. In order to tackle such a complex 

modelling task associated with limitations in current computing sources and mathematical 

methodology, it is necessary to acknowledge in detail the differences in numerical 

modelling strategies.  

 

 
1.4. Research Objectives 
 

The main aim of this work was to acquire fundamental understanding of two-row nozzle 

injection phenomena and air mixing inside the combustion chamber. In order to achieve 

this, the KIVA-3V CFD code had to be modified to an extent that could deliver a robust 

operation for a novel two-row injector at different operating conditions. Whilst, similar 

modelling studies have already been attempted by Wood Park and Reitz [5] and Moon et 

al. [6] with two-row nozzles, the present study focused on modelling two converging 

rather than the two diverging sprays shown in earlier studies. This particular simulation 

required modelling of complex spray formation and atomization processes, with an 

extreme interaction between the two sprays, coupled to a pattern of airflow with strong 

swirling motion relevant to Diesel engines  

 

The original KIVA code consisted of the classical stochastic collision model of O’Rourke 

and Amsden [7]. Following conventions in the literature, from now the “O’Rourke and 

Amsden” model will be referred to as the “O’Rourke” model or “O’Rourke’s” model for 

simplicity. According to O’Rourke’s model, permanent coalescence occurs if the rotational 

energy of the combined mass formed is less than the surface energy of the collided 

droplets. The bouncing collision in O’Rourke’s model is based on uniform random number 

generator where the velocities of the interacting droplets are specified from energy and 
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momentum conservation. Extensive research on droplet collision was conducted by 

Munnannur and Reitz [8], Kim et al. [9] and Hyun Ko and Ryou [10], which outlined the 

lack of accuracy in droplet sizes and droplet distribution with O’Rourke’s model. Thus, 

this work focused mainly on the modelling droplet collisions, in an attempt to achieve 

more reliable predictions for spray applications. The droplet collisions are of interest, since 

they have a direct influence on the liquid fuel distribution and essentially a significant 

effect on the mixing and subsequent processes of evaporation, combustion and pollutant 

formation.  

 

The main specific objectives of this work, that also highlight the structure of this thesis, 

can be summarised as follows: 

• Implementation of new collision models capable of predicting better some features 

(such as: droplet size distribution and spray penetration) of spray formation and 

flow interactions.  

• Preparation of an algorithm to import boundary-condition data at the injector holes, 

such as velocity profiles and fuel mass that needs to be injected, for two-row 

nozzles. 

• Optimisation of the efficiency of the simulations and the reliability and robustness 

of the results by carrying out grid sensitivity tests. 

• Post-processing the results and conducting validation against experimental data, 

primarily in terms of spray penetration for the vapour and liquid phases and the 

spray’s leading edge curvature.  

• Comparison of different injection pressures to assess the capability of the new 

collisions modelling approach. 
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Chapter 2: Mathematical Formulation & Methodology 
 

2.1. Governing Equations 
 

The foundations of fluid dynamics can be expressed by classical theories based on 

conservation laws, in particular the conservation of mass, momentum and energy. The 

mathematical formulation of the conservation laws can be presented in the form of the 

Navier-Stokes equations (conservation of momentum), the continuity equation 

(conversation of mass) and the energy equation. The general formulation of the continuity 

and Navier-Stokes equations with no external forces can be written as [11]: 

 

Continuity equation: + = 0 1 

Navier-Stokes equations: 

 ( ) + ( ) = − +  2 

where: 

    	 is the jth spatial coordinate 

     is the fluid’s velocity in the direction of axis i 

     is the stress tensor (jth component of the stress acting on the faces of the fluid 

element perpendicular to axis i). 

The stress components can be written as:  

= + − 23  3 

The stress tensor is symmetric which means =	  and  is the Kronecker symbol 

( = 1 if i=j and = 0 otherwise). 
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2.2. Modelling Approaches of Computational Fluid Dynamics 
 

The main types of modelling under the broad name of CFD are listed in Table 1. The 

Direct Numerical Simulation (DNS) approach is used to perform flow simulations, where 

the Navier-Stokes equations are solved directly by resolving on the computational mesh all 

turbulent scales down to the Kolmogorov scale without the use of any submodels. The 

predicted results are ‘accurate’, however complex systems require significant 

computational power. In order to capture the small scales for practical engineering 

systems, it is necessary to utilize very fine meshes and ultra-small time steps. Therefore, 

although DNS is ‘accurate’, it is more suitable for studying fluid dynamics phenomena on 

a purely research level, and cannot be applied to real world flow configurations with 

current computational power. Apart from the obvious computational penalty, for real world 

problems, detailed information on small, chaotic scales may not be of direct relevance to 

the exact problem that the engineers seek to solve by simulation. 

 

Computational Fluid Dynamics Framework 

Reynolds Averaged Navier-Stokes 

(RANS) 

Large Eddy Simulation 

(LES) 

Direct Numerical Simulation 

(DNS) 

• Time-averaged equations 

of motion for fluid flow 

• Limited in liquid 

atomization and sprays 

• Low computing power 

requirements 

• Directly resolve the large, 

energy containing eddies 

• More in-depth analysis of 

complex phenomena 

• Average computing 

power 

• Solved directly without 

any turbulence model 

• Most accurate 

methodology for flow 

field 

• High computational cost 

Table 1. Methodologies of CFD. 

 

On the basis of the current computing power, the Reynolds-Averaged Navier-Stokes 

(RANS) modelling approach offers a much less expensive solution. This method produces 

‘adequate’ information about the flow field and is capable of tracking the dynamics of 

turbulence at traditional Reynolds numbers, typical of complex engineering problems. The 

output information is based on time-averaged properties of the flow (e.g. mean velocity, 

mean pressure, etc.). Specifically, according to the “Reynolds decomposition”, the 

instantaneous turbulent quantities are split into mean and fluctuating terms (e.g., for 
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velocities, uuU ′+= ). The RANS equations are obtained by substituting the Reynolds 

decomposition terms into the instantaneous conservation equations, and then by averaging 

the entire equations over time. This leads to the appearance of additional terms in the 

momentum equations, jiuu ′′ , the turbulent Reynolds stresses, that need to be modelled. The 

most typical approach is to use the eddy viscosity (or turbulent viscosity) concept, where 

the turbulent stresses can be modelled according to Bousinesq’s approximation 

y
uvu t ∂

∂=′′− μρ . This, in turn, leads to the need for calculating the eddy viscosity μt via a 

turbulence model in order to provide closure to the system. 

 

The industry standard turbulence model is the k-ε model that includes two forms of 

transport equations. k is the turbulent kinetic energy, ( )wwvvuuuuk ii
′′+′′+′′=′′= 5.05.0 , and 

ε stands for the rate of dissipation of the turbulent kinetic energy. The k-ε transport 

equations are solved simultaneously with the governing equations and the eddy viscosity is 

calculated as μt = ρcμk2/ε where cμ = 0.09. The transport equations for the ‘standard’ k-ε 

model are based on the work of Jones and Launder [12]:  

 

k equation:  = + + −  4 

 

The left hand side of the equation represents the rate of change of turbulence kinetic 

energy as well as transport of k via convection. The right hand side of equation represents 

diffusion and interaction between mean velocity gradients and Reynolds stresses, as well 

as dissipation. 

 

ε equation:  = + + −  5 

 

The left hand side of the ε transport equation represents the rate of change of ε based on 

convection, whereas the production and destruction of ε is represented through the σε, C1 
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and C2 empirical constants. Note that in the standard form of the k-ε model, the molecular 

viscosity is neglected and this form of the model is suitable for flows with high Reynolds 

numbers.  

 

For practical engineering applications the k-ε model can produce very robust calculations 

since convergence can be easily achieved. Another advantage of this model is that it is 

relatively simple to implement and additional terms can be easily introduced for different 

applications if needed. The KIVA code includes extra terms in the ε equation (cε3-2/3cε1) to 

capture the length-scale changes when there is velocity dilation [13]; cε1, cε2 and cε3 are 

constants whose values are defined through experimental data and theoretical methods. For 

the purpose of further improving the k-ε model for engine applications, an additional 

constant was introduced to the ε equation to represent the postulate of length scale 

conservation in spray turbulence interaction based on measurements of Diesel sprays [13]. 

 

For more fundamental research purposes, it is important to capture the interaction of 

droplets and unsteadiness of the flow. Large Eddy Simulation (LES) is a CFD approach 

that can resolve large-scale through low-pass filtering. This approach calculates the 

turbulent flow to different multiple eddy sizes, then these are categorised into different 

energy containing structures based on the so called integral length scale. The larger eddies 

transfer energy to the smaller ones in a process known as energy cascade. Subsequently, 

due to viscosity effects the smallest eddies dissipate. LES directly resolves the large energy 

containing eddies. The smaller structures which cannot be captured directly are resolved by 

subgrid modelling.  

 

Figure 3 demonstrates the separation of the larger scales from the smaller scales (i.e. the 

unresolved scales) that are defined through the filter width ∆ and are calculated by Sub-

Grid Scale modelling (SGS). The larger scales are resolved directly by the Navier-Stokes 

equations. Note that the influential difference between the LES modelling and RANS 

approach is in the averaging process. LES allows spatial averaging through the filter 

length, whereas the concept of RANS applies time-averaging throughout the entire 

computational domain. LES operates for a substantial flow time to achieve stable mean 

flow statistics, therefore it is more expensive to run in terms of computational storage and 
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memory than RANS. Figure 4 illustrates the LES spatial filtering process, where ( ) 
represents the filtered velocity field and ( ) refers to the actual velocity field. 

 

 
Figure 3. LES resolved and sub-grid scales based on the grid filter width	∆ [14]. 

 

 
Figure 4. LES filtering process [15]. 

 

Considerations of different LES studies of two-phase turbulence interaction systems have 

proven that LES can provide reasonably accurate predictions in comparison to RANS. 

Bharadwaj and Rutland [16] compared high-speed Diesel spray formation with LES 

modelling. A good agreement between experimental data and LES was obtained for peak 

projected density and transverse spray width.  

 

The KIVA code has taken advantage of the k-ε model flexibility and introduced the SGS 

turbulence model to constrain the value of ε. The SGS turbulence inequality equation can 

be written by integrating the k equation (4) and ε equation (5): 
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≥ ( − ) ×  6 

 

where LSGS is an input value for the SGS length scale that represents the computational 

dimension. Note that the input value for LSGS is typically set to 4δϰ where δϰ represents the 

computational cell dimension. Hence the SGS turbulence model applies to the region 

where the length scale is equivalent to LSGS and subsequently the model reduces to one 

equation. In other words, the standard k-ε model are solved near walls and in region where 

length scale is LSGS , the model reduce to a one-equation SGS model (6).  

 

Jagus [17] developed the KIVA-3V code to specifically include LES capability and 

showed that the new code produced very similar spray shape and penetration to 

experimental data, in contrast to RANS. Jagus [17] also pointed out that the LES version of 

KIVA is capable of capturing turbulent structures associated with annular jets, stagnation 

points and head vortices better than RANS. The eddy viscosity in this code is given by 

μt =0.067ρkSGS
1/2

, using the subgrid turbulent kinetic energy kSGS equation in which the 

energy dissipation term is closed by 0.916ρ3/2kSGS
1/2/∆ and ∆ is defined as (ΔxΔyΔz)1/3 [17]. 

 

2.3. Eulerian-Lagrangian Description 
 

In order to simulate spray penetration in a gaseous environment, both dispersed liquid 

phase and continuous gas phase must be taken into account. The gas phase is accounted by 

the Navier-Stokes equations in parallel with a turbulence model for RANS modelling, or 

with LES. The characteristics of both phases are monitored, since energy, mass and 

momentum exchange occurs at all the time. For instance, if the droplet velocity is reduced, 

the gas velocity is increased accordingly, or evaporated mass passes over to the gas phase. 

The Eulerian formulation represents the flow’s parameters such as density and pressure, in 

terms of position for the entire three-dimensional flow field. Source terms in the 

conservation equations of the gas phase enable the increase or decrease of momentum, 

energy, and mass in each grid cell. The exchange of momentum, energy and mass in each 

grid cell is calculated by the conservation equation of the gas phase which utilizes the 
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calculated data (e.g. temperature and gas velocity) at every time step. The effect of the gas 

on the dispersed liquid is obtained by summing the rates of change of momentum, energy, 

and mass of all drops. More details on the mechanisms of spray atomisation and related 

submodels are given in the next section. 

 

 

2.4. Modelling of Spray Formation and Atomization in Engines 

2.4.1. Spray Formation 
 

Today modern Diesel injectors can operate up to 2000 bar and have hole diameters of 180 

µm (or less), where the liquid fuel enters the combustion chamber with a velocity of 500 

m/s or more. The dense spray then breaks up into large ligaments and droplets as a cause of 

high-pressure effects and turbulence. This is known as the primary breakup process. 

Hydrodynamic cavitation inside the nozzle also transfers instabilities through to the liquid 

surface and eventually leads to breakup of blobs into ligaments. Subsequently, the larger 

droplets breakup into smaller ones due to air entrainment and aerodynamic forces (caused 

by the relative velocity between droplets and surrounding gas). This is known as the 

secondary breakup process. Boundary conditions in the combustion chamber, such as gas 

temperature, gas flow in terms of tumble and swirl also play an important role in 

influencing further the spray’s disintegration and evaporation processes. 

 

A higher injection pressure and bigger hole diameter (D) increases the penetration length, 

while an increase in gas density reduces penetration. In the case of high load (high 

pressure) or low gas density, the spray may impinge on the wall and form a liquid film 

which has a negative impact on emissions as it evaporates slowly. The most influential 

factor is the gas density and directly affects the spray penetration and spray cone angle Ф 

as: Ф2 = 4 .
 7 
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where A is a constant depending on nozzle design; typically A = 3.0 + 0.28l/d0 where l is 

the length of the hole and d0 is the hole diameter. Hence the higher the gas density is, the 

bigger the cone angle becomes since more fuel mass pushes aside by droplets [18].  

 

2.4.2. Spray Breakup Mechanisms 
 

Lefebvre [19] explained the spray breakup mechanisms in terms of forces acting on the 

liquid and leading to small droplets. The surface tension of the liquid resists an external 

force and helps to hold the sphere together. On the other hand, the viscosity of the liquid 

itself acts against this deformation. External aerodynamic forces fight versus the surface 

tension and viscosity to deform the fluid shape. When the air entrainment is too strong to 

cause a great imbalance of forces acting on the liquid, the consolidating surface tension is 

broken and breakup occurs. As a result of the initial breakup, some unstable droplets will 

be produced and eventually breakup again by the imbalance of forces. This process 

continues and the final spray contains a range of droplets sizes. The droplet size 

distribution is dependent on the type of the injector, liquid and injection properties.  

 

2.4.3. Spray Parameters  
 

The characterisation of any spray can be extremely challenging. Traditionally the tip-

penetration and cone angle are quoted as vital parameters in literature. The penetration of 

the tip of the spray depends on the ambient gas conditions, injector parameters and fuel 

properties. Initially, it is the liquid fuel that defines the penetrating tip of the spray, then the 

spray continues to penetrate until the liquid phase reaches a point where the fuel 

evaporation equals the fuel injection rate. The cone angle can be defined as the dispersion 

angle of the cone at the tip of spray. Meticulous care is needed to analyse this particular 

parameter since the spray consists of blobs, ligaments and droplets. In addition, a fully 

developed cone is neither formed by a solid boundary nor forms a perfect triangle. Due to 

these reasons, many different authors define their own benchmark or measuring reference 

for cone angles. Williams et al. [20] mentioned that the nominal spray angle measured by 

the manufacturer is normally only valid close to the nozzle. When further down from the 
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the other is dependent on the droplet diameter; if this is less than 95% of the maximum 

injected blobs then the modelling process turns from primary breakup to secondary 

breakup. This model has been compared against experimental data by Park and Lee [23] 

and good agreement was noted for spray penetration and axial SMD distribution. 

 

Primary Breakup 

Low-medium injection pressure 

High injection pressure 

KH-model 

Turbulence-cavitation-aerodynamic-induced model 

Secondary Breakup 

Vibrational 

Bag 

Chaotic 

Stripping 

Catastrophic 

12 < Weg < 16 

16 < Weg < 45 

45 < Weg < 100 

100 < Weg < 1000 

Weg > 1000 

TAB-model 

DDB-model 

DDB-model + KH-model 

KH-model 

KH-model + RT-model 

 
Table 2. Breakup models. 

 

The KH-RT model is the most popular of all hybrid models used today. It has been 

successfully validated against experimental data and used by many authors in order to 

predict the disintegration process of high-pressure Diesel sprays. Further hybrid models 

have been developed, e.g. the Taylor-Analogy Break-up (TAB) and Droplet Deformation 

and Breakup (DDB) models as summarised in Table 2. The reader is guided to Baumgarten 

[23] for further details.  

 

The KH-RT modelling methodology requires several input variables, mainly related to the 

properties of the fuel, as well as others that depend on the type and geometry of injector 

used, e.g. the nozzle diameter, liquid sheet thickness and spray cone angle (for hollow cone 

sprays), spray mass injected, initial velocity, etc. A number of these variables can be 

obtained from experiments whilst others can be derived. The next sections describe the KH 

and RT modelling formulations, as well as the concept of the liquid breakup length. 
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2.5.1. KH Breakup 
 

The primary break up is then related to the instability induced by the relative velocity at the 

interface. Among the many wavelengths, the fastest is considered as the one responsible 

for the break up. The governing expression for the maximum breakup growth rate and 

corresponding wavelength is given by Reitz [24]: 

 Λ = 9.02 1 + 0.45 ⁄ (1 + 0.4 . )1 + 0.87 . .  8 

Ω σ ⁄ = 0.34 + 0.38 ⁄(1 + )(1 + 1.47 . ) 9 

 

where 	 = ⁄ , =  and r is the parent droplets (collided droplets) 

characteristic radius.  and  represent the Weber number for fuel and gas 

respectively.   

 

Due to breakup, the parent droplet radius reduces to a critical radius	  with uniform rate. 

The critical radius	  and the critical breakup time τ  can be calculated by the following 

expressions:  = Λ  10 τ = 3.726Λ Ω  11 

 

where B0 and B1 are constants with values 0.61 and 40, respectively. 

 

The new droplet radius can be calculated through the following relation:  = −τ  

r >   
12 

in which r is the radius of the droplet at the exit of the nozzle whilst  is the radius of the 

drops produced by the breakup process. 
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2.5.2. RT Breakup 
 

The RT breakup only applies to droplets beyond the breakup length (see next section), 

since the reduction of the droplet size in the RT breakup formulation is too fast and only 

KH stripping breakup is allowed to occur near the nozzle. In order to achieve better 

agreement with experimental data, the secondary breakup process can be adjusted by 

modifying the breakup length. It is possible to vary the constants of the KH and RT models 

to obtain a faster or slower disintegration of the big droplets and accordingly vary the 

evaporation and penetration processes. Another advantage of using KH-RT breakup model 

is to neutralize the droplet size distribution, since the RT breakup produces a number of 

equally sized droplets with intermediate size. The maximum growth rate Ω  and the 

wavelength Λ  of the RT breakup model are given by:  

Ω = 23√3 −( + ) − ⁄+ ⁄
 13 

Λ = 2  14 

= −( + ) −3 ⁄
 15 

where a and g represent the acceleration in the direction of travel by drag force and 

gravity, respectively. 	is an adjustable constant that has been set to 0.16 by work of 

Park and Lee [25].  

 

In order to calculate the oscillation and the distortion of drops due to drag, the TAB model 

[7], is utilized. The drag coefficient associated with drop deformation is given by [26]: = (1 + 2.632 ) 16 

where y is a non-dimensional parameter of droplet deviation. In the case of waves that 

grow for longer than the breakup time	τ , the RT breakup takes place and the droplet 

breaks into smaller droplets with radius  which is given in below: τ = Ω  17 

=  18 
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2.5.3. Breakup Length 
 

Xin et al. [27] introduced the concept of the liquid breakup length to the KH-RT model. 

Based on the theory that breakup occurs at a different rate within and beyond the length of 

the initial liquid core, the RT model only affects the droplets beyond the breakup length. 

For hollow-cone sprays, the initial sheet velocity can be written as: 

= 2 − ⁄
 19 

where the velocity coefficient  is a derivative of the spray cone angle Ф and nozzle 

width calculated form the following expression: = 1.1 1 −1 + ⁄ 1Ф 

where: 
20 

= ( − 2 )
 21 

b and  are the sheet thickness and orifice diameter of the injection nozzle, respectively. 

Note that the initial diameter of the injected droplet is assumed to be same the size as the 

sheet thickness. Han et al. [28] calculated the sheet thickness b and the sheet breakup 

length L by: 

= 12 − 1 −(1 + ) ⁄
 22 

= 10.392
 23 

 

For cylindrical liquid jets, i.e. full-cone sprays, the breakup length is given by [22]: 

=  24 

where Cb is an empirical constant. For Diesel conditions, on the acceptable assumption of 

inviscid flow and a gas Weber number of infinity, the KH equations reduce to a similar 

equation for the breakup length: 
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= = 12  25 

In order to keep the KH and RT values of the breakup length roughly equal, Cb = B1/2 = 

20. 
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Chapter 3: Modelling Binary Droplet Collisions 
 

3.1. Predictive Model for Binary Droplet Collisions 
 

Predicting the outcome of droplet collisions plays an important role in determining the 

droplet distribution and essentially influences all subsequent processes, such as droplet 

evaporation and combustion. Experimental studies have illustrated the following non-

dimensional parameters as important quantities in the characterisation of binary droplet 

collision processes: 

 

i. Weber number: = | | 	/  (ratio of the inertia force to the surface 

tension force) where  is the liquid density,	  is the diameter of the smaller 

droplet between two colliding droplets, urel is the relative velocity of the colliding 

droplets and  is the liquid surface tension.  

ii. Droplet size ratio: ∆= / , where ,	  is the diameter of the smaller droplet and 

 is the diameter of the larger droplets.  

iii. Impact parameter: = 2 /( + ) describes the relative orientation of the 

colliding droplets; B defines the distance from the centre of one droplet to the other 

with respect to their relative velocity, as shown in Figure 6.  

 

 
Figure 6. Geometric parameters of a binary droplet collision process. 
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3.1.3. Particle’s Probability Calculation in O’Rourke’s Model 
 

Droplets tend to travel within parcels through the domain, where a random number 

generator determines the number of droplets per parcel [13]. Note that the total droplet 

mass associated with each parcel should be constant and the number of droplets is 

proportional to the radius of the droplets. The injected droplet size r is given by the input 

parameter Sauter Mean Radius (SMR) (Appendix VII).  

 

The collision frequency is used to calculate the probability that a droplet in a parcel will 

undergo a collision with a droplet in another parcel. All the droplets in a parcel behave in 

the same manner; they either do or do not collide. Then the probability distribution of the 

outcome is recovered by ensemble averaging over many computations or, in a steady state 

calculation, by averaging over a time.  

 

The collision calculation proceeds between two parcels that are located in the same 

computational cell. To facilitate the description of the collision calculation, the droplets 

with larger radius are named “collectors” and those with smaller radius “droplets”. For 

collision calculations, the droplets associated with each parcel are considered to be 

uniformly distributed throughout the computational cell in which they are located. The 

collision frequency v of collector droplets with all droplets can be calculated by: = ( + ) | − | 31 

where 1 and 2 represent the properties of the collectors and droplets,  is the number of 

droplets in parcel 2 and  is the volume of the cell in which both parcels are located. The 

probability that a collector undergoes n collisions with a droplet is based on the Poisson 

distribution:  = !  32 

where  =	 ∆  and ∆  is the computational time step. Thus, the probability of no collision 

is = .	 A random number XX is chosen in the interval (0, 1). If XX <	 , no collision 

of droplets will occur between parcels 1 and 2. If XX ≥ , then a second random number 
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will be generated to determine whether the outcome of the collision should be coalescence 

or bouncing separation according to the critical impact parameter mentioned earlier.  

 

In the case of coalescence, n number of droplets are subtracted from their associated parcel 

and the size, velocity and temperatures modified accordingly. The number of subtracted 

droplets from each parcel is determined by finding the value of n: 

 

≤ <  33 

 

After coalescence collision, the parcel associated with smaller droplets will be removed. In 

the case of bouncing collision, the droplets are returned to their parcels and total mass, 

momentum and energy are conserved. 

 

3.1.4. Stretching Separation  
 

Droplets collide at moderate to high values of the impact parameter b. Droplets form a 

ligament which eventually fragments to form satellite droplets, see Figure 9. The kinetic 

energy of the ‘not contacted’ portion competes with the surface energy of the interaction 

region, i.e. ‘contacted’ portion, leading to eventual separation. Note that in the case that the 

stretching energy is not sufficient to overcome the sum of the surface energy and viscous 

dissipation, no satellite droplets will be formed. Based on Gavaises et al. [31], collision 

only occurs when the distance between two droplets is smaller than a critical radius, rcrit. 

The second condition that needs to be checked is the direction and velocity of the two 

colliding parcels. According to Nordin [32], the third condition is that the finite interval 

must be greater than the distance between the two parcels. The following parameters are 

utilized for implementation of the stretching separation mode of collisions [20]: 

 

Impact parameter: = 2 /( + ) 34 = (1 − )(1 + ∆) 35 
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 = 12 ∆(1 + ∆ ) (1 + ∆ ) − (1 − )( + ∆  40 

 

and the effective surface tension is given by: = 2 (∆ +  41 

 

The new Weber number for the ligament is [33]: 

 = (2 )/  42 

 

where is the initial radius of the ligament given by [8]: 

 

= 43 ( + )  =   

 =  

43 

 

The non-dimensional ligament radius at breakup, , is: 

 = /  0.75√2 ( ) + − 1 = 0 

44 

 

where the constants k1 and k2 are [34]: 

 = 34.6 − 12.9 + 141.3 × (0.00009)  = 0.45 
45 

 

The radius and number of the satellite droplets formed from the breakup of the ligament is 

determined by [9]: 
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Ashgriz and Poo [30] explained the separation process by using the balance between the 

effective kinetic energy and the surface energy of the temporarily coalesced droplets. The 

criterion of Weber number for reflexive collision to occur is: 

 

> 3 7(1 + ∆ ) − 4(1 + ∆ ) ∆(1 + ∆ )(∆ + )  49 

where: = 2(1 − ) (1 − )  = 2(Δ − ) (Δ − )  

with  = 0.5 (1 + Δ) 50 

 

Ashgriz and Poo [30] used the balance between the effective kinetic energy and the surface 

energy of the temporarily coalesced droplet. In order to find the separated the volume from 

the colliding droplets, Ko and Ryou [10] introduced a parameter Cv (separation volume 

coefficient, eq. 39), which was defined as the ratio of the separating volume to the 

interaction volume. The separation volume coefficient expresses the ratio of the energy 

required for separation to the total energy of two colliding droplets. Munnannur and Reitz 

[8], proposed to involve the viscous dissipation energy since it plays an important role in 

the separation of droplets. Hence, the collision model for reflexive separation calculates the 

separation volume coefficient as: 

 = − −+ +  
51 

 

where the total effective kinetic energy can obtained from: = (1 + Δ ) − (1 + ∆ ) + 12Δ(1 + ∆ ) (∆ + )  52 

 

The effective surface tension is:  = 0.75 ( + )  53 

 

and the dissipation energy is calculated by Cheng Chuansong et al. [34]: 



SIMULATION OF SPRAY FORMATION AND MIXING IN DIESEL ENGINES WITH NOVEL INJECTOR DESIGNS 

Chapter 3 

 

 

39 
 

= 12 . 0.3 +  54 

 

The initial radius of the ligament is [9]: = ( + )  55 

 

Using the time scale from eq. 47: 

If ≥ 3 then =  56 

 

and only a single satellite droplet is formed. Otherwise: 

 

If 	 ≤ 3 then = 1.89  57 

 

The number of the satellite droplets can be determined by:  = 34 − 2 58 

 

Note that, all new satellite droplets are placed into a new parcel. The velocity of the 

satellite droplets is given by [10]: = ++  59 

 

The velocity of the collided droplets is:  

, , = + + −+  60 

 

where z represents the fraction of dissipated energy during the collision  (Brazier-Smith et 

al. 1972): 

= 1 −  61 

 



SIMULATION OF SPRAY FORMATION AND MIXING IN DIESEL ENGINES WITH NOVEL INJECTOR DESIGNS 

Chapter 3 

 

 

40 
 

3.2. Boundary Conditions at the Nozzle Exit 
 

For faithful boundary conditions, the injected fuel mass at the nozzle exit was required. 

This was obtained from experimental data of the rate of injection that had been measured 

by Delphi using an IAV injection analyser (hydraulic measurements on injection valves 

and dynamic rise in pressure in a fuel-filled duct). The rate of injection was then translated 

into velocity by dividing the rate of injection by the cross-section area of the nozzle. As 

illustrated in Figure 11 there were some imperfections due to experimental noise in the 

injection rate measurements; these were corrected in the velocity time series to reduce the 

error and potential effects. Finally, the injection velocity was introduced into the code via 

“itape5”, an input file of the KIVA code (Appendix IV). The injection rate was adjusted 

to achieve the correct fuel mass for the conditions of each simulation, e.g. as shown in 

Figure 12 for two different injection durations. 

 

 
 

Figure 11. Experimental data of rate of injection for different rail pressures. 
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Figure 12. Adjusted injection velocities (1200 bar). 

 

Additionally, a velocity profile had to be imported into KIVA via the file “velprof”. 

This profile was obtained from 3-dimensional simulations of the flow inside the injector’s 

nozzle. Those simulations had been carried out at Delphi using the commercial CFD code 

Fluent and included cavitation modelling of the flow inside the injector. Typically two or 

more profiles were available in velprof, one with full needle lift and one (or more) at 

reduced lift; for the purposes of the current work only one of those was used (full lift). 

Essentially, velprof contained the three components of velocity i.e. velocity vectors.  

 

The velocity information at the nozzle from itape5 and velprof had to be combined 

to provide velocity values to the injected parcels of fuel. Typically 1000 parcels were used 

for each simulation (with parcel size set equal to the injector nozzle diameter). Please note 

that the exact series of velocity data in velprof and the coupling method with the data in 

itape5 is proprietary information to Delphi and no specific details of this exercise can be 

included in this work. It may be mentioned though that the code reads in the injection 

velocity from itape5 and also reads the velocity components from velprof; once a 

match has been identified between the two, the three components of velocity from 

velprof are applied to the injected parcel to define its directionality. This practice also 

replaced the standard KIVA process that uses a predefined spray cone angle as boundary 

condition at the nozzle. 
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Finally it needs to be noted here that the swirl effect and initial flow field inside the engine 

cylinder was also included in the simulations. The swirl number was set to 2.05, according 

to validations against experimental data by Jagus [17]. The swirl number essentially 

controls dispersion of the liquid particles and the distribution of the evaporated fuel. 

 

3.3. Validation against Experimental Data  
 

Processing and analysis carried out manually by comparing ‘like-for-like’ parameters can 

be extremely difficult and ultimately inaccurate, therefore an automated approach was 

introduced for validation purposes of the CFD results in the current study. Specifically, the 

spray penetration and spray curvature were measured by Delphi by processing images of 

liquid and vapour obtained by Laser illumination using Schlieren and Mie scattering 

techniques. The Schlieren images depict the liquid and vapour phases of the spray (by the 

deflection of light by a refractive index gradient), whilst the Mie scattering images 

illustrate the liquid phase only (and their intensity is proportional to the total surface area 

of the droplets). The reader is referred to Appendix VI for more details on the principles of 

the two techniques. The automated approach of the image analysis was also implemented 

for post-processing the CFD data. The main steps are listed below and also illustrated in 

Figure 13 (Appendix V provides further details of the algorithm as obtained from Delphi): 

 

• First create a two dimensional version of the data by averaging over all values in 

the Z direction (side dimension in Figure 13), hence collapse data onto X-Y plane. 

 
• Assume threshold for identification of the outer envelope (edge) of the spray. 

 
• Start from the nozzle exit cell and identify the indices of the cells in the domain that 

have value higher than the threshold criterion, hence obtain the edge of the spray. 

 
• Then perform linear interpolation between the cell that has met the threshold 

criterion (Xcell, Ycell) and its adjacent one (Xadjacent, Yadjacent) to obtain the X and Y co-

ordinate values that would lie exactly on the threshold isocontour line, edge X and 

edge Y (i.e. sub-cell interpolation): 
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 	 = + ( − ) × − ℎ ℎ−  

	 = + ( − ) × − ℎ ℎ−  

Typically value corresponds to the vapour or liquid mass concentration. 

 
• Then the code identifies the X, Y point that is furthest from the nozzle and obtains 

the penetration length L using Pythagoras rule. 

 
• To capture a measure of the spray’s curvature: 

Use a least squares algorithm to fit a linear equation (in the radial direction of the 

grid) to the edge points of the spray that lie on one side of the spray as defined by 

the tip of the penetration, specifically the side that corresponds to the incoming 

swirl motion (Figure 13). For this linear fit typically consider points up to 20% of 

the maximum spray penetration (note: this step is taken in the image analysis 

routine but may not be necessary in the simulation). The gradient of this line is then 

calculated and the corresponding angle A derived (note: in case of poor resolution 

in the region of the nozzle-hole exit, a value of an initial jet angle of ±5º may be 

assumed). Then obtain a spray angle B by using the co-ordinates of the spray’s 

edge at the tip of the penetration: = 	 		  

 

The spray curvature B is finally obtained by: 

 = −
 

 
and is presented in degrees/mm2 (note: in the image analysis one may need to 

consider points up to 80% of the maximum spray penetration). 
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Figure 13. Quantification of spray over two dimensions.
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Chapter 4: Preliminary Results & Grid Sensitivity 
 

4.1. Initialisation of CFD Model and Computational Conditions 
 

The initial model was selected from previous simulations conducted at Delphi Diesel 

Systems, where the input parameters were collected from experimental data of a four-valve 

Diesel engine with a common rail fuel system. The selected fuel for all simulations in this 

work was the DF2 Diesel fuel (Cummins model, see Appendix IIV for fuel properties [13]) 

and the injection duration was 7.28° Crank Angle (CA). The rail pressure and back 

pressure were set to 1200 and 60 bar respectively and the total mass of injected fuel was 

0.0465 g. Important engine and injector geometrical and operation parameters are 

summarized in Table 3. 

 

 

RPM  666  

Load 100% 

Bore  63.5 mm  

Stroke  209.015 mm 

Squish  20.985 mm  

Number of injector holes 6 

Nozzle hole diameter   

Simulation start  -5.5° CA ATDC  

Simulation end  5.0° CA ATDC  

Start of injection  -1.75° CA ATDC  

Injection duration  7.28° CA 

Initial chamber pressure  1.5e+06 Pa 

Ambient gas Nitrogen (ignition 

suppresion) 

Table 3. Injector and engine parameters. 

 

 
 

Injector hole location in the Z 
direction [mm] 

22.826 
 

Inclination of the injector hole 
on the XZ plane 

76.5°  
 

Z

X
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Different grid resolutions need to be studied in order to obtain an optimised mesh that 

balances direct resolution of the energy containing eddies and computational time. The 

entire engine model was a 60º wedge taken out of the circular symmetry of the engine’s 

cylinder and captured the spray from one hole; periodic boundary conditions were applied 

to both sides of the wedge (Figure 14).  

  
Figure 14  Overview of the full cylinder in XYZ direction [cm] and 60º segment. 

 
A few words of caution need to be mentioned here in order to link the grid requirements 

with the modelling processes mentioned earlier. The Lagrangian-Eulerian technique ought 

to capture ‘adequately’ the behaviour of the liquid fluid droplets and the vapour phase. The 

Eulerian formulation is used for the spray close to the injector and the Lagrangian 

formulation for the evaporated and diluted spray [36]. Every computational parcel consists 

of a number of droplets with identical properties. The grid size needs to be adequate, in 

order to avoid certain issues. An extremely fine mesh for the Eulerian phase may cause 

limitations to the Lagrangian liquid phase modelling. In the case of the cell volume being 

smaller than the droplets, the gas velocity may exceed the ‘actual’ velocity and lead to 

over-prediction of the spray penetration. On the other hand, excessive enlargement of the 

grid size for the treatment of the Lagrangian liquid phase will produce incorrect prediction 

in the gas-droplet momentum exchange. As a result of a very coarse grid, a fast exchange 
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of momentum will take a place and lead to incorrect prediction of the spray’s penetration. 

In addition, the grid size can influence the collision models and droplet sizing because the 

O’Rourke collision model assumes that droplet collisions only occur within the same cell 

[37]. For completeness it also needs to be reminded that LES allows the mesh to resolve all 

eddies containing large energy; the rest of the turbulence is simulated by the sub-grid 

model. As a result LES does not really converge to mesh independent results. In the case of 

very dense grids, all the flow structures are resolved directly, which essentially leads to 

DNS accuracy. 

 

The engine’s 60º sector was meshed using brick elements (hexa-mesh), as shown in Figure 

15. Different numbers of cells were introduced at the centre of the domain where the 

system experienced high velocities. A Grid Ratio (GR) was also introduced to the 

azimuthal direction as shown in Figure 15. This particular exercise considered only a 

single spray hole placed in the middle of the sector. An advantage of the KIVA code is that 

it resizes the mesh during the simulation to account for the piston’s motion and to avoid 

production of distorted cells. For simulations close to TDC, as those in the current study, 

remeshing to account for the piston’s motion leads to very small changes in the mesh from 

time-step to time-step because the piston’s velocity close to TDC approaches zero. 

 

Figure 16 represents a snap shot of the liquid droplets and vapour mass fraction 

distribution at 0.0º CA or 0.4379 ms After Start Of Injection (ASOI) where the coloured 

contours represent the vapour mass fraction distribution. In Case 1 (even grid size) there 

are number of large droplets that travel further in comparison to Case 2 (fine even grid). 

This is due to the collision probability of parcels within one cell. According to O’Rourke’s 

probability model, the collision probability is higher in Case 1 than Case2 since the 

numbers of parcels in both simulations are exactly the same (number of parcels set to 1000 

for both simulations). It seems that more coalescence collisions occurred than bouncing 

collisions and this led to larger droplets. Considering Case 3 and Case 4, the two non-

uniform grids were expected to predict better the central area of the domain where the 

smaller cells were located; however, poor prediction was obtained in terms of the swirl 

motion as well as the vapour structure towards the sides.  
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Case 1: 

Evenly distributed mesh (48×30×90) 

Number of cells: 145,549 (Even) 

 

Case 2 : 

Evenly distributed mesh (90×70×90) 

Number of cells: 567,000 (Even Fine) 

 

 

Case 3: 

Distributed mesh by GR=1.3 (48×30×90) 

Number of cells: 145,549 

 

Case 4: 

Distributed mesh by GR=1.6 (48×30×90) 

Number of cells: 145,549 

Figure 15. Grid distributions for different cases. 
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Case 1: 

Evenly distributed mesh (48×30×90) 

Number of cells: 145,549 (Even) 

 

Case 2 : 

Evenly distributed mesh (90×70×90) 

Number of cells: 567,000 (Even Fine) 

 

Case 3: 

Distributed mesh by GR=1.3 (48×30×90) 

Number of cells: 145,549 

 

Case 4: 

Distributed mesh by GR=1.6 (48×30×90) 

Number of cells: 145,549 

Figure 16. Droplet sizes [cm] and vapour mass fraction for different grid resolutions, 0.4379 ms ASOI.  
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Figure 17. Liquid droplet mass and penetration for different grid resolutions. 

 

As Figure 17 illustrates, there is good agreement between Case 1 and Case 2 (max 6.5% 

difference before spray wall impingement between 0.0 and 1.5 ms). Note that the 

Lagrangian particle tracking is heavily reliant on mesh resolution and the droplets’ 

behaviour is dependent on the nearest grid node. Increasing the grid resolution and distance 

between nodes can cause discontinuities in the droplet’s motion. The evaporation rate can 

also be influenced, since the temperature gradient between neighbouring nodes will be 

larger for the coarser mesh. However, certain limitations of two-phase modelling are also 
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quite apparent when simulating on very fine meshes. Based on O’Rourke’s model, 

decreasing the cell size causes the liquid mass fraction to become larger and leads to 

inaccurate predictions. This is due to volume of the cell decreases but the amount of liquid 

is not changed. In addition, the distance between two droplets will be reduced when 

utilizing a very fine mesh. This might produce unnecessary breakup or collision 

phenomena, hence, again, inaccurate results. Since limitations exist at both ends of 

spectrum and considering the computational cost of the simulations on the medium and 

fine grids (23 h vs. 105 h), the even mesh of Case 1 was selected for the rest of this study. 

4.2. Key Parameters of the Single-Row Injector 
 

This particular single-row injector consists of 7 injector holes, therefore each segment is 

equal to 51.42°. It is a ‘direct acting’ piezoelectric injector. The rail pressure and back 

pressure were set to 1200 and 80 bar, respectively, and the total mass of injected fuel was 

0.0316 g. Important engine and injector parameters are summarized in Table 4. 

 
RPM  666  

Load 100% 

Bore  63.5 mm  

Stroke  209.015 mm 

Squish  20.985 mm  

Number of injector holes 7 

Nozzle hole diameter  0.141 mm 

Simulation start  -5.5° CA ATDC  

Simulation end  5.0° CA ATDC  

Start of injection  -1.75° CA ATDC  

Injection duration  7.28° CA 

Initial chamber pressure 1.5e+06 Pa 

Ambient gas Nitrogen 

Injector location in Z 
direction [mm] 

22.808 
 

Inclination of the injector 
hole on the XZ plane 

77.5° 

Table 4. Single-row injector and engine parameters.  

Z

X
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4.3. Key Parameters of the Two-Row Injector  

 

The novel two-row injector is expected to enhance fuel atomization through reduction in 

droplet size and, in turn, improved vaporization. The nozzle holes have been reduced by 

28.3% in diameter and doubled in number in comparison to those of the single-row 

injector. Each hole was located on top of another and the relative angle between the holes 

of the two rows was designed so that the two sprays met each soon after exiting the nozzle 

holes. Note that the same amount of liquid fuel was injected per shot with both the single-

row and two-row injectors (0.0316 g), therefore the injection duration had to be reduced 

for the two-row injector. The cut segment was equal to 51.42° of the bore, i.e. the same to 

that of the single-row injector. The rail and back pressure were also the same to those of 

the single-hole simulation run, i.e. 1200 and 80 bar respectively. Important parameters for 

the two-row injector are summarized in Table 5. 

 

RPM  666  

Load 100% 

Bore  63.5 mm 

Stroke  209.015 mm  

Squish  20.985 mm  

Number of injector holes 14 

Nozzle hole diameter  0.101 mm 

Simulation start  -5.5° CA ATDC  

Simulation end  5.0° CA ATDC  

Start of injection  1: -1.75° CA ATDC 
2: -1.25° CA ATDC 

Injection duration  1: 4.47° CA 
2: 3.44° CA 

Initial chamber pressure 1.5e+06 Pa 

Ambient gas Nitrogen 

Injector hole location in Z 
direction [mm] 

1: 22.803 
2: 22.676 

Inclination of the injector 
hole on the XZ plane 

1: 77.0° 
2: 81.0° 

Table 5. Two-row injector and engine parameters.  

Z

X
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4.4. Spray Formation with O’Rourke’s Model 
 

Initially an investigation was conducted with the collision model of O’Rourke (bouncing 

and coalescence) enabled or disabled in order to examine the basic capability of KIVA’s 

modelling approach and the impact on the spray’s curvature and spray penetration 

characteristics. The simulations were performed for the single-row and two-row injector 

and compared with the Schlieren and Mie scattering experimental data of [38]. 

 

4.4.1. Initial Testing 
 

The objective of this basic case was to assess the initial modifications made to KIVA in 

order to simulate simultaneously two sprays in one segment (see also Appendix I and II). 

Figure 18 illustrates the influence of O’Rourke’s model on the development of two sprays. 

The angles of the sprays were set to 125º and 45º, respectively, i.e. their relative angle was 

80º. The nozzle radius was 72.5 μm and the average rate of injection was 45	mm /ms.  
 

    
Figure 18. Crossed sprays (45° and 125°), Left: Collision mode off, Right: Collision mode on. 

 

The test case with complete deactivation of all collision models (left image in Figure 18) 

clearly demonstrated no interaction between the two sprays and simple fragmentation of 

each spray separately downstream due to the presence of the breakup model; the effect of 

wall impingement on the top of the chamber for one of the sprays is also clearly observed. 

In the same test case but with O’Rourke’s model activated, the formation of smaller and 

satellite droplets can be immediately observed at the point of spray crossing. Comparison 



SIMULATION OF SPRAY FORMATION AND MIXING IN DIESEL ENGINES WITH NOVEL INJECTOR DESIGNS 

Chapter 4 

 

 

54 
 

of the two cases in terms of droplet size distribution, led to the observation that a number 

of large droplets appeared at the tip of one of the sprays when O’Rourke’s model was 

enabled; this was not present when no collisions were modelled. This immediately 

suggested possible limitations in the performance of the classical O’Rourke model and the 

need for further optimization in order to simulate faithfully two-row injector nozzles. 

 

4.4.2. Single-Row Injector Results 
 

Figure 19 presents results obtained of the single-row injector with either no collision 

modelling enabled or with O’Rourke’ model; the simulations are compared against 

Schlieren images. It is clear that when the collision model was used, smaller droplets were 

generally predicted, and faster atomization and evaporation occurred, thus the vapour 

distribution was relatively lower. However, as also highlighted in the previous section, 

some large droplets appeared again ahead of the main tip of the spray. Some of these large 

droplets travelled through the domain and reached the wall. As a result of these droplets, 

longer liquid penetration length was predicted with O’Rourke’s model. This is obvious in 

Figure 20 that illustrates a comparison of the liquid distribution of the two modelling 

approaches and that from Mie scattering images1. It is clear that the liquid penetration of 

the spray is much longer than without collision modelling; the presence of a dense liquid 

phase close to the wall at impingement is of particular note. From these simulations, it was 

also observed that apart from the presence of unrealistically large droplets, some 

discontinuities in the liquid phase were predicted with O’Rourke’s model. It is believed 

that the formation of these pockets of liquid resulted from droplet coalescence collisions 

under high Weber numbers, though it was not possible to validate this quantitatively. 

Nevertheless, this deficiency of O’Rourke’s model under the modelling conditions of this 

injector with high injection pressure and high velocities is of importance and strengthened 

further the need for more elaborate modelling of the droplet collision processes for modern 

Diesel injection systems. More details and clear quantification of the penetration data in 

comparison to the experiments will be presented in the next chapter. 
                                                 
1 The liquid distribution has been calculated by dividing the mass of liquid in each cell by the volume of the 
cell and its units are g/cm3. This approach was used due to Delphi’s historic in-house practices. The liquid 
mass fraction though was also calculated for comparison purposes. For completeness, Appendix VIII 
illustrates the liquid mass fraction contours for the single-row and two-row injectors as discussed later. 
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Collision 

Mode 
On 

  

Schlieren 

  
Figure 19. Droplets radius [cm] and vapour mass fraction for the single-row injector. Top: Collision mode off. Middle: Collision mode on. Bottom: Schlieren images. 
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4.4.3. Two-Row Injector Results 
 

In this section, a comparison of two different simulations with collisions modelling 

disabled and enabled is made against experimental data. The results are presented in Figure 

21. In the case of no collision modelling, the two sprays did not merge (as illustrated in the 

basic testing of Figure 18) and this caused a clear discontinuity in the spray’s formation. 

The simulations with O’Rourke’s model enabled illustrate a significant change in the shape 

of the vapour mass fraction in comparison to the absence of a collision model; the vapour 

structure is clearly lower and more diffuse, similarly to the single-row injector results in 

Figure 19.  

 

Additionally, with the O’Rourke model enabled, large droplets appeared again at the tip of 

the spray and these did not evaporate throughout the simulation (Figure 21). This 

behaviour is even more clear and distinct than in the single-row injector results of Figure 

19, most probably a result of a great degree of coalescence between the droplets of the two 

merging sprays. The presence of these droplets led, in turn, to higher liquid concentration 

than in the case of simulations with no collision modelling, as illustrated in Figure 22. For 

example, at 0.237 ms ASOI, there is high concentration of liquid spray at the tip of the 

spray of ~10.9% which is a direct reflection of the large droplets in this area of Figure 21. 

More details and quantification of the penetration of the vapour mass fraction and liquid 

phases in comparison to the Schieren and Mie scattering experiments, as well as data of the 

spray’s curvature, will be presented and discussed in the next chapter where a direct 

comparison between O’Rourke’s model and the new collisions model will be made. 
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Chapter 5: New Predictive Model for Droplet Collisions 
 

5.1. Initial Tests 
 

As addressed in the previous chapter, a limitation was observed in the simulation results 

with O’Rourke’s model, this was addressed by Munnannur and Reitz [8] and Kim et al. [9] 

previously. This limitation was manifested in the presence of some unrealistically large 

droplets that maintained their size and momentum until the hit the cylinder’s wall. The two 

additional collision models of stretching and reflexive separation presented in chapter 3 

were implemented into KIVA via new algorithms in the “colide.f” subroutine. The 

new complete model formulation, thereafter called “present” model for comparison to 

“O’Rourke’s model”, is expected to address more thoroughly the droplet velocities, sizes 

and directions after collision. The present model considered the fragmentation of droplets 

and the presence of satellite droplets which were then introduced into the flow field as a 

new parcel. 

 

For general comparison purposes, similar studies to those of Kim et al. [9] were initially 

performed. In the study of Kim et al. [9], the simulation conditions were adopted from the 

experiments where light oil was injected from two single-hole nozzles into a quiescent 

vessel. The surrounding gas was pressurized to 1.0 MPa and the ambient temperature was 

kept constant. The diameter of each of the two nozzle holes was 0.25 mm, the injection 

pressure was set to 19.6 MPa and the impingement angle between the two sprays to 90°. 

Considering that more detailed boundary conditions were not presented in Kim et al. [9], 

conditions mostly relevant to the two-row nozzle holes and flow rate were applied in the 

current study (i.e. 101 mm in diameter with the flow rate of the two-row injector discussed 

in earlier chapters). The simulations were conducted for two crossed sprays at 45° and 

125° angle each, i.e. at and impingement angle of 80°.  

 

Figure 23 presents the results of the simulations with O’Rourke’s model and the present 

model using KIVA code. It is clear that additional atomization was observed with the new 
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Figure 24 shows that the simulation with 5000 parcel predicted higher SMD than that with 

2000 parcels (~10%), but still quite lower than O’Rourke’s model. This pattern can also be 

observed in the results of Kim et al. [6] that have been reproduced in the same figure for 

direct comparison. This tendency is due to the fact that there are more droplets within a 

cell and more droplets are more likely to experience coalescence collisions as a result of 

their low colliding velocities. 

 

For completeness it needs to be noted that the droplet sizes predicted earlier than ~0.2 ms 

are quite large with both modelling approaches. The reader is reminded that each nozzle 

hole was 101 μm, hence droplets with sizes in much excess of that are thought to be 

unrealistic. It is believed that coalescence collisions are responsible for this behaviour and 

that the modelling of the breakup length might also need improvement. This behaviour will 

be discussed in more detail later where quantitative comparisons will be made between the 

simulated results and experimental data. 

5.2.  Single-Row Injector Results 
 

This section compares the simulation results with the present model to those obtained by 

O’Rourke’s model for the single-row injector; the reader is referred to table 4 in the 

previous chapter for key parameters of this injector. Subsequently, a comparison is made 

with Schlieren and Mie scattering experimental data.  

 

Figure 25 shows contour plots of fuel vapour mass fraction along with droplet size 

distribution at different timing ASOI for the two modelling approaches, along with 

corresponding Schlieren images. Note that each contour plot is inclined to capture the cut 

plane where maximum intensity of fuel distribution is present. In other words, the 

predicted results represent the cut section through the spray where the maximum fuel is 

concentrated. The Schlieren images provide a good indication of the spray formation 

pattern and the relative position of vapour fuel and liquid. Since the Schlieren technique is 

sensitive to differences in refractive index, the liquid portion of the spray appears in black 

or dark grey, whereas the vapour fuel is represented by lighter grey scales. 



 

64 
 

 0.137 ms ASOI 0.237 ms ASOI 0.387 ms ASOI 0.538 ms ASOI 

CFD 
Present 

Collision 
Model 

 

CFD 
O’Rourke’s 

Collision 
Model 

 

Schlieren 

 
Figure 25. Droplets [cm] and vapour mass fraction for the single-row injector. Top: Present collision model. Middle: O’Rourke’s collision model. Bottom: Schlieren images. 
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As also pointed out earlier, in the case of O’Rourke’s model, the simulation results show 

large fuel droplets at the tip of the spray. Specifically, at 0.237 ms ASOI, droplets can be 

observed with a radius ranging from 40 µm to 60 µm. In the Schlieren images, at and after 

0.237 ms ASOI is represented by the lighter grey regions around the dark liquid core of the 

spray, whilst at 0.137 ms ASOI the Shlieren imaged spray shows solely a dark core. It is 

clear that although in terms of penetration the simulations agrees relatively well with the 

experiments at 0.137 ms ASOI, the shape of the simulated spray with both collision models 

is much thinner than that depicted in the experiments. The thickness can be varied by 

manipulating the threshold value in both experimental and predicted post-processing 

method to obtain better agreement (Appendix III). After the early stages of spray 

development, as a result of the high temperatures and fast vaporization, no droplets or 

liquid fuel appear to have travelled further downstream. Hence, the lower region of the 

chamber only contains vapour fuel. This process is influenced by the swirling air motion 

inside the cylinder which clearly leads to the spray’s shape curving considerably into the 

main direction of the swirl flow. The vapour mass fraction in Figure 25 shows that the 

present model agrees better with the Schlieren images in terms of overall shape and 

curvature at and after 0.387 ms ASOI. Figure 26 illustrates the liquid fuel distribution for 

both collisions models against Mie Scattering images. At the different time steps ASOI 

with O’Rourke’s model, there are regions at the tip of the spray that contain liquid fuel in 

the range of 8.8–10.9 g/cm3, whilst with the present model, the liquid concentration at the 

tip of the spray is in the range of 3.3–5.5g/cm3, i.e. lower by more than 50%2.  

 

In order to carry out quantitative comparison in terms of spray penetration distance, initial 

jet angle and leading edge spray curvature, an algorithm was introduced into KIVA’s 

“k3post” post-processing tool (see chapter 3 for methodology and Appendix V for 

k3post). The same algorithm was applied to both vapour and liquid concentrations for 

comparison with the Schlieren and Mie scattering images, respectively. The results in 

Figure 27 show the liquid penetration and the curvature of the spray from the vapour 

predictions. Overall there is much better agreement between the new modelling 

formulation and the Schlieren data than O’Rourke’s model. The O’Rourke model led to 

highly ‘fluctuating’ liquid spray penetration. This is due to the algorithm encountering 

                                                 
2 The respective liquid mass fraction contours are shown in Appendix VIII. 
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5.3. Two-Row Injector Results 
 

In this section, calculations are shown for the two-row injector and comparisons are made 

between the new collision model, O’Rourke’s model and experiments. In contrast to the 

‘sliced’ contours shown in previous sections, Figure 28 shows the two sprays of the two-

row injector from a side view in order to highlight the atomization process from a three-

dimensional perspective and assist the reader in his understanding of the complex 

atomization phenomena associated with this type of nozzle. The liquid droplets and vapour 

structure are shown in the ‘standard’ sliced view contours in Figure 29.  

 

It is clear that with the present model, no large dispersed droplets appear past the crossing 

point of the two sprays, or near the wall, whereas in the results obtained by O’Rourke’s 

model large droplets can be observed at the tip of the spray with a radius ranging between 

50–70 µm. The penetration is also significantly lower at the same timings ASOI. It is 

interesting to note that in the Schlieren images of Figure 29, the dark core region at 0137 

ms ASOI is thinner than what observed in the respective image of Figure 25 for the single-

row injector and this immediately highlights the benefits of atomisation and evaporation of 

the new nozzle arrangement. Overall, the agreement between the present model results and 

Schlieren is much better than with O’Rourke’s model especially in the region 0.237–0.387 

ms ASOI. 

 
Figure 30 illustrates a quantitative comparison between the vapour penetration predicted 

by the present model and O’Rourke’s model along with the penetration obtained from the 

Schlieren images. It is clear that the present model predicted shorter vapour penetration. 

This can be an indication of fragmented droplets in the spray that consist of lower kinetic 

energy and can easily be influenced by the swirl motion. The O’Rourke model leads to 

further vapour penetration into domain with a penetration length of approximately 23 mm 

at 4 ms ASOI; the present model predicts a penetration length of about 18 mm at the same 

timing ASOI.  
 

At the early stage of injection, between 0.1–0.25 ms ASOI, the agreement with the 

Schlieren penetration is weak which highlights the need for further understanding of the 

breakup processes close to the nozzle. The same issue is evident in the spray curvature 
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graph of Figure 30. With the present model, the overall pattern of curvature vs. time ASOI 

agrees well with the Schlieren data past ~0.25 ms ASOI, whilst O’Rourke’s model shows 

clear over-prediction. The curvature is not captured well in the early stages of injection. 

There are various tests that one could carry out to understand the origin of this issue and 

resolve the problem, e.g. by assessing specifically the grid resolution in the surrounding 

area of the injection point, or perhaps introduce a different initial breakup model. Clearly, 

there is room for further improvement in modelling the atomisation processes in the early 

dense fuel region. 

 

Figure 31 demonstrates the difference in liquid distribution with the two collision models; 

the contour plots represent the liquid concentration in g/cm3 (the reader is referred to 

Appendix VIII for the respective liquid mass fraction contours). Clear discrepancies are 

evident. In particular, fuel rich regions are shown in the contours of O’Rourke’s model 

throughout the spray development; at 0.237 ms ASOI the high concentration of liquid at 

the tip of the spray is correlated with the presence of large droplets shown in Figure 29. 

 

 
Figure 28. Droplet radius [cm] for the two-row injector, side view perspective. Top: Present collision 
model. Bottom O’Rourke’s model. 
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ms ASOI. The two methods show some 10–15% difference, with the agreement being 

better for the present model simulations. Clearly an increased number of outputs would be 

needed in order to study the differences between the two methods in better detail. 

Nevertheless, Figure 32 shows that both methods justify that O’Rourke’s model was 

consistently over-predicting the liquid fuel penetration. At 0.4 ms ASOI the present model 

predicts ~20% shorter liquid penetration. This is in accordance with Figure 23 where a 

reduction in droplet sizes and faster vaporization was predicted by the new modelling 

approach. Additionally, the overall shape of the liquid penetration curve that was produced 

by the post-processing method reflected very well the shape shown of the curve obtained 

from the experimental data. The reason why the average output method gives lower 

penetration values than the post-processing method is still unclear at this stage and requires 

further work. It is interesting to note in Figure 32 though that if the Mie derived 

penetration curve was extrapolated to zero it wouldn’t cross the origin of time, which 

highlights the potential need for further study into the optimization of the image processing 

methodology. 

 

Grid sensitivity tests were initially carried out to identify a suitable grid for predicting the 

general behaviour of the spray, as discussed in chapter 4. However, in an attempt to make a 

further assessment and understand the behaviour of the droplets close to the nozzle, an 

additional study was performed using the new collisions model with two different grid 

resolutions, 108,000 cells and 360,000 cells, evenly distributed, as depicted in Figure 33. 

The single-row injector was used for this study and only the near-nozzle region, 10 mm 

from the injector tip, is shown in Figure 33. In order to put this illustration into perspective, 

it is noted that the breakup length was ~4.65 mm at these conditions. It is observed that 

refining the grid had a measurable effect on both the size of the droplets and the vapour 

structure. Specifically, the average droplet radius was ~25% greater on the coarser of the 

two grids. At 0.1626 ms ASOI, faster vaporization was observed on the denser grid.  

 

A similar study performed by Jagus [39], investigated the sensitivity of KIVA LES to 

different grid resolutions. He discussed that refining the mesh caused more turbulent 

energy to be resolved and produced more accurate results since small-scale turbulent 

kinetic energy is more uniform and less challenging to resolve. The current study 
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Evenly distributed mesh (40×30×90)  Evenly distributed mesh (60×50×120) 

108,000 cells     360,000 cells 

 
 
 
 

0.085 ms 
ASOI 

 

 
 
 

0.1626 ms 
ASOI 

 

 
 
 

0.1626 ms 
ASOI 

 

 
Figure 33. Droplets radius [cm] and vapour mass fraction close to the nozzle, single-row injector.
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highlights the effect of the grid on the early spray penetration and spray structure in 

general. Mesh refinement augmented the radial diffusion and penetration of the spray. 

Clearly, further work is needed in this area in order to understand the underlying physical 

and numerical mechanisms. There is certainly scope in refining the breakup model, in 

terms of approach and/or by tuning the empirical constants. The breakup model is also 

reliant on a fixed grid method, i.e. the grid resolution has to stay constant throughout the 

simulation. Although the method has been proven reliable for many applications, in the 

case of localized enhancements in density and velocity, this approach can become very 

cumbersome. One can refine the grid size in crucial areas around the nozzle, but such a 

method might not capture droplet collisions further away from the injection point, as well 

as increase the computational cost. A methodology that has been identified as particularly 

accurate in its capability to capture the motion of interacting fluids is the so called Smooth 

Particle Hydrodynamics (SPH) where the computational power is concentrated on areas of 

larger liquid mass. This method only allows collisions to take a place between two 

droplets, when these are in specified distance from each other. A comprehensive study has 

been conducted by Qiang [40], where a detailed explanation is given on the 

implementation of the SPH droplet collision model. Qiang [40] demonstrated that SPH is 

more reliable, less mesh dependent and less computationally demanding in comparison to 

O’Rourke’s model and the fixed grid methodology. 

 

5.4. Spray Formation with Different Injection Pressures 
 

In order to test the capabilities of the new collisions model ‘out of the box’, i.e. without 

any tuning or further refinements, a simulation was carried out with higher injection 

pressure. Specifically, this section compares the results with two different rates of injection 

corresponding to 1800 bar and 1200 bar. The new rate of injection was introduced into the 

code via the boundary condition of the velocity profile at the nozzle exit (refer to chapter 3 

for further details). Subsequently, the results were post-processed and compared to spray 

penetration and curvature data obtained from Schlieren and Mie scattering images. The 

objective was to investigate the performance of the code with a relatively higher injection 

velocity with the new collision model is more sensitive to the input velocity because the 

Weber number is heavily involved in determining the outcome of the collision process. 
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1200 bar 

 

1800 bar 

 

Side 
View 

 
Figure 34. Droplets radius [cm] and vapour mass fraction for different injection pressures. Top: 1200 bar. Middle: 1800 bar, Bottom: Side view both pressures.
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Chapter 6: Conclusions and Future Work 
 

6.1. Summary and Conclusions 
 

Better understanding of complex phenomena of spray formation and atomization can 

provide improvements to the design of Diesel injection systems and in particular the nozzle 

layout of the injector. Generally the design of such sensitive devices is heavily dependent 

on numerical investigation and modelling techniques using experimental input parameters. 

The broad aim of the present work was to develop the KIVA-3V code to a level that could 

simulate group-hole nozzles. This chapter presents the main conclusions from this 

numerical investigation of single-row and two-row injectors.  

 

The core novelty of the present work is the successful simulation of two-row nozzles 

where the interaction between two sprays causes faster atomization. In order to achieve 

this, systematic development and implementation was required for better agreement to be 

obtained with experimental data in comparison to that obtained with the original KIVA 

methodology. The original code accounted for droplet collisions by using O’Rourke’s 

model; this model consists of a mathematical formulation that aims at capturing two 

collision modes: bouncing and coalescence. For the purposes of the present work and to 

capture better the interaction of the two sprays and their subsequent atomization, two extra 

collision sub-models were implemented into KIVA: reflexive and stretching separation. 

The two new collision modes were based on the droplet Weber number and impact 

parameters. The characteristics of the droplets after collision were determined by 

conservation equations before and after collision. To reduce computational cost and to 

avoid numerical instabilities, the properties of the satellite droplets were elected to be 

identical (such as velocity and radius). The new formulation was used to simulate single-

row and two-row injectors with input data for the individual holes taken by measurements 

of the injectors’ flow rate. The velocity profile was obtained for in-nozzle simulations that 

included cavitation modelling. The capability of the new formulation was assessed by 
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investigating various parameters and comparing the results against experimental data from 

an optical engine (Schlieren and Mie scattering images).  

 

The main steps and conclusions of this thesis can be listed as follows:  

 

• Different grid resolutions and cell distributions were considered in order to identify 

the optimum combination for good accuracy and reasonable computational time. 

The grid sensitivity of the collision models was tested by comparing the penetration 

length of the sprays in a swirling airflow motion (typical of modern Diesel engine 

geometries). The outcomes of four different grids were compared and a medium 

evenly distributed mesh was selected as a reasonable compromise for the prediction 

of the global features of the spray.  

 

• Further analysis was carried out near the injection nozzle where high velocities and 

rates of collision between droplets occurred. This showed some sensitivity in the 

droplet size distribution, as the code predicted larger droplets on coarse mesh. This 

highlighted the need for better understanding of the spray formation and collision 

processes close the injection point. 

 

• Initial validation of the new model for two crossed sprays was compared against 

O’Rourke’s model and against similar data in the literature in terms of droplet size 

distribution and SMD. The effect of different numbers of parcels on the SMD was 

also considered and ~10% difference was observed between 2000 and 5000 parcels. 

The trends of size distribution and reduction in SMD were in agreement with 

literature. The new model predicted lower SMD by ~25–30%. 

 

• The simulations with the singe-row and two-row injectors demonstrated that the 

new collision model brought about significant changes to the prediction of droplet 

size distribution and spray structure in terms of spray penetration and spray 

curvature. These changes resulted from the new collision modes of reflexive and 

stretching separation. The rate of coalescence reduced and hence the droplet sizes. 
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• For the two-row injector, after ~0.25 ms ASOI there was much better agreement 

between the results of new collision model and experimental data, as both the 

vapour penetration and the curvature of the spray’s vapour were predicted very well 

(to within ~10%). The liquid penetration was also predicted closer to the 

experimental data with the new model. The single-row injector simulations also 

showed better results in terms of spray curvature, vapour penetration and liquid 

penetration than O’Rourke’s model, highlighting the effectiveness of the new 

methodology for typical injection nozzles too. 

 

• Simulations with injection pressure of 1800 bar were also performed for both 

injectors and compared with experimental data and simulations at the ‘standard’ 

injection pressure of 1200 bar. It was observed that the droplet sizes reduced in size 

by ~30%. The penetration and curvature results were in good agreement with 

experimental data; in fact even the early injection period was better captured with 

the higher pressure and flow rate. 

 

From the obtained results it can safely be said that the new collision modelling formulation 

is more reliable than O’Rourke’s model and that changes in the input parameters for the 

simulation can predict well the expected trends in terms of droplet sizes, penetration and 

spray curvature. 

 

6.2. Recommendations for Future Work 
 
There is room for further improvement of the new simulation methodology for wider and 

better applicability on various injection systems and conditions. Specifically, in terms of 

optimization and validation, the sensitivity of the new collisions model needs to be 

examined in more detail close to the nozzle. There is scope for additional development and 

understanding in this region as the predicted SMD soon after the start of injection was as 

high as 3–4 times the size of the nozzle’s diameter; clear deviation from the experimental 

data of penetration was also observed at 1200 bar during early spray development. 
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The satellite droplet sizes determined by fragmentation of ligaments were assumed to be 

uniform in size and velocity. Thus, the model did not produce a specific characteristic for 

every satellite droplets as observed in reality in a fragmentation process. An improved 

approach could be more specific in characterising the satellite droplets. However, 

introducing specific distribution functions to define the characteristics of the satellite 

droplets can be very expensive in term of computational cost. 

 

Studies performed by Som and Aggarwal [41] on the breakup models using the original 

KIVA code concentrated on the KH and KH-ACT models. The KH-ACT model included 

the effects of Aerodynamics, Cavitation and Turbulence (ACT) and showed better 

agreement with X-ray experimental data. It is recommended to perform similar studies on 

breakup models with KIVA; this could add further information to our understanding of the 

origin behind the poor results close to the nozzle soon after the start of injection. 

 

The present probability model of droplet collisions is mesh-dependent, hence the grid 

resolution can ultimately have some significant influence on the average droplet size. A 

further advancement can be implemented by introducing a new probability method to limit 

the collision of droplets based on the relative distance between two parcels. This approach 

requires less computational time since there is no requirements for very fine mesh; 

however, it is dependent on the droplets initial distribution. Smooth Particle 

Hydrodynamics (SPH) can be more reliable and less mesh dependent in comparison to 

O’Rourke’s model and the fixed grid methodology [40]. 

 

Finally, experimental data on droplet sizes would be very useful for further validation. This 

will allow linking the level of agreement between simulated and experimental data of 

vapour and liquid penetration with the effect of modelling on the droplet sizes themselves. 
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Appendix 
 

I. Extending the itape5 input file 

 

1. Duplication of variables and parameters below in itape5 for two-spray 

simulation:  

• t1inj: time to initiate droplet injection 

 

• tdinj: duration of injection pulse [s] 

 

• ca1inj: crank angle ATDC to initiate droplet injection 

 

• cadinj: duration of injection pulse [° CA] 

 

• tspmas: spray mass to be injected [g] 

 

•  pulse: defines the type of injection  

 

• tnparc: number of spray parcels to be injected 

 

• drnoz: radius of injector nozzle from (x0,y0) [cm] 

 

• dznoz: z coord. of fuel injector [cm] 

 

• dthnoz: azimuthal angle of injector nozzle [°] 

 

• tiltxy: rotation angle of injector in x-y plane [°] 

 

• tiltxz: inclination angle of injector in x-z plane [°] 

 

• cone: fuel injector spray mean cone angle for hollow cone sprays [°] 
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• dcone: injection liquid jet thickness 

 

• anoz: area of injector nozzle 

 

• smr: sauter mean radius of the droplets at injector [cm] 

 

• amp: initial amplitude of droplet oscillation at injector 

 

2.  Introducing two new variables “fl_vel1” and “fl_vel2” in lines 105 and 

113 for the two sprays which define the maximum velocity [cm/s] 

 

3.  Introducing a new velocity profile right after the first one and defining both as: 

velprof_inj_1.inp and velprof_inj_2.inp. 
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II. Modification of KIVA-3V to simulate two-row injectors 

 

The KIVA-3V was originally capable of simulating a two-spray injector, however there 

were number of limitations which would significantly affect the outcome of the simulation, 

such as inability to read different velocity profiles for the different injectors. It was 

required to duplicate some of the variables and adjust some of subroutines in order to input 

different the velocity profile and velprof_inp for each hole. These variables are listed 

in below: 

• t1inj 

• tdinj 

• ca1inj 

• tspmass 

• pulse 

• tnparc 

• numvel 

 

The above variables have been converted to two dimensional arrays in the following 

subroutines: inject.f, injout.f, rinput.f, newcyc.f, kiva.f, monitor.f 

and comkiva.i.  

The value given to “pulse” in itape5 determines the number of velinj profiles in 

velprof_inp. This variable also specifies the method of reading in the velocity profile. 

In this particular simulation, pulse1 was set to 7, since there are 4 velinj profiles in 

velprof_inp_1. 

The discharge coefficient adjusts the velinj value (affects the velocity profile) 

accordingly to the given value in itapeERC input file. 

Note: The discharge coefficient is disabled in the ‘Loco’ version of the code. 
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III. Outputting vapour penetration in dat.spry:  

 

The threshold value was introduced to obtain a required concentration of vapour within 

the cell, in order to achieve reasonable agreement with experimental data. 

Subsequently, select the cells in the x, y and z direction with a concentration greater 

than the threshold and the distance between injection point and selected cell was 

recorded. The algorithm is shown below: 

 

 maxdist_vapour=0.0 

      threshold=0.001 

 

      do i4=ifirst,ncells 

        if(spd(i4,1)/ro(i4).gt.threshold) then 

 

          dist_vapour=(xcen(i4)-xinj(1))*eavec(1,1)+ 

     1 (ycen(i4)-yinj(1))*eavec(1,2)+ 

     2 (zcen(i4)-zinj(1))*eavec(1,3) 

 

          if (dist_vapour.gt.maxdist_vapour) then 

            maxdist_vapour=dist_vapour 

          endif 

        endif 

 

    end do 

 

where: 

   ifirst: index of the first real cell in the vector 

 

   ncells: index of last real cell, for do index for vector loops 

 

   spd (i4,1): species density   

 

   xcen(i4): cell-center x coordinate, used in ccflux and ysolve 
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   xinj: x coordinate of fuel injector, relative to 0.0 at x0 

 

   maxdist_vapour: vapour penetration 
 

The above algorithm was implemented in subroutine “injout.f” line 181. 
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IV. Outputting liquid concentration in post processor data (otape9) 

 

First calculate the mass for each droplet and then associate the obtained mass within 

the cell to the volume of that particular cell. The algorithm can be written in below: 
 

      do i4=ifirst, ncells 

      user1(i4) = 0.0 

      end do 

 

      do n=1,np 

      i4=i4p(n) 

      droplet_mass=pi4o3r*partn(n)*radp(n)**3 

      user1(i4) = user1(i4) + droplet_mass/vol(i4) 

      end do 

 

   label = 'liqcon' 

 

where: 

    pi4o3r:  pi × (4/3) × liquid density in [gr/cm3] 

 

    partn(n): number of physical droplets in the particle parcel 

 

    radp(n): radius of droplets in the parcel 

 

   vol(i4): cell volume 

 

The above algorithm was implemented in subroutine “fulout.f” line 118. 
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V. Generate a list of x,y points which denote the spray’s leading edge (k3post) 

 

First create a 2-dimensional version of the data by averaging over all values in the z 

direction. Start from the nozzle exit cell (assume a threshold for visibility of the spray). 

Note: Mesh is connected and axis-symmetric. 

Loop until maximum penetration found ( 

                Check whether you can Advance 1 cell in the radial direction and still be within 

the threshold value. 

                If yes ( 

                                Advance 1 cell in the radial direction 

                                Check whether you can advance 1 cell in the upstream circumferential 

direction 

                                if yes (    

                                                advance 1 cell in the upstream circumferential direction 

                                if no ( 

                                                you are on the leading edge of the spray. Record the 

coordinates where the cell concentration would cross the threshold value, i.e. use linear 

interpolation to locate between this cell and the next one where the edge would be. 

                                                 add to the list of points for the leading edge. 

                                                ) 

                                ) 

                if no ( 

                                Check whether you can advance 1 cell in the downstream 

circumferential direction 

                                if yes ( 

                                                advance 1 cell in the downstream circumferential direction 

                                if no ( 

                                                at maximum spray penetration. Again record the coordinates 

the cell concentration would cross the threshold value, i.e. use linear interpolation to locate 

between this cell and the next one where the edge would be. Record as the leading edge of 

the penetration. 

                                                ) 

                )  
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VI. Schlieren and Mie imaging techniques 

 

The Schlieren technique is particularly sensitive to the differences in density between the 

spray and surrounding air. This technique was used to capture vapour and liquid 

penetration length, since liquid Diesel spray evaporates quickly leaving only relative small 

liquid core. Figure 38 shows the schematic layout of the Schlieren technique which, a 

source of light emits through a pinhole in a metal plate and passes through a positive lens 

in distance f. The light beams then become parallel and pass through a medium. 

Subsequently the light will be converged by the second positive lens and breach through 

the second pinhole where the camera is mounted. Any sufficient density gradient will be 

captured by light deflection which misses the pinhole in the plate.  For more details the 

reader is guided to [42]. 

 

 
Figure 38. A schematic layout of the typical Schlieren technique [43]. 

 

 

The Mie scattering technique is commonly used for liquid phase visualization. Mie 

scattering detects the total droplet surface which, for spherical droplets with a diameter 

significantly larger than the wavelength, is proportional to the droplet surface. Thus, high 

scattering intensity can be related to large droplets or large number of small droplets, or a 

combination of both, etc. In this particular measurement, the scattered light from droplets 

was imaged by the high-speed camera synchronized with the wavelength of 532 nm (2nd 

harmonic of Nd:YAG laser). Note that all images were acquired at the same framing rate 

of 41,025 frames/s. 
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VII. Complete listing of itape5 with all engine and simulation conditions 

 

Irest 0

Eddy 0

nohydro 0

Lwall 1

Lpr 0

Irez 2

ncfilm 99999

nctap8 99999

nclast 99999

ncsave 99999

ncmon 25

ncaspec 1

gmv 1

cafilm 9.99E+09

cafin 10

angmom 1

pgssw 0

dti 1.00E-07

dtmxca 1

dtmax 3.33E-06

tlimd 1

twfilm 9.99E+09

twfin 9.99E+09

fchsp 0.25

bore 6.35

stroke 20.9

squish 2.1

rpm 6.66E+02

atdc -2.5

datdct 0

revrep 2
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conrod 14.5

swirl 0

swipro 3.11

thsect 51.42857

sector 1

epsy 1.00E-03

epsv 1.00E-03

epsp 1.00E-04

epst 1.00E-03

epsk 1.00E-03

epse 1.00E-03

gx 0

gy 0

gz 0

tcylwl 400

thead 400

tpistn 400

pardon 0

a0 0

b0 1

artvis 0

ecnsrv 0

adia 0

anu0 0

visrat -0.66667

tcut 4000

tcute 4000

epschm 0.02

omgchm 1

turbsw 4

sgsl 6.60E-02

trbchem 0

capa 18
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pmplict 2

lospeed 0

airmu1 1.46E-05

airmu2 110

airla1 252

airla2 200

prl 0.74

rpr 1.11

rsc 1.11

xignit 0

t1ign 9.99E+09

tdign -1

ca1ign 0

cadign 0

xignl1 0.25

xignr1 0.75

yignf1 0

yignd1 0.238

zignb1 1.75

zignt1 2

xignl2 0

xignr2 0

yignf2 0

yignd2 0

zignb2 0

zignt2 0

kwikeq 0

numnoz 2

numvel1 56

numvel2 43

injdist 0

kolide 1

t1inj1 -1
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tdinj1 -1

ca1inj1 -1.75

cadinj1 4.47

tspmas1 0.0206

pulse1 7

tnparc1 5000

fl_vel1 44398.54

t1inj2 -1

tdinj2 -1

ca1inj2 -1.25

cadinj2 3.44

tspmas2 0.0147

pulse2 5

tnparc2 5000

fl_vel2 45206.43

tpi 453.15

turb 1

breakup 1

evapp 1

drnoz1 0.2005

dznoz1 22.2

dthnoz1 30

tiltxy1 30

tiltxz1 45

cone1 15

dcone1 15

anoz1 8.01E-05

smr1 7.25E-03

amp1 0

drnoz2 0.1269

dznoz2 21.9

dthnoz2 30

tiltxy2 30



SIMULATION OF SPRAY FORMATION AND MIXING IN DIESEL ENGINES WITH NOVEL INJECTOR DESIGNS 

Appendix 

 
 

100 
 

tiltxz2 125

cone2 15

dcone2 15

anoz2 8.01E-05

smr2 7.25E-03

amp2 0

velprof 

nsp 12

df2 

is...o2. mw2     32.000 

htf2       0.0

is...n2. mw3     28.016 

htf3       0.0

is..co2. mw4     44.011 

htf4   -93.965

is..h2o. mw5     18.016 

htf5   -57.103

is...co. mw6     28.010 

htf6   -27.200

is...h2. mw7      2.016 

htf7       0.0

is....r. mw8    115.000 

htf8       0.0

is....b. mw9    230.000 

htf9       0.0

is....q. mw10   230.000 

htf10      0.0

is.soot. mw11     1.0e6 

htf11      0.0

is...no. mw12    30.008 

htf12      0.0

stoifuel 2

stoio2 37
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nreg 1

'presi', 1.50E+06

'tempi', 293

'tkei', 0.1472

' scli', 0

' er', 0

'mfracfu ',   0.0

'mfraco2 ',   0.0

'mfracn2 ',   1.0

'mfracco 2',  0.0

'mfrach2 o',  0.0

'mfrach' ,    0.0

'mfrach2 ',   0.0

'mfraco' ,    0.0

'mfracn' ,    0.0

'mfracoh ',   0.0

'mfracco ',   0.0

'mfracno ',   0.0

nrk 0

nre 0

nvalves 0

isoot 0
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VIII. Liquid mass fraction for single-row and two-row injectors 

Single-Row Injector Two-Row Injector 

0.137 ms ASOI 0.137 ms ASOI 

0.237 ms ASOI 0.237 ms ASOI 

0.387 ms ASOI 0.387 ms ASOI 

0.538 ms ASOI 0.538 ms ASOI 

 


