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Abstract 

Title: An Improved Fuel Spray Breakup Model for Advanced Internal Combustion Engine 

Configurations. 

Author: Chitra Sadanandan 

Advisor: Dr. Gerald Micklow, Ph. D. 

Lack of oil resources and increasing effects of global warming have emphasized and led to 

stricter regulation standards. To meet the current demands, the engines need to be highly 

efficient in terms of fuel efficiency and performance. One of the fundamental ways to 

achieve this goal is by studying the fuel atomization and the combustion process. However, 

there are several challenges involved in studying the process of atomization and 

combustion only through experimental approaches as they involve numerous parameters. A 

suitable supplement or alternative to the experimental approach is the numerical approach. 

Advances in high performance computing, have led to advancement in the study of fluid 

flows. Several programs have been developed for studying sprays in an engine. KIVA, is 

one of the earliest computer programs written for the numerical calculation of transient, 

two and three dimensional, chemically reactive fluid flow. It has the ability to calculate air 

flows in complex geometries with fuel spray dynamics and evaporation, mixing of fuel and 

air, and combustion with resultant heat release and exhaust product formation. Based on 

user feedback, this program has been improved several times. This work is based on 

KIVA-3V.  

The main focus of this thesis is the Taylor Analogy breakup (TAB) model in KIVA-3V. 

The TAB model is based on the analogy between an oscillating droplet and a spring mass 
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system. Several studies conducted using this model have unanimously reported 

inaccuracies due to its small breakup time and its inability to accurately predict the droplet 

breakup. The small breakup time associated with model can be traced back to its two 

proportionality constants related to the aerodynamic and the surface tension forces. 

Changes in the value of these constants has been reported to influence the breakup time. A 

new breakup time associated with the intact breakup length is connected to the 

proportionality constants. The breakup model is modified to incorporate all the changes. 

The new modified breakup model is validated against three different experimental data. In 

all the cases, there is an agreement between the numerical and the experimental data. 
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Chapter 1 Introduction 

1.1 Background 

 The growing demand for oil, lack of fuel resources and pollution have facilitated a huge 

demand for engines, which are better in terms of performance, fuel efficiency and adhere to 

the strict emission standards set by the regulation agencies. 

Technological advancements lead to an exponential increase in the computing power, 

which in turn was responsible in opening new frontiers in the study of fluid flow. 

Computational fluid dynamics(CFD) has become an important tool in the analysis of flow 

over or within an object. Extensive application of CFD has been found in the field of fuel 

injection and combustion as the phenomenon involved in these processes are complex and 

experimental techniques alone are not sufficient to accurately predict the performance of an 

engine. In addition, application of CFD in these field have led to an overall reduction in the 

development time and cost. 

As earlier mentioned, technological advancements have made spray modeling an integral 

part of the engine design process. The main goal of spray modeling is to present an 

accurate description of the fluid flow and its behavior under a given scenario. Some of the 

important parameters in spray modeling include accurately capturing atomization, spray 

penetration and droplet mean radius. 

1.2 Objective 

This work mainly focuses on the TAB (Taylor Analogy Breakup) model [1] associated 

with the software KIVA-3V [2]. Inaccurate description of the fluid flow has been reported 

in the earlier studies, which used TAB model for describing the breakup in a spray. The 
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aim of this thesis is to identify the cause for this inaccuracy and to correct it. The modified 

model will be validated against experimental data to confirm the degree of its accuracy. 

1.3 Thesis Layout 

Chapter 2 presents a review on the current literature available in the field of fuel sprays. It 

briefly summarizes the different regimes and stages of droplet and jet breakup. It also 

provides a brief summary on the cause and effect of different fuel and gas properties on the 

spray parameters. 

Chapter 3 describes the software tool KIVA-3V. It briefly covers the governing equation, 

numerical scheme and the program structure of KIVA-3V. 

Chapter 4 discusses about the governing equations related to the TAB model, the 

inaccuracies associated with it and proposes changes to correct these inaccuracies. It also 

provides a general algorithm to accommodate all the changes. 

Chapter 5 describes the details related to the experiments used to validate the code. After 

the description of each experiment section the results are presented. 

Chapter 6 presents the conclusion. 
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Chapter 2 Spray Dynamics 

2.1 Introduction 

Rising prices of the oil for the past few decades has prompted the need for an efficient 

engine. In addition to rising fuel prices, pollution and its impact on the environment lead to 

the requirement of a fuel economical, environment friendly, powerful and efficient engine. 

As a result, direct injection engines became popular because of their efficiency and high 

duty performance. These traits of direct injection engine can be primarily attributed to their 

high compression ratios, which can only be achieved through direct injection of the fuel. 

Spray evolution, distribution and droplet size play a key role in the efficiency of a direct 

injection engine. These parameters control the mixing rate and in turn control the 

combustion and emissions produced by an engine. Hence, understanding the controlling 

parameters and its characteristics will enable us to control theses variables through better 

designed nozzles, which can be used to improve the efficiency of an engine. 

There has been a huge interest in understanding the controlling mechanism responsible for 

the spray breakup and over the past century, much research has been done to identify these 

parameters and different regimes of breakup. This chapter will represent a brief summary 

of the work done towards understanding sprays. 

2.2 Droplet Breakup 

Ranz [3] pointed out that the mechanism for the breakup of jet should be same as that for 

the droplets that are formed from the jet. Mechanisms involved in the breakup of a single 

liquid drop are of interest as they form the foundation of atomization study. When 

atomization occurs as a result of interaction between liquid and surrounding air, one of the 

major mechanism is that of a large drop splitting into smaller ones. Thus, before 
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considering cases of practical atomization process, it is important to look at the elementary 

case of a droplet breakup. 

Many larger drops produced in the initial disintegration process are unstable and 

disintegrate further into smaller drops. The final range of drop sizes produced in a spray 

depend not only on the primary atomization, but also on the secondary breakup. Thus, 

breaking up of a drop could be classified into two stages. 

2.2.1 First breakup stage - Primary breakup  

Here, the drop undergoes a shape change. When a liquid drop is exposed to a steady air 

stream, the drop is influenced by the variation in the distribution of air pressure around the 

drop. The aerodynamic pressures cause the drop to distort from a spherical shape to a 

flattened shape. Before the equilibrium is destroyed, the drop will continue to deform 

without disintegrating. Though, no actual breakup happens in this region, it is an integral 

part of the break up process as distortion is known have a significant effect on the drag 

coefficient [4]. 

2.2.2 Second breakup stage - Secondary breakup  

During the second stage, the distorted drops undergo disintegration. Three breakup regimes 

are observed, as the relative velocity is increased. The mechanism involved in each of the 

regimes is different. More details on each of the regime is provided in the following 

sections. 

The bag breakup regime appears when the air stream velocity is relatively low. The 

accelerating drop becomes increasingly flattened. At a critical relative velocity, the 

flattened drop becomes thin enough that it presents a concave surface. It forms a thin 

hollow bag attached to a circular rim. An illustration of this can be seen in Fig 2.1. 
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Fig 2-1 Illustration of Different Droplet Breakup [5]. 

The next stage is marked by the appearance and growth of holes on the bag sheet. Due to 

the aerodynamic pressure, the holes enlarge to form liquid filaments. These filaments 

formed between the holes causes the bag to rupture and disintegrate. Upon disintegration, 

the filament goes on to produce small and tiny drops whereas the rim, which contains most 

of the mass, forms larger drops [4]. 

The Boundary layer stripping breakup regime is also called the shear breakup regime. As 

velocity is increased further, the breakup starts occurring at the edges of the flattened drop 

due to bending. It can be noted from Fig 2-1, the drops are deformed in the opposite 

direction. The edges of the drops are drawn out into thin sheets as a result of drag forces. 

The bending at the edge leads to the production of folds, which further leads to the 

production of ligaments, which are then broken into small droplets. 

As the air velocity is increased further, catastrophic breakup phenomenon occurs. In this 

regime, there is an unstable growth of capillary waves on the flattened drop surfaces. As 
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illustrated in Fig 2-1. The drop is flattened significantly, with its convex surface facing 

towards the flow of air. Similar to the boundary layer stripping regime, combined action of 

bending and folding at the edges of the drop causes it to break into finer droplets, 

exhibiting catastrophic characteristics. 

2.3 Disintegration of liquid jets 

When a liquid emerges from a nozzle in a cylindrical form, there exist a competition 

between the integrating and the disintegrating forces. These forces give rise to oscillations 

and perturbations on the liquid surface. A detailed review on the disintegration of the liquid 

can be found in the Lefebvre [6]. 

2.3.1  Regimes of Breakup 

A qualitative representation of the jet breakup phenomenon is shown in Fig 2-2. 

 

Fig 2-2 Liquid Jet breakup length curve as a function of velocity [7]. 

The breakup curve describes the coherent portion of the liquid jet as a function of jet 

velocity. When a liquid is made to flow through an orifice into a chamber of gas, four 
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major regimes of jet disintegration have been observed [8]. An illustration of all the 

regimes is show in Fig 2-3. 

 

Fig 2-3 Illustration of jet breakup using a) Rayleigh b) Laminar-turbulent transition 

c) Turbulent (low viscosity liquid, short wave growth) d) Turbulent (Viscous liquid 

jet, long wave growth) e) Jet atomization [7] . 

The region A-B is called the drip, where the low emergent fluid velocity leads to the 

formation of single drops at the exit of the nozzle. The region B-C is the Rayleigh breakup 

region. The breakup of the jet in this region is mainly due to the axisymmetric oscillations 

initiated by an initial disturbance. These are further amplified by the surface tension forces. 

In this regime, the jet breaks up into droplets, which are of the order equal to that of the 

nozzle diameter. Diameter of the drops are determined from the most unstable wavelength, 

which is given by Rayleigh's theory. 

The regime C-E represents the transition from laminar to turbulent instability regime. 

Droplet sizes in this region are of the order equivalent to that of the nozzle diameter. The 

forces responsible for the breakup include both the surface tension as well forces caused 

due to the relative motion between the jet and the gas. The effect of gas viscosity on the jet 

in this region is negligible. 
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The region E-F is the turbulent flow regime. This regime is characterized by the three-

dimensional stripping of the droplets from the coherent liquid jet. Droplets found in this 

regime are much smaller than the dimension of the nozzle diameter. The growth of the 

unstable waves on the surface of the jet are caused by the drag forces at the liquid and the 

gas interface. However, it should also be noted that the unstable wave growth is opposed 

by the surface tension forces. 

The region to the right of F is the atomization regime. Droplets found in this region are 

smaller than the jet diameter. In this regime, the jet conceptually consists of a liquid core 

surrounded by a collection of drops that begin at or very near to the nozzle. Earlier studies 

defined it as a region when the observed intact core length is almost zero [9]. However, 

later studies found the existence of a continuous portion of liquid column even if the 

velocity is high. 

This is the region of interest in direct injection engines. It provides fine liquid droplets, 

which are required for rapid mixing of gas and liquid during practical purposes. An 

experimental analysis of the atomization region has been difficult, as the dense spray near 

the nozzle obscures the details of the breakup. Hence the mechanisms involved in the 

atomization regime has been a topic of research and debate over the last century. 

2.4 Spray Characteristics 

Spray characteristics play an important role in the design of high quality diesel engines. Fig 

2-4 shows the main parameters of a spray. Understanding the relation between the sprays 

parameters and their effect on disintegration, will help in understanding the physics behind 

the spray formation and thereby leading to creation of better designed nozzles. The 

following sections represent a brief summary of different parameters and their effects.  
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Fig 2-4 Important parameters related to a spray [10]. 

2.4.1 Breakup Length 

Earlier studies of Heanlin [9] showed that the breakup length was zero, even if the velocity 

was high. However, this was disproved by other studies conducted by McCarthy and 

Molloy [11]. Hiroyasu [12] measured this length by using an electrical resistance whereas 

Bracco [13] measured the breakup length using fine needles and screens. Hiroyasu [12] and 

Arai [14] proposed that the breakup length increases with the jet velocity up to a point, 

beyond which any further increases in velocity causes breakup length to decline. This can 

be seen in Fig 2-5. Breakup length is also influenced by a number of other parameters. 

These parameters are discussed in the following sections. 
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Fig 2.5.  

Hiroyasu [12] studied the breakup of high velocity water jets at atmospheric pressure for 

varying nozzle length-diameter (𝑙𝑜/𝑑𝑜) ratios. Fig 2-5a shows that the breakup length 

increases with the injection velocity up to a velocity of 60 m/s, beyond which any further 

increase in the jet causes the breakup length to decline. It was concluded in this study that 

in order to increase the breakup length, the ratio of 𝑙𝑜/𝑑𝑜 should be set to 4 or 50. 

Fig 2-5b demonstrates the effect of  𝑙𝑜/𝑑𝑜 and the injection velocity on the breakup length 

at higher ambient pressure of 3 MPa or 30atm. At the higher pressure, it can be noted that 

the breakup length is much smaller when compared to the case of ambient atmospheric 

pressure. Also, the effect of 𝑙𝑜/𝑑𝑜decreases as a result of large aerodynamic forces acting 

on the jet surface when compared to smaller hydrodynamic instabilities generated in the 

nozzle. 

A more detailed effect of ambient pressure on breakup length can be in seen in Fig 2-6 . A 

30-fold increase in gas pressure produces a three-fold reduction in the breakup length [4]. 

For all the pressures the breakup length increases with the injection velocity up to a point 

of 60 m/s, beyond that point any increase in the velocity causes the breakup length to 

decrease. 

 

a) b) 
 

Fig 2-5 Effect of 𝒍𝒐/𝒅𝒐  on jet breakup length a) At atmospheric pressure and b) High 

ambient pressure [12]. 
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Fig 2-6 Influence of Ambient pressure on breakup length [12]. 

2.4.2  Cone angle  

Generally, spray angle is defined as the angle formed by two straight lines drawn from the 

discharge orifice. Spray angle is known to be influenced by nozzle dimension, liquid 

properties, and the density of the medium into which the fuel is sprayed. 

Risk and Lefebvre [15] estimated the values of cone angle for different nozzle dimensions 

numerically. The numerical results predict that an increase in the orifice diameter produces 

a wider cone angle. The results obtained by them is shown in Fig 2-7. 

 

Fig 2-7 Variation of Cone angle with orifice diameter [15]. 
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Fig 2-7 shows the effects of varying the orifice diameter on the cone angle. It is seen that 

increase in the orifice diameter produces a wider cone angle. It can also be noted that any 

increase in the injection pressure, also widens the cone angle. However, this effect is small 

when compared to the effect orifice diameter. The experimental result confirms the trend. 

The influence of liquid density on cone angle is illustrated in the Fig 2-8. It can be 

observed that the spray angle slightly widens with increase in the density. 

 

Fig 2-8 Effect of liquid density on Cone angle [15]. 

Viscosity is a very important parameter for the cone angle. It modifies the flow of a liquid 

by friction caused within the body of the fluid as well as the friction caused by the 

boundary between liquid and its containing walls [6]. It is found that the cone angle 

decreases with increase in viscosity. But the degree of this effect also depends on the kind 

of nozzle used in the application. 

Several authors have studied the effect of ambient gas pressure on spray angle. One of the 

first to carry out this investigation were De Corso and Kemeny [16], who found that 

equivalent spray angle is an inverse function of 𝑃𝐴
1.6, where 𝑃𝐴 stands for ambient pressure. 

They attributed the phenomenon of decreasing spray angle to be caused by the 

aerodynamic effects caused due to the motion of liquid spray as it travels through the 

ambient gas. Ortman and Lefebvre [17] found in their study that, an increase in the gas 

pressure above normal atmospheric pressure causes the spray to contract sharply. However, 
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with continuing increase in gas pressure, the rate of spray contraction decreases to a point 

where any further increase in ambient pressure has no influence on the spray angle. This is 

illustrated in Fig 2-9. 

 

Fig 2-9 Influence of ambient pressure on equivalent spray angle [17]. 

The effect of injection pressure on cone angle was reported in the research of Neya and 

Sato [18].Their research found that the spray angle contracts with increase in liquid 

pressure up to a certain point. There after any further increase in injection pressure has no 

observable effects on spray angle. 

2.4.3  Penetration 

Penetration may be defined as the maximum distance the spray reaches when injected into 

stagnant air. It is governed by the relative magnitudes of two opposing forces, the kinetic 

energy of the initial liquid jet and the aerodynamic resistance of the surrounding gases [6]. 

Spray penetration is a prime factor in optimum engine performance, as a case of over 

penetration can result in an impingement on the walls of the combustion chamber and lead 

to inadequate combustion whereas under penetration can hamper the performance of an 

engine due to inadequacy in mixing of fuel and air and thus effecting the efficiency of an 

engine. A number of studies have been carried out on spray penetration. The result of these 

studies have been reviewed by Hiroyasu [12]. Siebers [19] investigated the effect of 
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various parameters on the liquid penetration in diesel fuels. A brief summary of his 

investigation is given below. 

Fig 2-10 illustrates the effect of orifice diameter on the liquid length. The terms in the 

legend stand for ambient temperature(T), density(ρa), Orifice pressure drop(△Pf) and the 

fuel. The dominant trend observed from Fig 2-10 is that the liquid length or penetration is 

linearly dependent on the orifice diameter. This linear relationship is observed to be 

independent of all other parameters examined. 

 

Fig 2-10 Liquid Length V/S Orifice diameter. 

Fig 2-11 shows liquid length as a function of ambient density for five different gas 

temperature. The plot shows that the ambient gas density has a strong, nonlinear effect on 

the liquid length. As the gas density increases, the liquid length decreases, but at a 

decreasing rate with an increasing density. 
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Fig 2-11 Liquid length V/S Ambient gas density. 

Fig 2-12 shows that the gas temperature has a strong effect on the liquid length. As the gas 

temperature is increased, the liquid length decreases. However, the effect of temperature is 

less nonlinear than the effect of density over the temperature range examined. 

 

Fig 2-12 Liquid Length V/S Temperature. 
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2.4.4  Drop size 

The threads and ligaments formed during the atomization process of a spray vary widely in 

their sizes. As a result, so do the droplets formed by the breakup of theses threads and 

ligaments. Therefore, in any practical condition, it is very difficult to generate a uniform 

distribution of spray. Hence, drop size distribution is a very important parameter in the 

study of sprays. Some of the functions, most frequently used in the analysis and correlation 

of drop size data are the Rosin-Rammler [20] and the modified Rosin-Rammler [21]. More 

details on them can be found in the references linked to them. 

The distribution of drop sizes is generally represented as function of two parameters, one 

of which is a representative diameter and the other a measure of the range of drop sizes. 

Table 2-1 contains a list of mean diameters generally used. 

Table 2-1 Representative diameters [6]. 

a b Symbol 
Name of mean 

diameter 
Expression 

1 0 𝐷10 Length ∑ 𝑁𝑖𝐷𝑖/ ∑ 𝑁𝑖 

2 0 𝐷20 Surface area (∑ 𝑁𝑖𝐷𝑖
2/ ∑ 𝑁𝑖) 

1/2

 

3 0 𝐷30 Volume (∑ 𝑁𝑖𝐷𝑖
3/ ∑ 𝑁𝑖) 

1/3

 

2 1 𝐷21 
Surface area-

length 
∑ 𝑁𝑖𝐷𝑖

2/ ∑ 𝑁𝑖𝐷𝑖 

3 1 𝐷31 Volume-length (∑ 𝑁𝑖𝐷𝑖
3/ ∑ 𝑁𝑖 𝐷𝑖) 

1/2

 

3 2 𝐷32 
Sauter mean 

diameter 
∑ 𝑁𝑖𝐷𝑖

3/ ∑ 𝑁𝑖𝐷𝑖
2 
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The mean diameters shown in Table 2-1 are chosen with respect to the advantages they 

offer in each application. 

A study was conducted by Arai [14] with the aim of understanding the effects of viscosity, 

surface tension and the ambient pressure on the droplet size. He used laser diffraction 

technique to measure the droplet sizes. A brief summary of his results is presented in the 

following sections. 

Fig 2-13 shows the effect of viscosity on the sauter mean diameter(SMD). When viscosity 

of liquid is over a certain value, the sauter mean diameter increases rapidly. It can also be 

noted that this steep increase also tends to occur earlier with increase in the diameter of the 

orifice.   

 

Fig 2-13 Viscosity and Nozzle Diameter V/S SMD. 

Fig 2-14 shows the effect of ambient pressure on the droplet diameter. Under a low 

injection pressure, the SMD decreases with an increase in ambient pressure. However, at 

high injection pressure, the SMD decreases with an increase in the ambient pressure. 
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Fig 2-14 Ambient Pressure V/S SMD. 

Fig 2-15 shows the effect of surface tension on the diameter of a droplet. At low injection 

pressures, the SMD decreases with increases in the surface tension. However, these effects 

tend to decrease at higher injection pressures.  

 

Fig 2-15 Surface tension V/S SMD. 
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Chapter 3 Computational Analysis 

3.1 Introduction 

Processes involved in combustion are complex, and involve numerous parameters. As 

parameters involved are numerous, experimental approaches alone are too expensive and 

difficult to accurately predict the performance of a combustion system. Advances in high 

performance computing, made it a suitable supplement to experimentation in some cases, 

and while in others cases to aid experimentation process to accurately predict engine 

performance. Numerical algorithms coupled with high computing power lead to the 

development of numerous programs, such as the KIVA and its predecessor's like the 

APACHE which could simulate the combustion air flow, fuel sprays, and combustion in 

practical combustion devices [22]. 

KIVA is a computer program for the numerical calculation of transient, two and three 

dimensional chemically reactive fluid flows with sprays. The equations and the numerical 

solution procedure in KIVA can be applied to both laminar or turbulent flows, subsonic or 

supersonic flows, and single-phase or dispersed two-phase fluids. A stochastic particle 

method is used to calculate evaporating liquid sprays, including effects of droplet collision 

and aerodynamic breakups. It has the ability to calculate air flows in complex geometries 

with fuel spray dynamics and evaporation, mixing of fuel and air, and combustion with 

resultant heat release and exhaust-product formation. Based on the user feedback received 

after its initial release, modifications have been done to the original code and several 

versions of KIVA have been released since its inception in the 1980's [2, 23, 24]. This 

work is based on KIVA-3V [2]. 

The following sections will illustrate the basic structure of KIVA [2, 23, 24] . 
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3.2 KIVA 3V Nomenclature 

Table 3-1 KIVA 3V Nomenclature. 

𝜌𝑚 Mass density of species m. 

𝜌 Total mass density. 

𝑢 Fluid velocity. 

𝐷 Single Diffusion coefficient ( From Fick's Law) 
�̇�𝑚

𝑐  
Source term due to chemistry. 

�̇�𝑠 Source term due to spray. 

𝑝 Fluid Pressure. 

𝛼 
Dimensional quantity used in conjunction with the Pressure Gradient 

Scaling method. 

𝐴𝑜 0 for Laminar flow and 1 for Turbulent flows. 

𝑘 
Turbulent kinetic energy. 

𝜎 Viscous stress tensor. 

𝐹𝑠 Rate of momentum gain per unit volume due to spray. 

𝑔 
Specific Body force. 

𝐼 
Specific internal energy, exclusive of chemical energy. 

𝐽 Heat flux vector, which is the sum of contribution due to heat 

conduction and enthalpy diffusion. 

휀 
Dissipation rate 

�̇�𝑐 
Source term due to chemical heat release. 

�̇�𝑠 
Source term due to spray interactions. 

𝑘 
Turbulent Kinetic energy 

휀 
Dissipation rate. 

�̇�𝑠 
Source term arising due to the interaction with spray. 
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𝑓 
Drop distribution function. 

𝐹 
Time rate of change of velocity of a drop. 

𝑅 
Time rate of change of radius of a drop. 

�̇�𝑑 
Time rate of change of temperature of a drop. 

�̇� 
Time rate of change of oscillations. 

�̈� 
Time rate of change of oscillation velocity �̇�. 

𝑓�̇�𝑜𝑙𝑙 Source term due to collision. 

𝜎 
Collision transition probability function. 

𝑓�̇�𝑢 
Source term due to breakup. 

𝐶𝐷 
Drag coefficient. 

𝑔 
Gravitational force. 

𝑆ℎ𝑑 
Sherwood number for mass transfer. 

𝑌1
∗ 

Fuel vapor mass fraction at the surface. 

𝑌1 
Fuel vapor diffusivity in air. 

𝑐𝑙 Liquid specific heat. 

𝐿(𝑇𝑑)  
Latent heat of vaporization. 

𝑄𝑑 
Rate of heat conduction to the droplet surface per unit area. 

µ𝑙(𝑇𝑑) 
Viscosity of the liquid. 

�̇�𝑠 Negative of the rate at which the turbulent eddies are doing work in 

dispersing the spray droplets. 
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3.3  Governing Equations 

Unsteady equations of motion of a turbulent, chemically reactive mixture of ideal gases is 

coupled to the equations for a single component vaporizing fuel spray and is solved in 

KIVA. Following section summarizes the main equations used in KIVA. 

3.3.1  Equations of motion for the gas phase 

Equations 3.1 to 3.4 represent the continuity, momentum and the internal energy equation 

for the gas phase. 

𝜕𝜌𝑚

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑚𝑢) = 𝛻 ∙ [𝜌𝐷𝛻 (

𝜌𝑚

𝜌
)] + �̇�𝑚

𝑐 + �̇�𝑠𝛿
𝑚1 (3.1) 

By summing equation (3.1) over all species and as mass in conserved in chemical 

reactions, we obtain 

𝜕𝜌

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑢) =  �̇�𝑠 (3.2) 

𝜕(𝜌𝑢)

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑢𝑢) = (−

1

𝛼2
) 𝛻𝑝 − 𝐴𝑜𝛻 (

2

3
𝜌𝑘) + 𝛻 ∙ 𝜎 + 𝐹𝑠 + 𝜌𝑔 (3.3) 

𝜕(𝜌𝐼)

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑢𝐼) =  −𝑝𝛻 ∙ 𝑢 + (1 − 𝐴𝑜)𝜎: 𝛻𝑢 − 𝛻 ∙ 𝐽 + 𝐴𝑜𝜌휀 + �̇�𝑐 + �̇�𝑠 (3.4) 

The above equations can be used to solve for both laminar and turbulent flows. The mass, 

momentum and the energy equation for the two differ primarily in the form and magnitude 

of transport coefficients such as viscosity, thermal diffusivity and species diffusivity. In the 

turbulent case, the transport coefficients are derived from a turbulent diffusivity that 

depends on the turbulent kinetic energy and its dissipation rate. Hence, if the turbulence 

models are used, two additional transport equations are solved. These equations are given  
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below. 

𝜕(𝜌𝑘)

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑢𝑘) = (−

2

3
) 𝜌𝑘𝛻 ∙ 𝑢 +  𝜎: 𝛻𝑢 + 𝛻 ∙ [(

µ

𝑃𝑟𝑘
) 𝛻𝑘] −  𝜌휀 + �̇�𝑠 (3.6) 

Together, equation 3.5 and 3.6 are called the standard  𝑘 − 휀 equations with some added 

terms. The quantities 𝑐 1,  𝑐 2, 𝑐 3, 𝑃𝑟𝑘 , and 𝑃𝑟  are constants whose value are determined 

from experiments and some theoretical considerations. Standard values are generally used 

in engine calculations and they are given in Table 3-2. 

Table 3-2 Standard values of k-ε Turbulence Model Constants. 

𝑐 1  𝑐 2 𝑐 3 𝑃𝑟𝑘 𝑃𝑟  

1.44 1.92 -1.0 1.0 1.3 

3.3.2  Equations of motion for spray droplets 

To calculate the mass, momentum, and the energy exchange between the spray and the gas, 

there should be an account for a distribution of drop sizes, velocities and temperatures. In 

addition to the above, droplet oscillations, distortions, breakup and the effects of collisions 

and coalescences must also be considered while modeling engine sprays. 

A mathematical formulation capable of representing the above complex physical processes 

is the spray equation formulation. In this formulation, we solve for droplet probability 

distribution, 𝑓. Given by, 

𝑓(𝑥, 𝑣, 𝑟, 𝑇𝑑 , 𝑦 , �̇�, 𝑡)𝑑𝑣 𝑑𝑟 𝑑𝑇𝑑  𝑑𝑦 𝑑�̇� 

𝜕(𝜌휀)

𝜕𝑡
+ 𝛻 ∙ (𝜌𝑢휀)

= − (
2

3
𝑐 1 − 𝑐 3) 𝜌휀𝛻 ∙ 𝑢 + 𝛻 ∙ [(

µ

𝑃𝑟
) 𝛻휀] + (

휀

𝑘
)[𝑐 1𝜎: 𝛻𝑢

− 𝑐 2 𝜌휀 + 𝑐𝑠�̇�𝑠 

(3.5) 



24 

 It is a function of ten independent variables in addition to time. Among the ten, there are 

three droplet position components 𝑥, three velocity components 𝑣, equilibrium radius  𝑟, 

temperature 𝑇𝑑, distortion from sphericity 𝑦, and the time rate of change 𝑦 , ie �̇�. The 

dimensional quantity 𝑦 is proportional to the displacement of the droplet surface from its 

equilibrium position divided by the droplet radius 𝑟. It can also be defined as the probable 

number of droplets per unit volume at position 𝑥 and time 𝑡 with velocities in the interval 

(𝑣, 𝑣 + 𝑑𝑣), radii in the interval (𝑟, 𝑟 + 𝑑𝑟), temperatures in the interval (𝑇𝑑 ,  𝑇𝑑 + 𝑑𝑇𝑑), 

and displacement parameters in the intervals (𝑦, 𝑦 + 𝑑𝑦) and (�̇�, �̇� + 𝑑�̇�). 

The time evolution of 𝑓 is obtained by solving a form of the spray equation given by, 

𝜕𝑓

𝜕𝑡
+ 𝛻𝑥 ∙ (𝑓𝑣) + 𝛻𝑣 ∙ (𝑓𝐹) +

𝜕(𝑓𝑅)

𝜕𝑟
+

𝜕(𝑓�̇�𝑑)

𝜕𝑇𝑑
+

𝜕(𝑓�̇�)

𝜕𝑦
+

𝜕(𝑓�̈�)

𝜕�̇�
= 𝑓�̇�𝑜𝑙𝑙 + 𝑓�̇�𝑢 (3.7) 

𝑓�̇�𝑜𝑙𝑙 is the source term due to collision and is given by, 

𝑓�̇�𝑜𝑙𝑙 = 1/2 ∬ 𝑓 (𝑥, 𝑣1, 𝑟1, 𝑇𝑑1
, 𝑦1 , �̇�1, 𝑡)𝑓(𝑥, 𝑣2, 𝑟2, 𝑇𝑑2

, 𝑦2 , �̇�2, 𝑡)(𝑟1 + 𝑟2)2|𝑣1 + 𝑣2| 

                     {𝜎(𝑣, 𝑟, 𝑇𝑑 , 𝑦, �̇�, 𝑣1, 𝑟1, 𝑇𝑑1
, 𝑦1 , �̇�1, 𝑣2, 𝑟2, 𝑇𝑑2

, 𝑦2 , �̇�2 

                    −𝛿(𝑣 − 𝑣1)𝛿(𝑟 − 𝑟1)𝛿(𝑇𝑑 − 𝑇𝑑1
)𝛿(𝑦 − 𝑦1)𝛿(�̇� − �̇�1)} 

                   −𝛿(𝑣 − 𝑣2)𝛿(𝑟 − 𝑟2)𝛿(𝑇𝑑 − 𝑇𝑑2
)𝛿(𝑦 − 𝑦2)𝛿(�̇� − �̇�2)} 

                     𝑑𝑣1 𝑑𝑟1 𝑑𝑇𝑑1
 𝑑𝑦1 𝑑�̇�1𝑑𝑣2𝑑𝑟2𝑑𝑇𝑑2

𝑑𝑦2𝑑�̇�2 (3.8) 

where, 𝜎  is defined as the collision transition probability function. Then 

𝜎 𝑑𝑣 𝑑𝑟 𝑑𝑇𝑑  𝑑𝑦 𝑑�̇� is the probable number of drops with properties in the implied 

intervals that result from a collision between a droplet with subscript 1 properties and one 

with the subscript 2 properties. 

𝑓�̇�𝑢 is the source term due to breakup and is given by, 



25 

𝑓�̇�𝑢

= ∫ 𝑓(𝑥, 𝑣1, 𝑟1, 𝑇𝑑1
, 𝑦1 , �̇�1, 𝑡)𝐵( 𝑣, 𝑟, 𝑇𝑑 , 𝑦, �̇�, 𝑣1, 𝑟1, 𝑇𝑑1

, �̇�1, 𝑥, 𝑡)𝑑𝑣1 𝑑𝑟1 𝑑𝑇𝑑1
𝑑�̇�1 

(3.9) 

where, 𝐵 is defined as the breakup transition probability function. Then 𝐵𝑑𝑣 𝑑𝑟 𝑑𝑇𝑑  𝑑𝑦 𝑑�̇� 

is the probable number of droplets with properties in the implied intervals that are 

produced by the breakup of a droplet with subscript 1 properties. In simpler terms, 

equation 3.9 implies that when a droplets distortion y exceeds unity, it breaks up into a 

distribution of smaller drops given by 𝐵. 

As stated earlier F is change in the velocity of the droplet or can be called droplet 

acceleration. It is given by  

𝐹 = (
3

8
) (

𝜌

𝜌𝑑
) (

|𝑢 + 𝑢′ − 𝑣|

𝑟
) (𝑢 + 𝑢′ − 𝑣)𝐶𝐷 + 𝑔 (3.10) 

The rate of droplet radius change, 𝑅 is given by the Frossling correlation, 

𝑅 = −((𝜌𝐷)𝑎𝑖𝑟(𝑇)/̂2𝜌𝑑𝑟)(𝑌1
∗ − 𝑌1/1 − 𝑌1

∗)𝑆ℎ𝑑 (3.11) 

The equation for the acceleration of the droplet distortion parameter is, 

�̈� = (
2

3
) (

𝜌

𝜌𝑑
) (

(𝑢 + 𝑢′ − 𝑣)2

𝑟
) − (

8𝛼(𝑇𝑑)

𝜌𝑑𝑟3 ) 𝑦 − (
5µ𝑙(𝑇𝑑)

𝜌𝑑𝑟2 ) �̇� (3.12) 

Finally, we can summarize the source terms found in the continuity equation of the mass, 

momentum and the energy. These source terms are found by summing the mass, 

momentum and the energy of all the droplets at position x and time t.  

�̇�𝑠 = − ∫ 𝑓 𝜌𝑑4𝜋𝑟2𝑅𝑑𝑣 𝑑𝑟 𝑑𝑇𝑑𝑑𝑦𝑑�̇� 
(3.13) 

𝐹𝑠 = − ∫ 𝑓𝜌𝑑 ((
4

3
) 𝜋𝑟3𝐹′ + 4𝜋𝑟2𝑅𝑣) 𝑑𝑣𝑑𝑟𝑑𝑇𝑑𝑑𝑦𝑑�̇� 

(3.14) 
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�̇�𝑠 = − ∫ 𝑓𝜌𝑑 {4𝜋𝑟2𝑅 (𝐼𝑙(𝑇𝑑) + (
1

2
) (𝑣 − 𝑢)2

+ (
4

3
) 𝜋𝑟3[𝑐𝑙�̇�𝑑 + 𝐹′ ∙ (𝑣 − 𝑢 − 𝑢′)]} 𝑑𝑣𝑑𝑟𝑑𝑇𝑑𝑑𝑦𝑑�̇� 

(3.15) 

�̇�𝑠 = − ∫ 𝑓 𝜌𝑑4𝜋𝑟3𝐹′ ∙ 𝑢′𝑑𝑣𝑑𝑟𝑑𝑇𝑑𝑑𝑦𝑑�̇� (3.16) 

3.4 Numerical scheme 

A cycle in KIVA is performed in three stages or phases. Phase A and B together constitute 

a Lagrangian calculation in which computational cells move with the fluid. Phase A is a 

calculation of spray droplet collision and breakup terms and mass and energy source terms 

due to chemistry and spray. Phase B calculates in a coupled, implicit fashion, the pressure 

gradient in the momentum equation, the velocity dilation terms in mass and energy 

equations, the spray momentum source term, and the terms due to diffusion of mass, 

momentum and energy. In Phase C, the flow field is frozen and remapped onto a new 

computational mesh. 

3.4.1  Temporal Differencing 

Temporal differencing is performed with respect to a sequence of discrete times 𝑡𝑛. The 

time interval △ 𝑡𝑛 = 𝑡𝑛+1 − 𝑡𝑛 is the timestep, and the integer 𝑛 is the cycle number. The 

latter is displayed as a superscript, so that any variable such as the, 𝑄𝑛 denotes the 

difference approximation to the quantity at time 𝑡𝑛. 

3.4.2  Spatial Differencing 

Spatial differencing is based on the ALE method [25] which in three dimensions uses a 

mesh made up of arbitrary hexahedron. Spatial difference approximations are constructed 

by the control volume approach which largely preserves the local conservation properties 

of the differential equations. 

The spatial region of interest is subdivided into a number of small cells or zones, the corner 

of which are vertices. Together, the cells constitute the mesh with respect to which spatial 
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differences are formed. The vertices need not be stationary but may move in an arbitrarily 

prescribed manner. This capability included the Lagrangian and Eulerian description as 

special cases. 

3.4.3  Stochastic Particle Technique 

This technique is based on the idea of Monte Carlo method and discrete particle methods. 

In discrete particle methods, the continuous distribution 𝑓 is approximated by a discrete 

distribution 𝑓′: 

𝑓′ = ∑ 𝑁𝑝𝛿(𝑥 − 𝑥𝑝)

𝑁𝑃

𝑝=1

𝛿(𝑣 − 𝑣𝑝)𝛿(𝑟 − 𝑟𝑝)𝛿(𝑇𝑑 − 𝑇𝑑𝑝
)𝛿(𝑦 − 𝑦𝑝)𝛿(�̇� − �̇�𝑝) (3.17) 

Each particle 𝑝 is composed of a number of droplets 𝑁𝑝 having equal location 𝑥𝑝 , velocity 

𝑣𝑝, size 𝑟𝑝 , temperature 𝑇𝑑𝑝
 , and oscillation parameters 𝑦𝑝 and �̇�𝑝. Particle and droplet 

trajectories coincide, and the particles exchange mass, momentum and energy with the gas 

in the computational cells in which they are located. 

This method is similar to Monte Carlo method because the sample is got randomly from 

various assumed probability distributions. To govern droplet properties at injection an      

χ-squared distribution is used, whereas to govern droplet behavior subsequent to injection 

for processes like collision Poisson's distribution is used.  

3.5 KIVA-3V Program structure 

KIVA-3V is an advanced computer program consisting of a set of subroutines controlled 

by a short main program. In addition to primary sub routines, there are also a number of 

supporting sub routine that perform the task for the primaries.  

A basic procedure for running the program KIVA-3V has been outlined in the Fig 3-1 [26]. 

KIVA-3V package has a three-part structure in which the grid generator and graphics are 
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separate from the hydro program. This way the user can choose a pre-processor and post 

processors of their own choice. 

 

Fig 3-1 Outline procedure for running a code in kiva3V [26]. 
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3.5.1  Mesh Generation  

Although a user can choose their own grid generators, KIVA -3V package includes a pre-

processor(K3PREP). Mesh is generated outside of the KIVA program. It reads a file called 

ITAPE17, which is provided by the K3PREP generator. It can create a variety of useful 

block shapes and patch them together. It can create a simple single-block mesh or a 

complex mesh with curved boundaries.  The user can modify K3PREP to suit one's need. 

The input to K3PREP is given by a file called IPREP. IPREP contains information related 

to the geometry of the mesh. The output generated by K3PREP is a file called OTAPE17, 

which serves as the input for KIVA-3V. 

3.5.2  Input Files 

KIVA-3V requires two files as input. One is the ITAPE17, which is nothing but the 

renamed version of the file OTAPE17. Second is a file called ITAPE5 [27]. Through 

ITAPE5 the user can supply various parameters such as the initial and the boundary 

conditions pertaining to an engine. The user can also use the file to turn on or turn off the 

various subroutines such as break or collision. 

3.5.3 Output and Post Processing  

KIVA-3V writes the output onto two files, a general alphanumeric file, OTAPE12 and a 

graphics post processing file, OTAPE9. In addition, by switching on the gmv option in 

ITAPE5 file, we can obtain a graphical output in the forms of plotgmvs. These files can be 

viewed using software’s, General mesh viewer or Tecplot. 

Similar to pre-processing, KIVA-3V also includes a basic post processor called K3POST 

that can provide zones plots, velocity plots and contour plots from the data dumped on 

OTAPE9. 
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Chapter 4 Breakup modeling 

4.1 Introduction 

One of the most important elements of modeling an engine is the accurate modeling of 

both the jet and droplet breakup. This process is very important, as it controls important 

physical phenomenon such as the mixing of fuel and air, droplet heating, evaporation, and 

thereby the combustion. The liquid fuel emerging from the nozzle, first undergoes primary 

breakup. In the primary breakup, liquid sheets, ligaments and droplets are formed from the 

surface of the jet. A little downstream from the nozzle, these liquid sheets, ligaments and 

large droplets disintegrate due to the action of aerodynamic forces. This is called the 

Secondary breakup process. 

In this chapter, the details of the TAB (Taylor Analogy Breakup) model, which is the 

original breakup model found in KIVA and its drawbacks will be discussed. In addition, 

the modifications done to improve this model are also presented. Also present is a minor 

section relating to the modification done on KIVA-3V prior to the current modification to 

improve the physics of the spray [28]. 

4.2 TAB model (Taylor Analogy Model) 

This model is based on the analogy suggested by Taylor [29], between an oscillating and 

distorting droplet and a spring mass system. TAB model [1] was proposed by Peter J. 

O'Rourke and Anthony A. Amsden of the Los Almos National Laboratory. The purpose of 

it was to propose an alternative model for droplet breakup and to independently 

corroborate the findings of Reitz and Diwakar concerning the importance of droplet 

breakup [30]. 

As earlier mentioned, TAB model is based on the analogy suggested by Taylor. The 

restoring force of the spring is similar to the surface tension force and the external force on 
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the mass is analogous to the aerodynamic force caused by the gas on the droplet. In 

addition to these two forces, viscosity of the fuel has been compared to the damping force 

in the spring mass system and has been incorporated into the model. 

4.2.1  TAB Model Equations 

This section describes the equations pertaining to the TAB model. The equation of a 

damped, forced harmonic oscillator is  

𝑚�̈� = 𝐹 − 𝑘𝑥 − 𝑑�̇� (4.1) 

where, 

𝑥 = Displacement of the equator of the droplet from its equilibrium position. 

𝑚 = Mass of the body.  

𝐹 = External force. 

𝑘 = Spring stiffness constant. 

𝑑 = Damping coefficient. 

In accordance to the Taylor's analogy, 

𝐹

𝑚
= 𝐶𝐹

𝜌𝑔𝑢2

𝜌𝑙𝑟
 (4.2) 

𝑘

𝑚
= 𝐶𝑘

𝜎

𝜌𝑙𝑟3
 (4.3) 

𝑑

𝑚
= 𝐶𝑑

µ𝑙

𝜌𝑙𝑟2
 (4.4) 

 

where, 
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𝜌𝑔 = Gas density. 

𝜌𝑙 = Liquid density. 

𝑢 = Relative velocity between the gas and liquid densities. 

𝑟 = Droplet radius. 

𝜎 = Gas-liquid surface tension. 

µ𝑙 = Liquid viscosity. 

𝐶𝐹 , 𝐶𝑘 , 𝑎𝑛𝑑 𝐶𝑑 are dimensionless constants.  

Letting 𝑦 = 𝑥/𝐶𝑏𝑟 and substituting equation 4.2 - 4.4 in 4.1 we get, 

�̈� =
𝐶𝐹

𝐶𝑏

𝜌𝑔𝑢2

𝜌𝑙𝑟2
−

𝐶𝑘𝜎

𝜌𝑙𝑟3
𝑦 −

𝐶𝑑µ𝑙

𝜌𝑙𝑟2
�̇� (4.5) 

On solving, we get, 
 

𝑦 =
𝐶𝐹

𝐶𝑘𝐶𝑏
𝑊𝑒 + 𝑒

−
𝑡

𝑡𝑑 [(𝑦𝑜 −
𝐶𝐹

𝐶𝑘𝐶𝑏
𝑊𝑒) 𝑐𝑜𝑠𝜔𝑡

+
1

𝜔
(𝑦�̇� +

𝑦𝑜 −
𝐶𝐹

𝐶𝑘𝐶𝑏
𝑊𝑒

𝑡𝑑
) 𝑠𝑖𝑛𝜔𝑡] 

(4.6) 

where, 

𝑊𝑒 =
𝜌𝑔𝑢2𝑟

𝜎
 

(4.7) 

𝑦𝑜 = 𝑦(0) 
(4.8) 

𝑦�̇� =
𝑑𝑦

𝑑𝑡
(0) (4.9) 

1

𝑡𝑑
=

𝐶𝑑

2

µ𝑙

𝜌𝑙𝑟2
 

(4.10) 
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𝜔2 = 𝐶𝑘

𝜎

𝜌𝑙𝑟3
−

1

𝑡𝑑
2 (4.11) 

where, 

𝑊𝑒 = Weber number. 

𝑡𝑑 = Damping time. 

The dimensionless constants 𝐶𝐹 , 𝐶𝑘, 𝑎𝑛𝑑 𝐶𝑑 are determined by comparing with 

experimental and theoretical results. In shock experiments [31] the critical weber number 

for breakup has been found to be approximately equal to value of 6. In these experiments 

𝑡𝑑 ≈ ∞ and 𝑦𝑜 = �̇�𝑜 = 0. Then, equation 4.6 reduces to, 

𝑦(𝑡) =
𝐶𝐹

𝐶𝑘𝐶𝑏
𝑊𝑒(1 − 𝑐𝑜𝑠𝜔𝑡) (4.12) 

The model predicts breakup if and only if 𝑦 > 1,which occurs if and only if 

2
𝐶𝐹

𝐶𝑘𝐶𝑏
𝑊𝑒 > 1  

Thus, the model gives the experimental result if, 

𝐶𝐹

𝐶𝑘𝐶𝑏
= 2𝑊𝑒𝑐𝑟𝑖𝑡 = 12 (4.13) 

The constant 𝐶𝑘 = 8 is obtained by matching to the fundamental oscillation frequency and 

the constant 𝐶𝑑 = 5 has been derived by Lamb [32]. For the fundamental mode the equator 

oscillates with exactly half the amplitude of the north and south poles [32]. The authors 

postulated that breakup will occur if and only if the amplitude of oscillation of the north 

and the south poles equals the drop radius, giving the criterion 𝐶𝑏 = 1/2. As a result, we 

obtain from equation 4.13 that 𝐶𝐹 = 1/3. 

To predict the drop sizes after the breakup, an equation motivated by an analysis of energy 

conservation has been used. In this analysis the energy of the parent drop before the 
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breakup is equated to the combined energies of the product drop after the breakup. Before, 

the breakup, the energy of the parent drop is the minimum surface energy in oscillation and 

distortion. If all the contribution is in the fundamental mode, we get, 

𝐸𝑜𝑠𝑐 =
4𝜋

5
𝜌𝑙𝑟3(�̇�2 + 𝜔2𝑥2) =

𝜋

5
𝜌𝑙𝑟5(�̇�2 + 𝜔2𝑦2 (4.14) 

As there is energy in other modes as well, 

𝐸𝑜𝑠𝑐 = 𝐾
𝜋

5
𝜌𝑙𝑟5(�̇�2 + 𝜔2𝑦2) (4.15) 

where, 

𝐾= Ratio of the total energy in distortion and oscillation to the energy in the fundamental 

mode. 

Therefore, the energy of the parent drop before the breakup is 

𝐸𝑜𝑙𝑑 = 4𝜋𝑟2𝜎 + 𝐾
𝜋

5
𝜌𝑙𝑟5(�̇�2 + 𝜔2𝑦2) (4.16) 

After breakup an assumption is made that product droplets are not oscillating and are not 

distorted.  

The energy of the of the product drops can be given by, 

𝐸𝑛𝑒𝑤 = 4𝜋𝑟2𝜎
𝑟

𝑟32
+

𝜋

6
𝜌𝑙𝑟5�̇�2 (4.17) 

where, 

𝑟32 = Sauter mean radius. 

The second term in the equation 4.17 represents kinetic energy of the product drops in the 

frame of reference of the parent drop. After equating 𝐸𝑜𝑙𝑑 and 𝐸𝑛𝑒𝑤 ,using y = 1 and 

substituting the value of 𝜔2, the following equation is obtained. 
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𝑟

𝑟32
= 1 +

𝐶𝑘𝐾

20
+

𝜌𝑙𝑟3

𝜎
�̇�2 (

6𝐾 − 5

120
) (4.18) 

The value of K in shock experiments is 10/3. 

4.2.2  Drawbacks of the TAB model 

There have been numerous studies conducted with the TAB model [4, 33]. Unfortunately, 

most of the time it was unanimously reported that droplet breakup time was too small and 

the resultant droplet sizes after the breakup were too small as well. 

The first study was conducted to evaluate the performance of the TAB model with Reitz 

Wave model [33]. A non-evaporating solid cone spray measurement of Hiroyasu and 

Kadota [34] were used to validate both the spray models. The test condition consisted of a 

liquid fuel being injected into a single-hole nozzle into nitrogen at constant pressure and 

room temperature. The nozzle diameter was 0.30 mm and the computational domain was 

20 mm in radius and 120 mm in length, which was discretized by a grid of 25 radial cells 

and 45 axial cells. 

The calculated penetration length between the two models shows reasonable agreement. 

But as suggested in Fig 4-1, the TAB model predicts a much faster breakup than the Reitz 

model. It can be observed that it significantly underestimates the intact core length.  

 

Fig 4-1 Spray distribution in a non-evaporating spray [33]. 
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The second study also drew comparison between the TAB and the Wave model [4]. In the 

TAB model, it was found that, the parent drop was instantaneously broken up into small 

drops.  Fig 4-2 shows the results of the study conducted for droplets injected into air 

moving at the speed of 59 m/s. Fig 4-2 presents the computed variation in drop sauter mean 

diameter as a function of residence time in the air jet. The final drop sizes predicted by the 

TAB model is smaller than that predicted by the Wave model. The TAB model 

underestimates the droplet sizes as a result of overestimating the breakup effects. 

 

Fig 4-2 Predicted SMD variation with distance across the jet [4]. 

In shock experiments it has been found that for large Weber number, the breakup times are 

proportional to 

√
𝜌𝑙

𝜌𝑔

𝑟

𝑢
 

The breakup time that the TAB model predicts can be given as 

𝑡𝑏𝑢 = √3√
𝜌𝑙

𝜌𝑔

𝑟

𝑢
 

(4.19) 

Ranger and Nicholls [35] gave the breakup time as 
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𝑡𝑏𝑢 = 8√
𝜌𝑙

𝜌𝑔

𝑟

𝑢
 

(4.20) 

Reitz [36] gave the breakup time as 

𝑡𝑏𝑢 = 20√
𝜌𝑙

𝜌𝑔

𝑟

𝑢
 

(4.21) 

As it can be observed from the above cases the proportionality constants in each of the 

cases is different and thus can be concluded to have a considerable effect on the breakup 

time. 

4.3 Modifications to the TAB model 

4.3.1  Sensitivity of the constants 𝑪𝒌 and 𝑪𝑭 

The TAB model constants are 𝐴𝑚𝑝0, the amplitude of the initial oscillation,𝐶𝐹, the 

coefficient of aerodynamic force,𝐶𝑘, coefficient of spring reaction,𝐶𝑑, coefficient of the 

damping term. 

Liu, Mather and Reitz [37] found an excellent agreement between drop trajectory predicted 

by TAB model with 𝐴𝑚𝑝0 = 0 and experimental data. The effect of varying the damping 

constant,𝐶𝑑  for a wide range was found to have no effect when compared to the reference 

cases tested by Beatrice [38]. 

Considering equation 4.12, it can be observed that 

𝐶𝐹

𝐶𝑘𝐶𝑏
= 2𝑊𝑒𝑐𝑟𝑖𝑡 = 12  

Any change in the value of 𝐶𝐾 effects 𝐶𝐹 and any change in the value of 𝐶𝐹 effects 𝐶𝑘 

provided 𝐶𝑏 is kept constant and for a Weber critical number of 12. 𝐶𝐹 plays a crucial part 

in calculation of breakup time as it is related to the breakup time by the following formula, 

𝑡𝑏𝑢 = √
1

𝐶𝐹
√

𝜌𝑙

𝜌𝑔

𝑟

𝑢
 (4.22) 
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Beatrice [38] performed numerical studies on the sensitivity of 𝐶𝑘.The value of 𝐶𝑘 was 

reduced from its standard value of 8 to 1. The value of 𝐶𝐹 was adjusted to match the 

𝑊𝑒𝑐𝑟𝑖𝑡 ≈ 6. Reduction in the value of 𝐶𝑘 leads to increase in the breakup times, as any 

decrease in 𝐶𝑘  also leads to a decrease in the value of 𝐶𝐹 ,which is inversly proportional to 

the breakup time. 

Fig 4-3 shows the effect of changing 𝐶𝑘 on tip penetration. 

 

Fig 4-3 Tip penetration predictions for different 𝑪𝒌 settings. 

A significant result can be observed from the decrease in the value of  𝐶𝑘 especially in the 

early steps of the atomization process. Lowering the value of 𝐶𝑘 increases the tip 

penetration as a result of increasing breakup times. A more obvious trend is observed in the 

effect of 𝐶𝑘 on SMR. 

From Fig 4-4, it can be seen that the higher values of sauter mean radius is observed for 

𝐶𝑘 = 1 than 𝐶𝑘 = 8. A steady increase in the value of SMR closer to the nozzle is found as 

the value of 𝐶𝑘 decreases. Beatrice [38] concluded that value of 𝐶𝑘 = 1 was the optimum 

choice for the value of the constant in his hybrid model. 
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Fig 4-4 SMR predictions for different 𝑪𝒌  settings. 

Similar studies were also conducted by other authors. Bianchi [39] evaluated the influence 

of constant 𝐶𝑘 on the breakup. In this study the TAB evaluation was done for secondary 

breakup and for We<1000. A comparison of the non-dimensional breakup time for 

different values of 𝐶𝑘 along with non-dimensonal breakup time of other breakup model 

such as wave and experimental correlation done by Pilch [40] are shown in Fig 4-5. 

 

Fig 4-5 Non -dimensional breakup time, TBU V/S Weber number. 
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Again, a decreasing value of 𝐶𝑘 from standard value has been observed to provide accurate 

results matching the experimental data. 

4.4 Previous Modifications 

This work is an extension of an earlier study conducted to improve the physics of spray 

[28]. Changes were made to the original KIVA-3V code. Each of the following sections 

describes these changes. 

4.4.1  Sauter Mean Diameter 

The sauter mean diameter depends on a large number of variables such as fuel properties, 

operating conditions and geometric dimensions of the fuel nozzle. This parameter is used 

for the mass transfer and combustion problems since the surface area and the volume of 

droplet are of primary importance for evaporation and combustion. A correlation was 

defined for SMR using the technique and experimental data provided by Elktob [41]. The 

correlation derived from the curve fit along the experimental data is given as, 

𝐷32

𝑑
= 110.22(𝑅𝑒−0.183𝑊𝑒−0.442𝐶𝑑

−0.422(
𝜌𝑓

𝜌𝑎
)−0.05)0.422 (4.23) 

which can be simplified to obtain, 

𝐷32

𝑑
= 47.435𝜈0.155𝜎0.374𝐶𝑑

−0.357𝜌𝑓
0.0351𝜌𝑎

0.042 △ 𝑃−0.451𝑑0.472 (4.24) 

where, 

𝐷32 = Sauter mean radius, cm. 

𝜈 = Viscosity of the fuel, cm2/s. 

𝜎 = surface tension of the fuel, dyne/cm. 

𝐶𝑑 = coefficient of discharge. 

𝜌𝑓 = Density of fuel, g/cm3. 

𝜌𝑎 = Density of air, g/cm3. 
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△ 𝑃 = Difference in pressure, dyne/cm. 

d = Diameter of the nozzle, cm. 

4.4.2  Injection velocity 

In diesel engine, the spray penetration depends on velocity of the injected fuel. As the 

combustion proceeds, the in-cylinder pressure and temperature increases and the velocity 

decreases. The decrease in velocity has got a great impact on the spray penetration. Thus 

updating the velocity was considered to be critical. Since the fuel is incompressible, the 

modified Bernoulli's equation was employed, which is given as, 

𝑣𝑖𝑛𝑗 = √
2 △ 𝑃

𝜌𝑓
 (4.25) 

Where 𝑣𝑖𝑛𝑗 is the velocity of the injected fuel (cm/s2), △ 𝑃 is the difference in pressure 

(dyne/cm2), 𝜌𝑓 is the density of the fuel (gm/cm3). The above equation was introduced into 

KIVA-3V and the velocity was updated for every cycle. 

4.4.3  Drop drag coefficient 

In engine sprays, the fuel drops undergo high distortion due to the ultra-high injection 

velocity. The drop drag coefficient changes and is increased as the drop departs from the 

spherical shape. KIVA-3V employs the empirical equation obtain by Putnam [42], which 

is, 

𝐶𝐷 =
24

𝑅𝑒
(1 +

1

6
𝑅𝑒

2

3) (4.26) 

The above equation was recommended for low temperature and for Reynolds number less 

than 1000. Since most of the current research focuses on high temperature and high 

velocities due to combustion, the above equation is not considered to be an appropriate 

empirical formula. The drop drag coefficient equation suggested by Lambris and Combs 

[43] takes into account the entire range of Reynolds number and hence was chosen as an 

applicable correlation. 
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𝐶𝐷 = {
27 × 𝑅𝑒−0.84

0.271 × 𝑅𝑒0.217

2

𝑓𝑜𝑟 𝑅𝑒 < 80
                  𝑓𝑜𝑟 80 <  𝑅𝑒 < 10,000

      𝑓𝑜𝑟  𝑅𝑒 > 10,000
 (4.27) 

4.4.4  Coefficient of Discharge 

Coefficient of discharge is defined as the ratio of the actual flow rate to the theoretical flow 

rate. The general equation for discharge can be obtained by combining the Bernoulli's 

equation and the mass conservation equation [44]. 

𝐶𝑑 =
𝑚

𝐴√2𝜌(𝑃𝑖 − 𝑃𝑏)

̇
 (4.28) 

where, �̇� is the mass flow rate, 𝑃𝑖 is the upstream nozzle pressure and 𝑃𝑏 is the orifice 

outlet pressure and A is the geometric cross section of the orifice. Discharge coefficient 

can also be expressed in terms of the Reynolds number. 

For Cylindrical Nozzles: 

𝐶𝑑 = 0.91 − 8.49/𝑅𝑒0.5 (4.29) 

For Conical Nozzles: 

𝐶𝑑 = 0.96 − 10.17/𝑅𝑒0.5 (4.30) 

4.5 Selecting the values of 𝑪𝒌 

Three different experimental test cases were selected and tested to determine the optimum 

value of 𝐶𝑘. In each of these cases, a value lower than 1 was found to be optimum for 

accurately describing the spray evolution, spray tip penetration and the droplet radius. 

More details about each of the experimental case is described in chapter 5. To 

automatically identify and select the value of 𝐶𝑘 for each new case, the original tab model 

has been modified. 

The value of 𝐶𝑘 is correlated to the breakup length found in the study of Hiroyasu and Arai 

[45]. 
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𝐿𝑏 = 15.8√(𝜌𝑙/𝜌𝑎)𝑑𝑜 (4.31) 

From this intact length, the breakup time is assumed to have a linearly proportional 

relationship. Therefore, 

𝑡𝑏 = 𝐿𝑏/𝑣𝑖𝑛𝑗 (4.32) 

The breakup time is calculated for each value of 𝐶𝑘 beginning at 1. When the breakup time 

calculated by the TAB model for particular value of 𝐶𝑘 exceeds the breakup time 

calculated by the equation 4.32, then that particular value of 𝐶𝑘 is selected and used in the 

breakup model. 
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4.6 Algorithm 

A very simple algorithm is designed to automatically calculate the value of 𝐶𝑘. Fig 4-6 

illustrates the basic structure of the algorithm. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Exit Loop 

Calculate the frequency of the Oscillating drop(ω) 

YES 

NO 

Go to next iteration 

Calculate the Oscillation of the drop (A) 

YES 

NO 

Calculate the Breakup time (tb) 

Calculate Surface Tension, Viscosity, Weber 

number 

 

  

Initialize the value of a new variable (arc) 

arc = arc+1  

For Ck = 1-.001 

For n=1-np 

IF tb > tib 

Calculate Intact Length Breakup time (tib) 

YES 

No 

Exit the loop 

Go to the next 

particle 

Update distortion 

parameters and go 

to the next particle 

Fig 4-6 Algorithm for the modified model. 

 IF arc == 0 

 

 

 IF ω > 0 

 

 IF A+We/12 > 0 
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Chapter 5 Experimental studies 

5.1 Introduction 

As earlier mentioned, when conducting numerical studies on the breakup of fuel in an 

engine, it is important to validate these studies with experimental data. To check the 

accuracy and reliability of a proposed model, it is necessary to compare the result of the 

newly developed model with that of the experimental data. This helps in understanding the 

advantages and the drawbacks of the model. 

The results of the numerical study for the new breakup model were validated with three 

cases. The first two studies verified the penetration and the third study verified both 

penetration as well the droplet radius. Details related to each of the studies is discussed in 

the following sections. Immediately after the description of each experimental case, the 

numerical results are presented. 

5.2 Case One: Engine Combustion Network(ECN) 

The engine combustion network is an experimental and modeling collaboration dedicated 

to the improving the current CFD modeling capabilities [46]. They conduct diesel spray 

experimentation at controlled high temperature and high pressure conditions to provide for 

a more fundamental understanding of the diesel combustion. Their aim is to develop a 

database that will become a serious focal point for model validation and further advanced 

diagnostics. 

ECN contains an internet data archive library with well documented diesel spray 

experiments at engine conditions. The dataset currently includes reacting and non-reacting 

data such as the liquid and vapor penetration versus time, liquid length, ignition delay, 

pressure rise rate, lift-off length, quantitative soot volume faction and various high speed 

movies related to combustion. The initial data archive is basically derived from the Sandia 
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National Laboratories, but now data is available from multiple facilities around the world 

[47]. 

A preburn-type combustion vessel is used to generate high temperature and high pressure 

gases. The ambient pressure, temperature and species at the time of injection are varied by 

igniting a premixed combustible gas mixture that burns to completion. Following the spark 

ignited, premixed combustion, the combustion products are cool over a relatively long 

time. As a result of the heat transfer to the vessel walls, the pressure inside the vessel 

slowly decreases. When the desired pressure and temperature are reached, the diesel fuel 

injector is triggered and fuel injection occurs. 

Fig 5-1 shows the image of the combustion vessel. The vessel has full optical access for 

line of sight or orthogonal diagnostics. The vessel is cube shaped, measuring greater than 

100 mm on each side, and allowing extensive visualization of the spray. It consists of spark 

plugs to ignite that preburn combustible mixture. A mixing fan is also present in the 

chamber to stir the gases in order to prevent non-uniformities with respect to the 

temperature and the mixture. The details of vessel dimension and other characteristics can 

be found in Table 5-1. 

 

Fig 5-1 Sandia Combustion vessel. 
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Table 5-1 ECN - Combustion vessel characteristics. 

Width of the cube 108 mm 

Window aperture 100 mm3 

Chamber volume 1150 cm3 

Injector mounting Center side window 

Injector tip protrusion from the wall 14.4 mm 

Fan speed 1000 rpm 

Spark plug position Top window 

Body temperature 461 K 

Mie scatter and schlieren imaging is performed using high speed imaging systems to track 

both the liquid and vapor phases of the spray. Scattered light from the liquid droplets of the 

spray were imaged using a high speed CMOS camera and a continuous-wave laser. A 

schlieren system was operated simultaneously using a second-high speed CMOS camera. 

A set of predefined conditions have been set by the ECN group for conducting 

experiments. Numerical analysis of the modified breakup model in this current study is 

based on a condition called Spray A. Specification of the injector and ambient conditions 

pertaining to Spray A are given in Table 5.2. 

Table 5-2 ECN - Spray A Injector and Operating conditions. 

Ambient gas temperature 900 K 

Ambient gas pressure Near 6.0 MPa 

Ambient gas density 22.8 kg/m3 

Ambient gas oxygen (by volume) 0%O2(non -reacting) ,15% O2 (reacting) 

Ambient gas velocity Near quiescent, less than 1 m/s 
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Fuel injector nominal nozzle outlet 

diameter 
0.090 mm 

Discharge coefficient 𝐶𝑑 = 0.86, using 10 MPa pressure 

Spray full included angle 0°(single axial hole) 

Fuel injection pressure 150 MPa 

Fuel n-dodecane 

Fuel temperature at nozzle 363 K (90°C) 

Distance from injector inlet to common rail 24 cm 

Fuel pressure measurement 
7 cm from injector inlet / 24 cm from 

nozzle 

Injection duration 1.5 ms 

Injection mass ~3.5 mg 

Also, it’s important to note that since a preburn method is used to generate high 

temperature and pressure in the vessel, the composition of the initial fill reactants 

determines the combustion product mixture that exists at the time of the injection. For 

validating the modified breakup model a 0% O2 condition is selected. The composition at 

the time of Injection is given in Table 5-3. 

Table 5-3 Gas composition at injection. 

Product/Conditions at Injection  

%vol O2 0.0 

%vol CO2 6.52 

%vol N2 89.71 

%vol H2O 3.77 



49 

5.2.1  Numerical Grid 

A 3D image of the computational grid for the ECN combustion chamber is shown in Fig 

5-2. Specification pertaining to the grid can be found in Table 5-4. 

 

Fig 5-2 ECN- Computational Grid. 

Table 5-4 ECN - Grid specification. 

Number of blocks in the x direction (NX) 40 

Number of blocks in the y direction (NY) 40 

Number of blocks in the z direction (NZ) 40 

Before validating the break up model, a numerical test is conducted by switching off the 

breakup model. Next, the simulation is run for the original breakup model and finally, the 

results of the modified breakup model are presented. It should also be noted that in all 

cases, the evaporation model is on. 
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5.2.2 ECN: Breakup model off 

 

Fig 5-3 ECN Breakup off - Experimental V/S Numerical Penetration as function of 

Distance from the nozzle. 

Fig 5-3 shows the comparison between experimental data and the numerical data as a 

function of distance from the injector nozzle and for different times. The above case shows 

the result for penetration when the breakup model is switched off. It can be observed that 

penetration in the numerical case is slightly more than the experimental case. However, it 

is interesting to note that in the initial stages of injection, the penetration for the numerical 

cases lags behind the experimental. This can be observed beginning from the Fig 5-3b. 

This is more evident in the Fig 5-4, where it can be seen that the experimental data reaches 

the peak penetration much faster than the numerical data. 

a) b) 

c) d) 
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Fig 5-4 ECN Breakoff - Experimental V/S Numerical Penetration as function of time 

after injection. 

5.2.3 ECN: Original Breakup Model On 

 

Fig 5-5 ECN Breakup On- Experimental V/S Numerical Penetration as function of 

distance from the nozzle. 

Fig 5-5 shows the numerical result obtained by using the original break model constants. It 

can be clearly observed that no particle is visible in the combustion chamber. The reason 

for the lack fuel particles can be attributed to the small breakup times associated with the 

original breakup model, due to the overestimation of the constants 𝐶𝑘 and 𝐶𝐹. The injected 

parcel undergoes a very quick disintegration process. In addition to the above constants, 𝐶𝑘 

and 𝐶𝐹 also have an influence on the calculation of the new droplet diameter. The value of 

these constants is inversely proportional to the size of the droplet radius. The original 

values of these constants would break the droplet in the range of one-thousandth of the 
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original size in the first cycle after injection. After which the droplets are immediately 

undergo evaporation in the evaporation model. 

5.2.4 ECN: Modified Breakup Model On 

 

Fig 5-6 ECN Modified Breakup On - Experimental V/S Numerical Penetration as 

function of Distance from the nozzle. 

 

Fig 5-7 ECN- Modified Break On- Experimental V/S Numerical Penetration as 

function of time after injection. 

Fig 5-6 shows the comparison between experimental and the numerical penetration as a 

function of distance from the injector nozzle for different times with the modified breakup 
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model. A good agreement with the experimental data is observed. The time taken for the 

numerical model to reach the peak penetration of around 10.6 mm is 3.25 ms. As a result 

of breakup, it takes slightly more time to reach the peak value than when the breakup 

model is switched off. This can also be seen in Fig 5-7. 

5.3 Case Two: Volkswagen 1.9L DI Diesel optical engine 

The engine used in this study was built by Volkswagen as a part of the European IDEA 

(Integrated Diesel European Action) project on the diesel engines. The aim of the project 

was to investigate the spray behavior, auto ignition, flame propagation and pollutant 

formation in small direct diesel engines [48]. 

The VW (Volkswagen) engine is a four cylinder 1.9 L direct -injection diesel engine 

equipped with a scroll supercharger, a helical intake port, a reentrant piston bowl on the 

elongated piston and a slightly off-center multi-hole injection nozzle. Table 5-5 illustrates 

the geometric conditions of the research engine. 

Table 5-5 Volkswagen - Parameters. 

Displacement 1.9 litres 

Bore 79.5 mm 

Stroke 95.5 mm 

Compression ratio 20.5 

Injection system 
Direct Injection, five-hole nozzle Bosch 

VE pump 

The engine is transparent and it allows optical access into the piston bowl through a 25mm 

quartz window in the bowl base and either a 10 mm diameter and 10 mm thick cylindrical 

quartz window in the lower part of the piston side wall or a stack of the disc shaped 3 mm 

thick quartz windows located in the upper part of the piston wall allows the bowl shape to 

remain unchanged. 



54 

Numerous laser-based techniques were used in the research program to characterize the 

valve and in-cylinder flow under steady flow conditions, the in-cylinder and piston bowl 

flow under motored engine conditions and the spray development, auto-ignition and 

combustion under typical loads and engine speeds. Numerous LDV (Laser Doppler 

Velocimetry) systems were used for different tasks. First LDV was used to measure the 

valve flow distribution at various lifts and flow development during intake under steady 

conditions. The flow during intake and compression in the motored engine was quantified 

by a second LDV and visualized by laser light-sheet illumination of tracer particles whose 

movement was monitored by a high speed camera. The spray development was visualized 

by high-speed laser shadowgraphy and the droplet velocities were quantified by back 

scatter LDV. The auto-ignition and combustion were monitored by a high speed camera 

synchronized to the fuel injection system. 

Three test conditions are studied in the above case. However, in our study we have chosen 

to validate only one study from the above case. The engine operating conditions from the 

selected test case is given in Table 5-6. 

Table 5-6 Volkswagen - Engine operating conditions. 

Engine speed 2000 r/min 

Injected Quantity 10 mm3 (8 mg) 

Mean piston speed 6.36 m/s 

Load 2 bar 

Start of injection (° CA BTDC) 1.8 

Swirl number 4.3 
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5.3.1 Numerical Grid 

          

Fig 5-8 a) Volkswagen grid at Bottom dead center b) Volkswagen grid at Top dead 

center. 

Table 5-7 Volkswagen - Grid specification. 

Number of blocks in the radial direction 12 

Number of blocks in the azimuthal 

direction 
80 

Number of blocks in the axial direction 15 

The Volkswagen grid structure can be seen in Fig 5-8a and Fig 5-8b. The specification of 

the grid is given in the Table 5-7. 

5.3.2  Volkswagen: Breakup model off 

Fig 5-9 shows the penetration and velocity results for each of the five sprays for the 

operating conditions described in the Table 5-6 with breakup off. A regression curve has 

been superimposed on the individual measurements which was calculated using the 

generally assumed square root relationship between spray penetration and time after the 

start of the injection. A slight variation in the penetration has been observed between each 

of the sprays. But for all the sprays, the penetration lies between 16-19 mm. In the earlier 
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cases, that is for crank angles -0.3 and 0.9, there is good agreement between numerical and 

the experimental data. However, at higher crank angle of +3.3, the penetration is slightly 

higher. 

                 

 

Fig 5-9 Volkswagen Breakup off - Spray Penetration at crank angle a) -0.3CA b) 

0.9CA c) 3.3CA d) Experimental penetration. 
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5.3.3 Volkswagen: Original Breakup model 

 

Fig 5-10 Volkswagen Break On - Spray Penetration at a) 3.3CA b) Experimental 

penetration. 

With the original breakup model on, the droplet parcels are observed in the computational 

grid of the Volkswagen engine. It is seen that, there is no distinction between any of the 

five sprays. This again is due to the overestimation of the constant 𝐶𝑘. 

5.3.4 Volkswagen: Modified Breakup model 

The results obtained in the modified break model are shown in Fig 5-11. For the initial 

cases unlike when the break model is switched off, there is a lag in the spray penetration. 

However, at the crank angle of +3.3, the spray penetration matches the experimental data. 
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Spray 4 - 16 
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Fig 5-11 Volkswagen Modified Breakup On - Spray Penetration at crank angle a) -

0.3CA b) 0.9CA c) 3.3CA d) Experimental penetration. 

5.4 Case Three: Investigation of Ethanol Sprays  

In the third case, ethanol sprays are investigated experimentally. The previous two cases 

had only data relating to penetration, in the third case in addition to penetration, there is 

also information related to the suater mean radius of the spray [49]. 

Recently, there has been an increasing interest in the techniques and the application of the 

ethanol fuel in compression ignition engine. As a contribution to this area, this work aimed 

at creating a data set of experimental results for common-rail ethanol sprays at diesel 

engine like conditions. The experiments are performed in a high pressure vessel. A spray 

chamber with constant airflow is used. The design of the chamber allows enables three-

sided optical access for the use optical measurement techniques. The pressure in the 

chamber can be adjusted upto 5.0 MPa and 800 K. The air is compressed and passed 

through a microfilter, after which it is heated to a maximum temperature of 800 K by 

passing it through a heater. The geometry of the spray vessel and the dimensions of the 

nozzle are given in Table 5-8. For more details, refer [49]. 
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Table 5-8 Ethanol Spray - Vessel Geometry. 

Diameter 9 cm 

Length 10 cm 

Number of Nozzles 5 

Hole diameter outlet 0.137 mm 

The measurement technique applied in this experiment are Mie scattering and 

shadowgraphy imaging for detecting spray penetration of the liquid and the gaseous phase. 

In addition, to study the mixture formation and sauter mean radius, a one dimensional 

spontaneous Raman scattering technique is applied. It is one of the few non-intrusive laser 

techniques. 

The experiment makes use of a five-hole nozzle injector. However, it should be noted that 

for the observation of a single spray cone, a jet interceptor was mounted on the injector 

holder to collect fuel from the remaining spray holes that were not being investigated. The 

injector and operating condition details can be found in Table 5-9. 

Table 5-9 Ethanol Spray - Operating conditions and Injector details. 

Injection Pressure 800 bar 

Injected mass 25 mg per nozzle 

Injection duration 1.698 ms 

Injected fuel mass per hole 5 mg 

Injection delay 0.395 ms 

Temperature inside the chamber 700 K 

Nozzle hole Outlet diameter 0.137 mm 

Density 21.4 Kg/m3 
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5.4.1 Numerical Grid 

 

Fig 5-12 Ethanol Spray - Numerical grid. 

Table 5-10 Ethanol Spray - Grid specification. 

Number of blocks in the radial direction (NX) 20 

Number of blocks in the azimuthal direction (NY) 80 

Number of blocks in the axial direction (NZ) 40 

The geometry of the grid is a simple cylinder. Fig 5-12 and Table 5-10 show the 

specification pertaining to the grid. 

5.4.2 Ethanol Spray: Breakup model off (Penetration) 

Fig 5-13 shows the experimental versus the numerical penetration of the case three with 

the previous two cases. The penetration reaches the maximum value of 2.3 cm at about 5.2 

ms. 
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Fig 5-13 Ethanol Spray Breakoff -  Experimental V/S numerical penetration as a 

function of distance from the nozzle with break model switched off. 

5.4.3 Ethanol Spray: Breakup model off (Droplet Radius) 

 

Fig 5-14 Ethanol Spray Breakoff - Experimental V/S numerical radius. 

Fig 5-14 shows the comparison between the experimental and the numerical droplet radius 

with breakup model being switched off. The result shows a very good agreement with the 

experimental data. It accurately captures even the increase in the droplet radius due to 

collision at the end of the spray tip. 

 

Scal. 

fac. of 

5.0 
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5.4.4 Ethanol Spray: Original Breakup model 

The result obtained with original breakup model switched on are similar to case one. With 

the breakup occurring in the immediate step as the injection due to the low breakup time 

associated with the model. 

 

Fig 5-15 Ethanol Spray Break On -  Experimental V/S numerical penetration as a 

function of distance from the nozzle. 

5.4.5 Ethanol Spray: Modified Breakup model 

(Penetration) 

 

Fig 5-16 Ethanol Spray Modified Break On - Experimental V/S numerical 

penetration as a function of distance from the nozzle. 

With the modified breakup model, there is a good agreement with the experimental case. 

However, it should be noted that the maximum penetration value is reached almost at 7.35 

ms whereas in the experimental data, this value is achieved in 0.8 ms. 
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5.4.6 Ethanol Spray: Modified Breakup model (Droplet 

radius) 

Fig 5-17 shows the comparison between the experimental and the numerical droplet radius 

for the modified breakup model. The results show that the droplets are more dispersed than 

when the breakup model was switched off. This could be attributed the fact that the spray 

takes a longer time to reach the target penetration value than when the model was switched 

off. However, it also captures the increase in the increase in the droplet diameter at the end 

of the spray. More, larger particles could be observed in this case compared to the break 

model being switched off. This could again be attributed to the fact that the spray takes a 

longer time to reach the target value. 

 

Fig 5-17 Ethanol Spray Modified Break On - Experimental V/S numerical radius. 
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Chapter 6 Conclusion 

6.1  Conclusions 

The aim of this thesis was to identify the inconsistencies of the TAB breakup model and to 

improve it. Based on previous studies, it was concluded that the TAB model could not 

accurately predict the breakup phenomenon in a spray. The primary reason for the 

inaccuracy for the model was linked to the small breakup times associated with the model, 

which were in turn linked to the proportionality constants associated with the aerodynamic 

and the surface tension forces used in the model. A previous study by Hiroyasu and Arai 

[45] provided a correlation for the intact breakup length associated with a spray. It is 

assumed that the intact breakup length is linearly proportional to the breakup time. This 

linear breakup time is in turn connected to the breakup time associated with the TAB 

model via proportionality constants 𝐶𝑘 and 𝐶𝐹. Based on the above changes, a new 

modified breakup model was created. 

This new modified model was validated for three cases. The parameters validated in the 

numerical study included spray penetration for all the three experimental case and droplet 

mean radius for the third case. All three cases provided accurate results in terms of 

penetration. Validation of case three experimental data for mean droplet radius also 

provides an agreeable result. With this it can be concluded that the aim of this thesis was 

complete. 

6.2 Scope for Future 

The present spray work concentrated on validating this study for non-reacting conditions. 

In the future studies could be concentrated for validating spray cases with reactive 

conditions. Also, during the investigation of the previous three cases, it could be noted that 

the spray tip numerical penetration reaches its target value with a delay of few 

milliseconds. This scenario could be observed under both the conditions of break model 
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being on as well as off. Future studies could include on improvising this aspect of the spray 

in KIVA-3V. 
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