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Abstract 
 

Accurate modeling of spray formation processes plays an important role concerning 
predictive capability of diesel engine simulations. In the framework of this Thesis 
working and interaction of spray related CFD submodels are investigated with special 
respect to secondary and primary breakup models containing child droplet production 
mechanism. Areas for improvement are identified and new modeling approaches are 
investigated with the aim of providing a more accurate modeling approach for 
simulation of diesel sprays. A homogenous size distribution model is proposed for 
modeling child droplet production, and it is validated using measurement data 
containing spray tip penetration, SMD, droplet size distribution, spray angle and spray 
shape, for five different injector nozzles. 
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Nomenclature 

B2 [-] secondary breakup model constant 
Ci [-] breakup model parameters 
Cpi [-] primary breakup model parameters 
Csi [-] secondary breakup model parameters 
Cµ [-] turbulence model constant 
Ck [-] primary breakup model constant 
Db [m] injector nozzle bore diameter 
D [m] droplet diameter 
Dsc [µm] mean droplet diameter of a size class 
Ddiff [µm] absolute value of difference of mean size class diameter and 

  SMD 
Lb [m] injector nozzle bore length 
M(nsc)s [-] modality index based on surface weighted relative prevalence, for 

  a resolution of nsc size classes 
M16s [-] modality index based on surface weighted relative prevalence, for 

  a resolution of 16 size classes 
M80s [-] modality index based on surface weighted relative prevalence, for 

  a resolution of 80 size classes 
Oh [-] Ohnesorge number 
Re [-] Reynolds number 
Sk [J/kg s] cavitation source term 
SMD [µm, m] Sauter Mean Diameter 
T [-] Taylor number 
Weg [-] gas Weber number 
Wel [-] liquid Weber number 
Wec [-] critical Weber number 
a [m] stable droplet radius 
fm [-] correction parameter 
k [m2/s2] turbulent kinetic energy 
k [-] parameter of chi-square probability density function 
m [kg] mass contained in a parcel 
m0 [kg] initial mass contained in a parcel 
∆mch-max [kg] maximum of mass shed from parent droplets 
∆mch [kg] mass assigned to a child parcel 
n [-] number of droplets 
nsc [-] number of droplet size classes 
pg [Pa] ambient gas pressure 
pi [-] relative prevalence of size class i 
r [m] actual droplet radius 
rc [m] child droplet radius 
rp [m] parent droplet radius 
t [s] time 
tch i [s] time of child droplet production 
u [m/s] relative velocity between liquid and gaseous phase 
vr [m/s] radial velocity component 
z [-] non-dimensional droplet radius 
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zl [-] non-dimensional lower radius limit 
zu [-] non-dimensional upper radius limit 
zp [-] normalized parent droplet radius 
Г [-] Gamma function 
Λ [m] wavelength of fastest growing surface wave 
Ω [1/s] growth rate of fastest growing surface wave 
ε [m2/s3] turbulent dissipation rate 
µl [Pa s] dynamic viscosity of injected liquid 
ρg [kg/m3] ambient gas density 
ρl [kg/m3] density of injected liquid 
σ [N/m] surface tension 
τ [s] characteristic breakup time 
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1. Introduction 

1.1. Investigation of liquid disintegration and droplet formation 

When a continuous liquid stream disintegrates into droplets, a spray is formed. This 
process plays an important role in a large number of technical applications ranging from 
agricultural purposes through painting technology to combustion technology. Its 
importance in many of these areas made spray formation a subject of technical research 
already more than a century ago. However, some of these applications and some fields 
of many of these applications remained hidden for investigation for long time because 
of the very small time scale and length scale typical to them. Examples on this are diesel 
sprays close to the injector characterized by droplet sizes below 10 µm and velocities 
over 300 m/s. 

In last decades, the evolution of measurement technology and the development of 
investigation methods enabled deeper understanding of the processes related to liquid 
disintegration. Although, there is still no uniform theory that would describe the entire 
process of spray formation, and there is especially a lack of such theories that would 
account for a wide range of physical circumstances, representative of different 
applications, e.g. operation conditions in diesel fuel injection. 

On the other hand, the increase in understanding has been paralleled by a continuous 
growth in demand for accuracy and a wish for more details – all these related to 
systems, that are permanently evolving themselves as well, making it continuously 
harder to be modeled. 

1.2. Numerical simulation of diesel spray formation 

Diesel engines have been dominating trucks, heavy equipments and marine 
applications since a century, because of their high thermal efficiency, mainly caused by 
the relatively high compression ratio, the lower pumping loss as a result of absence of 
throttle valve and the overall lean mixture required to achieve an efficient 
heterogeneous combustion process. [Hiroyasu & Arai, 1990] In the last two decades 
they have gained on popularity also in passenger cars to an extent that today their share 
in new car sales reached or exceeded the 50 % mark in many of the major European 
markets. 

This process has been driven mostly by the spectacular increase in the performance 
and fuel efficiency of these powertrains. A main stake in this development is shared by 
the evolution of injection systems, which among others enabled the increase of injection 
pressure by an order of magnitude since the 1970’s [Smallwood & Guilder, 2000]. 
Besides these market driven incentives, a compelling circumstance, the continually 
more and more stringent emission legislation led to an unparalleled development of 
injection systems since the early 1990s. In this process more sophisticated mixture 
preparation philosophies and more advanced fuel atomization devices were and also are 
currently developed, including the use of various forms of multiple injection strategies. 

 
Computational Fluid Dynamics (CFD) has an established role in the automobile 

industry. After being a supplementary tool besides experiments, today it is a widely 
used as an exclusive instrument for solving flow related problems inside and around an 
automobile. Its application as an engine development tool can be dated back to the early 
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1980’s, with a considerable development in the second part of the 1990s [Baumgarten et 
al., 2004; Chigier, 2003]. Since then, specialized CFD codes, such as FIRE that is used 
throughout this Thesis, mean a real substitution for prototype building in many parts of 
engine development process. 

 
Diesel engines and also injection systems of diesel engines reached a level of 

development, where further improvement desires great effort and a high level of 
technical competence. The new injection systems with a minimum dwell time of 150 
microseconds [Beatrice et al., 2003] and injection pressures up to 240 MPa mean a new 
challenge in terms of investigation methods. As an answer to these challenges, the use 
of specialized CFD codes already in the basic research phase of development 
proliferated. The technical capabilities of these systems today enable not only the partial 
substitution of experiments, but give also an insight into phenomena characterized by 
orders of magnitudes in time and space that are currently not accessible even by 
enhanced measurement technique. 

1.3. Aim of the Thesis 

Spray models play an important role in diesel engine simulation. Since the 
combustion rate in diesel engines is controlled by the vaporization rate of the fuel, and 
the vaporization is strongly dependent on the free surface increase caused by 
atomization, the understanding of spray evolution characteristics is important [Liu & 
Reitz, 1993]. The level of accuracy achieved in spray simulations has a deterministic 
role related to simulation of the subsequent processes of vaporization, combustion and 
emission formation [Chaves et al., 2004]. 

The field of numerical simulation of spray formation experienced a great 
development in the past decade. Still, the emergence of new mixture preparation 
philosophies (e.g. HCCI engines [Wang et. al, 2004; Stralin & Wahlin, 2005] or 
multiple mixture preparation strategies [Beatrice et al., 2003]) means a challenge also to 
this area. 

The aim of the Thesis is to assess the level of accuracy currently obtainable by use of 
state of the art numerical models, to discover the reasons behind inaccuracies and to 
propose solutions to these challenges. All evaluations are based on a set of advanced 
measurements. 

1.4. Subject of research 

In the framework of this Thesis the injection process of five research injector nozzles 
is simulated under the circumstances equaling those of the measurements that are used 
for validation of simulation results. The characteristics of injector nozzle and the 
circumstances of injection correspond to those of state of the art diesel engine systems, 
with the exception that in the investigations colder ambient gas conditions are applied. 
At room temperature ambient gas conditions evaporation is significantly smaller than in 
case of hot ambient gas conditions, thus a more accurate investigation of breakup 
behavior is possible. Applying a level of ambient density corresponding to typical diesel 
engine conditions supports conformity with real life diesel engine processes. 

The injection time frame of 2 ms is followed by 6 ms of further investigation time 
both in simulations and measurements. In this time frame first liquid parts from the 
injector nozzle orifice emerge with an average starting speed of – after a steep buildup 
period of injection of 0.3 ms –around 350 m/s. These liquid parts – represented by blobs 
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of liquid in simulation – are then subject to intensive breakup and deceleration on their 
way away from the injector nozzle. Due to the breakup processes immediately after 
injection they follow a track that in most cases closes an angle with spray axis, hence a 
cone shape of spray is built up. 

The droplets are subject to continuous breakup until they reach a stable diameter that 
is characteristic to the circumstances prevailing. The typical order of magnitude for 
stable diameters under the circumstances considered is below 40 µm. The velocity of 
spray droplet propagation in combustion chamber is usually characterized by the 
evolution of spray tip penetration in time, which is an important property for technical 
applications, e.g. from viewpoint of wall impingement. 

The evolution of a typical diesel engine spray according to a sample simulation is 
displayed in Fig. 1. 

 

 

Figure 1. Evolution of a typical diesel engine spray under room temperature ambient gas conditions 
according to a sample simulation with time after start of injection displayed 

All settings of the calculations presented in this Thesis are result of a detailed 
parameter optimization and validation process that was carried out in the framework of 
the research behind this Thesis [Kadocsa, 2005; Kadocsa, 2006], and hence all these 
results represent near optimum solutions from many respects. Exceptions are cases, 
where investigation of parameters was carried out in order to understand certain effects. 

 
Literature sources contained in chapter References are restricted to cited literatures. 
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2. Breakup of fluids 

In the sense of a broader definition, breakup includes the process when bulk liquid 
disintegrates into droplets under the effect of the acting – internal and external – forces, 
and also the process when an existing droplet disintegrate into at least two, smaller 
droplets, or emits a larger number of significantly smaller droplets. Based on this 
distinction, the entire breakup process can be split up into two basic parts: the primary 
and secondary breakup, as discussed below. 

2.1. Primary breakup 

When a liquid emerges from a plain-orifice atomizer, such as a diesel injector nozzle, 
and the injection velocity and the level of cavitation does not exceed a certain level, it 
has a continuum body of cylindrical form. The various internal and external forces 
competing on the surface of this liquid column create oscillations and perturbations of 
the surface [Lefebvre, 1989]. If these oscillations and perturbations are amplified to a 
critical extent, the liquid body disintegrates into droplets. This process is referred to as 
primary breakup, and is very important because with initiating the atomization process 
and determining the extent of the liquid core, it provides the initial conditions for the 
dispersed flow region. 

Depending on the physical conditions, this process can be diverse in nature, 
exhibiting substantially different characteristics. The categorization of these breakup 
types can be based on various considerations, however, a fundamental platform is 
provided by the three most important physical parameters related to spray breakup. 

1. The Reynolds number represents ratio of inertial forces to viscous forces and is 
defined in the spray literature as displayed in Eq. (1) [Lefebvre, 1989; Reitz, 1987]: 

 
l

l

u DRe ρ
µ

=  (1)   

 
2. The Weber number represents the ratio of aerodynamic force to the force of 

surface tension, and can be defined in two ways, depending on the physical mechanisms 
that are aimed to be described [Sirignano, 1999; Reitz, 1987]: 

 
g

g

2u D
We

ρ
σ

=  (2)   

 
l

l

2u DWe ρ
σ

=  (3)   

 
In experimental analysis there is some degree of freedom in choosing the Weber 

number, since experimental researchers use it to describe their results with minimum 
number of parameters. The choice might depend on type of the experiment, but e.g. for 
experiments without density variation liquid as well as gas Weber number could be 
chosen. 

The occurrence and type of breakup can be very well related to the gas Weber 
number valid for the droplet in consideration, hence a lot of numerical models use this 
characteristic to switch from one model mechanism to another. 
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3. The third relevant number is the Ohnesorge number, also often referred to as the 
Laplace number, the viscosity number or the Z number, representing the ratio of liquid 
viscous forces to surface tension forces and is defined as [Pilch & Erdman, 1987]: 

 
l l

l

We
Oh

Re D
µ

σ ρ
= =  (4)   

 
If the Ohnesorge number is used to account for the viscous forces during breakup in 

general, the assumption has to be made that the viscosity of surrounding gas is small 
compared to that of the liquid, since the Ohnesorge number involves droplet properties 
only. 

 
The most commonly referred categorization of the expected types of primary 

breakup based on these numbers was created by Ohnesorge in 1937, and was improved 
by introduction of a distinction between first and second wind induced breakup by Reitz 
[Reitz, 1978]. 

 

 

Figure 2. The regimes of liquid primary breakup as a function of Reynolds and Ohnesorge 
numbers [Reitz, 1978] 

This chart however, does not take into consideration the density of ambient gas, 
which is otherwise a very important factor related to breakup. The higher the ambient 
gas density is, the further to the left all division lines of this chart are shifted. In order to 
show this effect, Schneider collected a number of literature data and created a chart 
displaying the breakup regimes based on Reynolds number and gas density. 
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Figure 3. The regimes of liquid primary breakup as a function of Reynolds number and ambient 
gas density [Schneider, 2003] 

The dashed line of Weg=13 represents according to different experiments and 
theories either the dividing line between first and second wind induced breakup or 
represents the beginning of atomization regime. 

It is possible to display the breakup regimes as a function of all these three quantities, 
as depicted in Fig. 4. 

 

 

Figure 4. The regimes of liquid primary breakup as a function of Reynolds and Ohnesorge 
numbers and ambient gas density [Bower et al., 1988] 

It is obvious from Figs. 2 and 3 that the characteristics of recent diesel injection 
devices – including the experiments considered in this work – place the investigated 
phenomena well into the atomization regime (ambient gas density is around 38 kg/m3, 
Reynolds number is around 30000 and Ohnesorge number is around 0.005 in the 
investigations of this Thesis). Still, none of these processes is completely absent from 
the entire spray formation process. Besides that, the real physical mechanisms of these 
regimes serve as analogies for various breakup models. Hence, a basic understanding of 
them is important and useful. 
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According to the increase in gas Weber number (or in case of constant gas density: 
jet velocity) it is possible to distinguish between four basic types of primary breakup. 
These types are discussed in this section, depicted in Fig. 5 and are also placed in the 
chart of Fig. 2, Fig. 3 and Fig. 4. 

The physical effects and mechanisms discussed below are all present in each type of 
primary breakup in a certain extent. It is their dominance that’s changing as a result of 
changes in physical circumstances. 

 
Zone A – Rayleigh breakup 
 
At low jet velocities only the surface tension has a significant impact on the breakup 

characteristics: it promotes contractions, but on the other hand it impedes flare of the 
liquid column when the displacement of liquid from the contracted region into 
neighboring sections occurs. Hence, the smallest perturbations lead to axial-symmetric 
oscillations, which lead as an end effect to breakup of the liquid column. The resulted 
droplets are larger than the diameter of the original jet. 

 
Zone B – First wind-induced breakup 
 
With increase in Weber number (increase of relative jet velocity if other 

circumstances remain constant), the aerodynamic forces on the surface of the liquid 
column gain on influence. The pressure distribution resulted from the flow around the 
surface perturbations contribute to the breakup process. According to observations, the 
resulted droplets are approximately the same in diameter as the original jet [Lefebvre, 
1989]. 

 
Zone C – Second wind-induced breakup 
 
With further increase of Weber number, the processes of the first wind-induced 

breakup still occur, but in a larger extent, and more rapidly, providing droplets 
somewhat smaller than the diameter of the original jet. Besides that, in a process 
referred to as surface stripping short surface waves (Kelvin-Helmholtz instabilities) 
distract also small droplets from jet surface. 

 
Zone D – Atomization 
 
Above a certain level of Weber number, the liquid jet immediately starts to get 

distracted along the entire jet cross section at the exit of the nozzle hole. It means that 
the unbroken liquid jet section, i.e. the symmetric, undisturbed liquid column 
characteristic to the former three breakup regimes in a decreasing extent with increase 
of Weber number, is either absent in this case, or under circumstances exists in a very 
short length, not detectable with recent measurement technique. It is unclear in what 
extent aerodynamic forces and forces stemming from nozzle flow turbulence and 
cavitation affect the early stage of this type of breakup. The model used throughout this 
Thesis solves this problem with making the different types of processes of breakup 
competing, as described in Chapter 4.3.2. 

The distraction however first only affects the outer boundary of the injected liquid 
column, and there is still a liquid core inside the spray stream. Although, this core is not 
visible due to the masking effect of the small droplets around it already immediately at 
the injector hole exit. 
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The primary breakup process under typical diesel engine conditions features this type 
of primary breakup due to the high Weber numbers, resulted from high injection 
velocity stemming from high injection pressures, and high ambient gas density. 

 

 

Figure 5. Typical image of the four primary breakup regimes [Schneider, 2003] 

A clear tendency of primary breakup (and hence nozzle flow effects) gaining more 
attention has evolved in the literature in the past decade. In 1989, Lefebvre stated in his 
acknowledged book “Atomization and Sprays” [Lefebvre, 1989] that according to a 
general consensus by that time the primary cause of atomization was believed to be the 
action of surrounding gas, while jet turbulence (and cavitation) was considered to be 
only a contributing factor, which makes the liquid surface more susceptible to 
aerodynamic effects. Since those times the measurement technology evolved in a 
considerable extent (and of course also injection pressures rose), and the general 
consensus has changed: the effect of nozzle flow on subsequent breakup processes is 
considered to be at least as important as the aerodynamic effects. Smallwood & Guilder 
[2000] emphasize the role of cavitation and liquid turbulence in the entire breakup 
process in diesel sprays to an extent that they even consider the secondary breakup 
process (discussed in next section) governed by aerodynamic forces to play an absolute 
minor role. According to the large eddy simulation of Bianchi et al. [2005] the role of 
aerodynamic forces is negligible in the initial disintegration of liquid jet, since liquid 
turbulence is the major cause of it. 

This change in approach has occurred at the same time as diesel injection systems 
experienced a great era of development. Therefore the contribution of nozzle flow 
characteristics to the breakup process was not only recognized, but with rapidly 
increasing injection pressures has also become more important. As a result of both of 
these processes, the numerical simulation of diesel spray breakup has also started to 
evolve into this direction, as the topic of this Thesis also witnesses. 

2.2. Secondary breakup 

The process generally referred to as primary breakup, detaches droplets and 
ligaments from the liquid core of the spray. These fluid parts are however, usually not 
stable and hence are subject to further breakup. This subsequent breakup process is 
generally referred to as secondary breakup. 

The importance of secondary breakup is pronounced in case of typical power and 
propulsion systems, where due to the conditions prevailing (usually high temperature of 
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ambient gas), the surface tension of droplets becomes very small, and hence the 
potential for significant effects of droplet deformation and secondary breakup becomes 
high [Faeth et al, 1995]. 

The secondary breakup of fluids occurs mainly through aerodynamic forces. 
Therefore, the relative velocity of the droplet and the surrounding ambient gas plays an 
important role in the breakup mechanism. With increase of the relative velocity (or the 
increase of the Weber number due to other factors), the forms of secondary breakup are 
denoted as given in Fig. 6 and described below [Pilch & Erdmann, 1987; Bayvel & 
Orzechowski, 1993]. The existence of these breakup regimes was confirmed by several 
studies, for example the microscopic photographs of Liu & Reitz [1993]. 

 

 

Figure 6. Typical processes of droplet breakup with increasing gas Weber number [Pilch & 
Erdmann, 1987]  

 
1. When the Weber number is low, the oscillation of a droplet is usually amplified by 

the surrounding flow, which leads to a slow decomposition of the droplet into a few 
fragments. This is called vibrational breakup. The breakup time is large compared to all 
other breakup mechanisms. 

2. In case of a bag or parachute type of breakup the droplet is first deflected into a 
disc perpendicular to the flow direction, then the center of this disc begins to form a 
balloon-like structure. Subsequently, the balloon-like center disintegrates into smaller 
droplets and shortly thereafter the surrounding ring disintegrates into a smaller number 
of somewhat larger droplets. 

3. With further increase of the Weber number the bag and stamen or umbrella or 
club type of breakup occurs. This is similar to the bag type of breakup, but besides the 
balloon-like structure a claviform liquid column also appears parallel to the flow 
direction, and disintegrates at the same time as the surrounding ring. 

4. At higher relative velocities, the sheet stripping or shear type of breakup can be 
observed. In this process, a disc shape, similar to the one in case of bag breakup, starts 
to disintegrate, but disintegration occurs on the peripheries, and not in the center. The 
physical idea behind this regime is that shear forces tear away the boundary layer inside 
the droplet at the equatorial region. This sheet disintegrates shortly after leaving the 
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droplet, and a coherent residual droplet is constantly observable during the entire 
breakup process. The transition from bag breakup to shear breakup is often referred as 
multimode breakup [Faeth et al, 1995]. 

5. With further increase of the relative velocity, the atomization is governed by two 
types of surface instability. First, large-amplitude, small-wavelength surface waves are 
formed on the surface parallel to the flow direction. This is referred to as capillary wave 
formation at the droplet equator or Kelvin-Helmholtz instability, and leads to continuous 
diameter loss of the droplet. A small initial perturbation of the surface between two 
parallel flows leads to pressure differences (since the perturbation has to be 
circumflowed by the other medium, resulting in curved streamlines). This pressure 
difference amplifies the initial perturbation, while this process is damped by the surface 
tension of the medium. When the growth of this wave reaches a critical point, the 
considered part of the fluid detaches, i.e. a breakup occurs. 

In case of large-amplitude but short-wavelength surface waves perturbations on the 
forefront of the droplet rapidly penetrate the droplet to an extent that it disintegrates into 
several large fragments. These fragments are then again subject to further breakup. This 
phenomenon is called the Rayleigh-Taylor instability and leads to so called catastrophic 
breakup. This type of instability occurs in cases, when a dense medium is accelerated 
by a less dense medium. The surface remains also here stable until the first initial 
perturbation appears which is then amplified, and so called “RT-fingers” evolve. Kelvin 
Helmholtz and Rayleigh-Taylor instabilities are depicted in Fig. 7. 

 

 

Figure 7. The two basic physical mechanisms leading to breakup in the catastrophic breakup 
regime [Bower et al., 1988; Rotondi et al., 2001] 

 
If the Rayleigh-Taylor instability does not play a dominant role the regime can be 

referred to as capillary wave crest stripping, and the diameter loss of the droplet is 
continuous, rather than sudden and staggered. This more accountable behavior gives a 
good basis for the implementation of this mechanism as the governing breakup 
mechanism in the most widely used breakup model, WAVE [Reitz, 1987], as described 
in Chapter 4.3.1.  

Since the Weber number criterion of 350 is generally reached for diesel engine 
conditions, there the mechanism of capillary wave stripping and RT instability 
attributed to catastrophic breakup regime are most relevant. However, at injection begin 
and injection end, the relative velocities are much smaller than in between, therefore the 
breakup processes of lower Weber number might also be interesting for consideration. 
Another reason for that might be that due to air entrainment (the expression air is 
generally used in this context, but it refers to ambient gas in general), there can be such 
locations in the spray, where the relative velocity is significantly lower than the average 
value in the spray [Blessing, 2004]. 
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2.3. The structure of spray 

As a result of the phenomena discussed above, a typical spray cone emerging under 
diesel engine like conditions (atomization regime) possesses three characteristic parts, 
as depicted in Fig. 8. 

 

 

Figure 8. Characteristic parts of a liquid spray in the atomization breakup regime [Faeth et al., 
1995] 

The liquid core consists of not atomized fluid parts. Depending on definition it can 
mean a completely intact core (i.e. a liquid column) or the part of the spray where 
disintegration of the core is not completed entirely. If a stricter definition for liquid core 
is used, this latter part of spray is rather referred to as multiphase mixing layer. These 
parts are followed by a dispersed flow, where discrete droplets are moving separately 
from each other in the gaseous phase. 

 
According to recent measurements of Chaves et al. [2004] under diesel like 

conditions (high ambient gas density and high injection velocity), by means of an 
advanced laser measurement method and a modified data evaluation method using 
cross-correlation, the presence of a dense core even at distances of about 100 nozzle 
diameters downstream of the nozzle exit can be detected. 

However, their research showed that the theory of a central column in the spray, 
containing the most of the incompletely atomized parts is valid only for a few nozzle 
diameters distance at the beginning of the spray. Further downstream they detected the 
presence of coherent structures, consisting of sheets and ligaments that are contiguous, 
i.e. interconnected. 

Not accounted for these liquid structures as part of the liquid core, a large number of 
recent investigations indicate that under diesel engine like conditions the length of the 
liquid core (defined as an intact core) is only a few nozzle bore diameters, as 
summarized by Smallwood & Guilder [2000]. These investigations consider the liquid 
leaving the nozzle to become mostly atomized almost immediately after leaving the 
orifice.  

According to Yule & Salters [1995], the disintegration of liquid core can be 
considered to be completed at around 100 nozzle diameters away from the nozzle exit. 
In their experiments, only in order of 1 % of injected liquid is measured to be 
incompletely atomized at this distance. 

However, about the existence and the length of an intact core there is no consensus in 
literature. 
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2.4. Factors influencing primary and secondary breakup 

There is a large number of factors identified in the last decades of intensive research 
in the field of liquid injection that are influencing the character of breakup. The most 
important of these related to conditions typical in diesel engines are summarized below. 

2.4.1. Geometry of injector nozzle, injector flow 

The most of recent literatures agree that a major – or even most important factor – 
influencing primary breakup is the character of the fluid flow leaving the injector orifice 
[Smallwood & Guilder, 2000; Hiroyasu & Arai, 1990; Triballier et al., 2002; Bianchi et 
al., 2005; Heimgärtner & Leipertz, 2000]. The degree of development of velocity 
profile, the presence and intensity of flow turbulence and the existence and extent of 
cavitation are determining regarding subsequent breakup processes. 

An evidence for the importance of these factors is provided by the experiments, 
when a liquid was injected into vacuum [Lefebvre, 1989]. In this case, the perturbations 
of the liquid surface were also observed and breakup occurred, even if there was no 
ambient gas, which is a precondition for aerodynamic type of breakup. The effects of 
cavitation and turbulence can also be visually recognized in cases, when already 
immediately behind the orifice the diameter of the liquid column (cone) is larger than 
the nozzle bore diameter. 

Since the collapse of cavitation might lead to increase in turbulence, the effect of 
these two can not be separated [Schneider, 2003]. As the cavitation bubbles contained 
by the injected fuel burst and collapse, they cause pressure waves and contribute 
directly to the disintegration of liquid column leaving the nozzle orifice. A prerequisite 
of this direct effect is that life duration of these cavitation bubbles is higher than the 
convective time scale, hence they survive until a short time after the liquid leaves the 
injector nozzle orifice, which is usually the case for high pressure diesel injection 
[Marcer et al., 2000].  

On the other hand, the possible increase in turbulence due to collapse of cavitation 
bubbles contributes to the instability of liquid jet [Smallwood & Guilder, 2000]. 
According to the simulations of Mayer [1993] the initial perturbations of the liquid jet 
surface can come to existence only due to liquid turbulence. 

Because of the relatively small length of usual diesel injector nozzles, a fully 
developed velocity profile and a turbulent flow in the entire cross section can not build 
up even when the Reynolds number is high. Still, the size of turbulent eddies increase 
with their distance from the nozzle hole wall. As the liquid jet leaves the nozzle hole, 
the vortices start to reach the liquid surface, creating perturbations. The larger vortices, 
with a higher potential for creating significant perturbations reach the surface only after 
a definite time, which might give a temporal character to the contribution of turbulence 
to the breakup process [Lefebvre, 1989]. 

 
The existence of cavitation bubbles in the nozzle orifice, the degree of flow 

development as well as the build up of turbulence profile are highly influenced by the 
ratio of the nozzle hole length to the bore diameter, generally referred to as the L/D 
ratio. As a direct effect of the changes in L/D ratio, Hiroyasu & Arai [1990] investigated 
the breakup length of spray (injector nozzle bore diameter: 0.3 mm, injection pressure: 
40.8 MPa), as depicted in Fig. 9. 
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Figure 9. The effect of L/D ratio on the breakup length of a spray [Hiroyasu & Arai, 1990] 

As a clear tendency it is observable that the increase in L/D ratio increases the 
breakup length, and thus favors penetration. A reason for this is that the cavitation 
bubble emerging at the inlet of the nozzle hole leans more and more back on the nozzle 
hole wall with increasing relative length of the bore. Although, it has to be noted that 
the ambient pressure ranges characteristic to recent diesel engines (up to 10 MPa), and 
the L/D ratios of usually no more than 5 make only the first half of the lowest running 
curve of Fig. 9 interesting for our consideration, where this effect is not very strong. 

Other studies of Hiroyasu & Miao [2003] with an injection system operating with 
injection pressures ranging from 10 to 35 MPa concluded that the change in orifice 
diameter keeping the injection pressure constant has a significant effect on penetration. 
As it is observable in Fig. 10, the larger the orifice diameter is, the longer the 
penetration is. This is however only true for an ambient pressure of 3 MPa, and not for 
the other case with an ambient pressure of 0.1 MPa, where penetration was hardly 
influenced. 
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Figure 10. The effect of changing nozzle bore diameter while keeping the L/D ratio constant on the 
spray tip penetration [Hiroyasu & Arai, 1990] 

Although besides the injection pressure also the L/D ratio was kept constant during 
the investigations, which would imply that the injection velocity also remains constant, 
the increase in injector bore diameter led to decrease in injection velocity. The reason 
for this lies in a usual procedure in case of diesel injection experiments: the area of 
needle seat cross section was not altered proportionally with the increase in injector 
bore diameter, but it was kept identical in all cases. It means that the flow loss in this 
region was relatively higher in cases of larger mass flows, resulted from the larger 
injector bore diameters. 

One might expect that it leads to shorter penetration. However, a larger orifice 
produces larger droplets, whose momentum is relatively larger than that of smaller 
droplets. Hence, the conclusion of the authors is that at high ambient pressures the spray 
tip penetration depends on the injected fuel momentum rather than on the fuel injection 
velocity. These results are confirmed by the investigations of El-Hannouny & Farell 
[2003], where smaller injector holes produced sprays of shorter penetration, wider spray 
angle and a similar or slightly smaller average SMD. 

 
Besides the L/D ratio or the diameter of the nozzle hole, the shape of the nozzle bore 

is also of importance. Two usual changes related to the standard, cylinder shape of 
nozzle holes are hydro-grinding of nozzle hole inlet edge (rounding up), and conical 
shape of the bore in either direction. Both measures are aiming to change the nozzle 
flow characteristic, especially the extent and location of cavitation, and the level of 
turbulence. 

As the investigations of Han et al. [2002] showed, the application of hydro-grinding 
results in larger droplets and decreased spray angle. The reason for this is that the 
intensity of turbulence and the extent of cavitation are smaller due to the lack of a sharp 
inlet edge, and thus the cavitation and turbulence induced breakup is less intensive. 
From this respect, under many circumstances the application of hydro-grinding is not 
favorable. 

 
Another property related to injector flow, the injection pressure is also important 

regarding breakup. As observations of El-Hannouny & Farell [2003] showed, high 
injection pressure produced longer spray tip penetration and smaller SMD values. These 
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findings were confirmed by the experiments of Hiroyasu & Miao [2003] for injection 
pressures ranging from 10 to 35 MPa. Here, the increase in injection pressure resulted in 
an increase in penetration. They also found that this effect is weakened by increasing 
ambient pressures (i.e. increasing ambient densities). 

This effect can be interpreted mainly through the increase in injection velocity, 
which is a direct effect of injection pressure increase. It must be noted, however that the 
real injection velocity is always markedly smaller than the one calculated in theory, 
based on injection pressure. The reasons for this are the pressure drop around the needle 
seat and in the nozzle bore and the contraction typical at the inlet of injector bore. 

The increase in injection velocity provides higher momentum for the droplets 
emerging from the liquid core. These droplets undergo a more intensive breakup, which 
results in smaller SMD values, and droplets with higher relative deceleration. However, 
with respect to penetration this effect is overcompensated by the initially higher 
velocities, and as an end effect these droplets end up penetrating deeper than their larger 
counterparts in case of lower injection pressures. 

The importance of nozzle flow regarding breakup processes is demonstrated by the 
attempts to incorporate data about injector flow for influencing modeling of primary 
breakup processes [Baumgarten et al., 2002; Mercer, 2003 

 
The characteristics of injector flow are directly considered in the simulation 

methodology used in this Thesis through using results of injector nozzle flow simulation 
as an input for breakup modeling (see Chapters 3.3.3, 4.3.2 and 4.5.2). The simulation 
of injector nozzle flow of the nozzles considered in this Thesis was prepared by Toyota 
Central Research and Development Laboratories, the partner of research behind this 
Thesis. However, the simulation of a research injector nozzle for different injection and 
ambient gas pressures was fulfilled by the author of this Thesis to better understand the 
governing effects of cavitation and other important flow properties [Kadocsa & Kristóf, 
2006].  

Sample results about the flow field with special respect to cavitation in the nozzle 
bore are displayed in Fig. 11. The velocity in injector nozzle bore is significantly higher 
with increasing injection pressure, and the extent of cavitation bubble is also 
proportionally larger for the two cases with higher injection pressure. For these two 
cases a considerable presence of vapor fraction is observable at the injector nozzle bore 
orifice, potentially contributing to breakup processes in subsequent spray formation. As 
shown by the investigations, the extent of cavitation bubble increases with decreasing 
back pressure (pressure of ambient gas in the volume where injection occurs). 

 



 24

 

Figure 11. Velocity distribution in [m/s] (left) and vapor mass fraction [-] (right) in the injector 
nozzle in case of three different injection pressure at a back pressure of 7 MPa 

2.4.2. Liquid viscosity 

Since liquid viscosity delays deformation in droplets, the increase in viscosity of 
injected liquid decreases the probability of breakup [Schneider, 2003]. It means that the 
critical Weber number characteristic for the considered fluid as an indicator of probable 
occurrence of breakup is shifted towards higher values, when liquid viscosity increases. 
Brodkey [1969] gives a correlation utilizing the Ohnesorge number (Eq. (4)): 
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whereas the indexes µ>0 and µ≈0 denote the critical Weber number related to 

viscous and a nearly zero viscosity liquids, respectively. 
The delay in breakup due to increased viscosity means that the considered breakup 

event occurs further downstream in the spray cone. It means in most cases that the event 
occurs under the effect of smaller relative velocities. Since the stabile diameter of the 
resulting droplets increases with decreasing relative velocity (as described in Chapter 
4.3.1), the result of higher viscosity means an increase in droplet diameter [Lefebvre, 
1989]. 

This theory is confirmed by the detailed investigations of Yule & Salters [1995]. As 
this research showed, the liquid viscosity is very influential regarding the breakup 
length. As their experiments showed, the length of the intact core, and also the length of 
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a spray core containing a large proportion of ligaments becomes proportionally longer 
with the increase of liquid viscosity. 

In extreme cases, where liquid viscosity is very high, no disintegration occurs at all. 
Examples of this include production of artificial fibers, mineral wool and glass wool 
[Bayvel & Orzechowski, 1993]. 

2.4.3. Liquid/gas density ratio 

As Faeth et al [1995] concludes, in case of liquid/gas density ratios over 500 (which 
usually means liquid injection into atmospheric or low pressure ambient gas, as it was 
usually the case for decades in measurements, due to practical reasons), the 
aerodynamic forces play a minor role in the breakup process, which is thus dominated 
by the liquid phase properties at the exit of the injector bore. The attenuation effect of 
decreasing ambient density on aerodynamic instability can be seen also from theoretical 
analysis of Reitz [1987] or Mayer [1993]. In the limiting case of non-viscous fluids the 
approximate formulas of Eqs. (8) and (10) of Chapter 4.3.1 can be derived, which show 
decreasing wave length and increasing wave growth rate with increasing ambient 
density. 

On the other hand Mayer [1993] shows that for air assisted atomization (since diesel 
engines operate with air as an ambient gas, it is general to use the expression air to refer 
to the ambient gas in general) a slow jet in a parallel high velocity gas stream is 
atomized very well by aerodynamic mechanisms. These seemingly contradicting 
findings also confirm that there is no general agreement about the dominance of one or 
other mechanism, thus, the combination of aerodynamic and turbulent break-up 
mechanisms seems to be a reasonable basis for break-up modeling. 

 
According to the findings of Hiroyasu & Miao [2003], the increase in ambient 

pressure under the same temperature, i.e. the increase of ambient gas density leads to 
dramatically reduced spray tip penetration. This study also refers to earlier 
investigations, where the gas density was found to have a strong non-linear effect on the 
penetration, similarly. Possible reasons for this phenomenon are increased break-up 
causing smaller particles, and larger drag force, which is favored by both increasing 
density as well as reduced size. 

 
 
While all factors mentioned above play an important role in spray breakup processes, 

the most complex and yet least fully understood effect is that of the injector flow. 
However, taking the properties of this boundary condition of spray evolution not into 
consideration can lead to sever misrepresentation of subsequent processes. As Marcer et 
al. (2000) summarizes literature findings, very high pressure (200 MPa) injectors may 
produce slow breakup while very low pressure (under 1 MPa) injectors can cause very 
intensive atomization depending on the shape of injector nozzle, and thus the flow 
conditions on injector nozzle orifice. 
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3. Modeling breakup 

3.1. Introduction 

Since sprays gained on increasing importance in technical applications in the 19th 
century, it was a natural endeavor of scientists and engineers to better understand the 
physical processes related to the disintegration of liquids, and through that become able 
to predict the behavior and outcome of such processes. As Lord Rayleigh published his 
studies about the surface wave growth on liquid columns in 1878 an important step was 
made towards this goal. The physical laws described in these studies were verified even 
by high accuracy measurements more than a century later, but the spray processes 
interesting from technical point of view have changed a lot since that time. The high 
speed high pressure injection systems of any application area feature much more 
complicated and hard to investigate processes. 

In the absence of a uniform theory capable of describing the entire liquid 
disintegration process and also of today’s computational technology, before the 
early1990’s the scientific answer to this challenge was the creation of empirical 
correlations that relate the most important input variables, such as injection pressure, 
injector geometry and ambient gas properties to the expected outcome of the spray 
process in terms of the most important physical properties, i.e. average droplet diameter 
(e.g. SMD), spray penetration or spray angle. Such efforts (e.g. [Hiroyasu & Arai, 
1990], [Yule & Salters, 1995]) were of course interpretable only for one definite type of 
injection system, but even with this restriction the applicability of these models were 
associated with a certain amount of uncertainty. As Lefebvre stated in 1989 [Lefebvre, 
1989], no single parameter has emerged that has clear advantages over the other.  

However, the acceptance of this approach is reflected in the fact that even in 2003 
there was an effort to create more accurate correlations [Hiroyasu & Miao, 2003].Still, 
the changes in the general approach are reflected in the statement of the authors that 
they offer the new correlations as only a basis for more accurate computational models. 

A milestone in prediction, and also an important step on the road of understanding 
was the emergence of computer based modeling in the 1980’s. This chapter attempts to 
give a short overview about the evolution of this area, with special respect to the aspects 
of the Thesis. 

3.2. Basic approaches 

As discussed in Chapter 4.3 in detail, modeling a spray evolution process requires the 
collaboration of a number of different submodels that account for various individual 
physical processes. These usually include besides the breakup model(s) also a model for 
collision, coalescence and evaporation of the droplet, but separate model(s) can 
calculate for example the drag coefficient of the droplets. Since the focus of the Thesis 
is the breakup process itself, this chapter summarizes the evolution of only these 
models. 

Historically there are four crucially different approaches for predicting droplet size 
(and through that other important spray properties) resulted from atomization of a liquid 
stream. [Bianchi et al., 2004; Mayer, 1993; Paloposki, 1994; Sirignano, 1999] 

1. The basic idea of liquid breakup models is that if the mechanism of disintegration 
of liquid into droplets is well enough understood, with reasonable simplifications 



 27

appropriate models can be created for describing this process. A generally used method 
in this framework for expressing the changes in droplet size is the rate approach, 
introduced by Reitz & Diwakar [1987]. It focuses on the rate of change of droplet 
radius, as expressed in Eq. (6). 
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The rate of change is characterized by a breakup time scale and a stable radius, both 

calculated from a liquid breakup mechanism assumed.  
This method represents a standard approach for simulation of sprays under engine 

like conditions, and the models discussed later in this chapter and the models used 
throughout this Thesis belong also to this group. 

2. In the framework of population dynamics models an initial droplet size distribution 
is assumed, which is subsequently transformed according to deterministic or 
probabilistic rules into a final droplet size distribution. The emphasis is on studying and 
understanding the evolution of droplet size distribution. A disadvantage of this approach 
is the need of presuming an initial distribution; however, in cases where the collision, 
evaporation and secondary breakup plays an important role, the accurate assumption of 
initial size distribution is not that crucial. 

3. The maximum entropy formalism is a method to determine a stochastic distribution 
using some physical constraints without any further biasing. It has been used to 
determine droplet size distributions of sprays starting with a certain type of distribution, 
and applying the minimum condition for Shannon’s entropy together with e.g. mass, 
momentum and energy conservation to find the distribution parameters [Li & Tankin, 
1988]. 

4. Direct numerical simulation (DNS) is the most accurate, but also most elaborate 
method of calculating spray related processes [Zaleski & Boeck, 2003]. It directly 
solves the Navier-Stokes equations for continuous and dispersed phase with additional 
reconstruction of the interface between the phases. A prerequisite for dissolving all 
details of a turbulent flow is that the cell size of the numerical model must be smaller 
than the smallest eddies, and the time step must be smaller as the turbulent time scale. 
The demand on computational performances for such calculations increases with a third 
power of the Reynolds number [Ferziger & Perić, 1996]. Hence, today it is not possible 
to run entire spray calculations using direct numerical simulation. 

 
Further transitory solutions are represented by the application of large eddy 

simulation (LES) [Apte et al., 2003; Gorokhovski & Aptre, 2003; de Villiers et al., 
2004; Bianchi et al., 2005], or the use of hybrid approaches where for example a 2D 
DNS calculation method is used only until a certain disturbance height [Suzzi et al., 
2004]. 

 
Since a usual diesel like spray involves a number of droplets in the order of 

magnitude of 106-108 the individual tracking of each and every droplet is not practical 
and with a certain expected accuracy not even feasible. Currently there are three basic 
approaches being used to overcome this problem – they all serve as a framework for the 
application of the various spray related submodels. 

1. In the discrete droplet method (DDM) droplets are represented as parcels, which 
contain a large number of fully identical droplets, owning the same properties and 
having the same particle track [Dukowicz, 1980]. With choice of an appropriate number 
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of parcels issued (in the order of 103-104 during one injection cycle) the diversity of a 
real spray is reasonably well represented, while the computational performance needed 
is kept under acceptable levels. 

While the gas flow field is treated by conservation equations for mass, momentum, 
energy and turbulence in an Eulerian frame of reference, the droplets (i.e. the parcels) 
move in a Lagrangian way, and the equation of motion as well as heat and mass 
balances are solved for every parcel. Hence, the calculations can be accomplished with 
a single gaseous phase, while the droplets are tracked in a separate framework. The 
Lagrangian parcel tracking is done between subsequent time steps of the Eulerian gas 
phase calculation using a subcycling procedure with spray time step usually 
significantly smaller than the gas time step [Tatschl et al., 2002a]. 

During integration the droplets experience the heat and momentum source terms 
from the gas phase, while during spray integration the source terms exerted from the 
spray to the gas phase are accumulated for later transfer to the gas phase in the next 
Eulerian time step. A disadvantage of this approach is that by this approach the coupling 
between spray and gas phase equations is not as close as between the various 
conservation equations solved for the gas phase in an iterative procedure.  

2. In case of an Euler-Euler approach the droplets are represented by different 
phases, selected according to their size class [v. Berg et al., 2003a; v. Berg et al., 2003b, 
Tatschl et. al, 2002b]. Hence, this method provides droplet size information only in 
terms of size classes (where the number of size classes is subject of compromise 
between the resolution and necessary calculation time, but is usually in the order of 4-
10), i.e. each phase represents droplets between definite diameter values (e.g. from 5 to 
10 µm), and there is no further information about the size distribution within the size 
class. Beside that, the spatial resolution corresponds to the physical grid structure of the 
model (while in the Lagrangian framework the location of the parcels containing the 
droplets is known), i.e. it is only possible to know in which cell the considered droplets 
are, and no further information about the exact position is interpretable. However, this 
approach is promising, since it is able to better predict the processes near the nozzle, 
where strong interactions between the gaseous and droplet phases prevail. 

3. A compromise between these two approaches is represented in attempts, where the 
calculation domain is split up into two parts, and an Eulerian spray calculation in the 
beginning is followed by a switch to a Lagrangian approach [Blokkeel et al., 2002; 
Blokkeel et al., 2003; Platzer & Sommerfeld, 2002; Platzer & Sommerfeld, 2003; 
Lebas, 2005; Edelbauer et al., 2006]. 

 
Currently, the generally applied approach is the discrete droplet method, and it serves 

as the framework for the calculations of this Thesis as well. 

3.3. The evolution of breakup modeling and the different breakup model 

categories 

The breakup models discussed in this section represent the connection between the 
real physical processes and the numerical implementation, i.e. based on certain 
simplifications and emphasizing some of the processes believed to be deterministic 
related to breakup, they all contain a system of equations that can be embedded into 
various CFD environments. The models discussed here are usually implemented in the 
Lagrangian framework, and track the droplet diameter through the rate approach (Eq. 
(6)), but the ideas behind these models are theoretically applicable to other basic 
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approaches as well (just as some of them are recently used in the Eulerian framework of 
reference [v. Berg et al., 2003a, v. Berg et al., 2003b, Edelbauer et al., 2006]). 

The content of the following three chapters are organized according to an increasing 
level of development. This is generally in line with the historical development of 
modeling, but this development is not fully sequential. It means that there were models 
created belonging to the first category (Chapter 3.3.1) still when the models of the 
second category (Chapter 3.3.2) were already available, and there are still developments 
in field of the second category today, when the main direction of development is clearly 
pointing on the models of the third category (Chapter 3.3.3). 

It is reasonable to assume that after proliferation of the modeling approach using 
separate primary breakup models (third category), the attention might turn back to 
further refinement of secondary breakup models, which are still necessary when 
separate primary breakup modeling is applied. The historical character of the 
categorization of this section is based on the fact that the breakup models of the first 
category (that are partly still used as secondary breakup models) were created for 
simulation of the entire breakup process, and the ones in the second category 
represented a step towards the separate modeling of primary breakup by the time of 
their creation. 

3.3.1. Modeling breakup with one uniform model 

The increase in understanding of breakup of liquid is traceable in the history of 
breakup models, but the evolution of modeling is also influenced by the continually 
expanding boundaries represented by limitations in computational performance. 

Up to the late 1990s, the modeling of spray breakup was limited to one uniform 
breakup model for each calculation, which accounted mainly for secondary breakup, 
either with assuming some initial conditions substituting primary breakup, or somehow 
incorporating various mechanisms to account also for this regime. Most of the efforts on 
spray modeling in a CFD environment were conducted in the framework of discrete 
droplet method and used the rate approach. 

 
One of the earliest attempts, the Taylor Analogy Breakup (TAB) model [O’Rourke & 

Amsden, 1987] is based on the analogy between an oscillating and distorting droplet 
and a spring-mass system. The external force is represented by the aerodynamic forces 
acting on the droplet, the spring force is related to the surface tension, and the damping 
force corresponds to the force due to liquid viscosity. Hence, as a reaction on the 
aerodynamic forces, the droplet starts to oscillate. As soon as the amplitude of this 
oscillation reached a predefined level, the droplet disintegrates, i.e. breakup occurs. This 
model was generally used in the KIVA code [Amsden et al., 1985; Amsden et al., 1989; 
Amsden, 1997], but is no more valid for injection pressure and liquid/gas density ratios 
currently common in diesel engines. However, the mechanism was used in other models 
to account for the changes in droplet drag – independent from the breakup mechanism 
implemented in the same model [Liu et al., 1993, Su et al., 1996]. 

 
A similar idea, based also on the elliptic deformation is reflected in the Dynamic 

Droplet Breakup (DDB) model, which tracks the motion of the mass centers of the half 
droplets [Ibrahim et al., 1993]. It is essentially a nonlinear formulation of the TAB 
model equations, and the time consuming numerical integration seems not to have been 
offset by the increase in accuracy, since the model has not found wide acceptance 
[Schmehl, 2002]. 



 30

The most commonly used single secondary breakup model was developed by Reitz 
[Reitz, 1987] based on earlier work of Reitz & Bracco [1986] and is called WAVE. This 
model relates breakup to the Kelvin-Helmholtz instability, discussed in Chapter 2.2. 
The growth of an initial perturbation of a liquid surface is linked to liquid Reynolds 
number, both liquid and gas Weber numbers and density respectively surface tension of 
injected liquid. The stable diameter is determined as the wavelength of the fastest 
growing surface wave, which is determined from the above dimensionless numbers. 

This model is widely used also today for modeling secondary breakup, and is also a 
part of combined secondary breakup and also primary breakup models. Since it is used 
also in the calculations in this Thesis, it is discussed in more detail in Chapter 4.3.1. 

 
The disadvantage of all these models if used alone is that certain initial properties of 

the spray have to be provided by the user, or have to be assumed by the model based on 
empirical or theoretical consideration. Such initial circumstances include the spray 
angle and droplet diameter at the nozzle orifice and the transition from a continuum 
liquid column to droplets that are afterwards subject of secondary breakup models 
discussed above. 

The spray angle is usually provided by the users based on measurement, literature 
data or according to general practice. The transition from the liquid column to droplets 
is usually handled through the blob injection method [Reitz & Diwakar, 1987]. In this 
approach, a series of spherical liquid blobs represents the liquid column leaving the 
nozzle hole; hence the secondary breakup models can immediately take control over the 
injected mass. The diameter of these blobs can also be provided by the user, and is 
usually set equal to the nozzle orifice diameter. 

3.3.2. Modeling breakup with complex uniform models 

When the separate modeling of primary breakup was not introduced yet, several 
attempts have been made to include more mechanisms into one model, either with the 
aim of giving better prediction for the various breakup regimes, or simply to account for 
competing forces in breakup.  

A representative example for this latter was developed by Su et al. [Su et al., 1996]. 
According to the model called KH-RT Kelvin-Helmholtz (KH) surface waves and 
Rayleigh-Taylor (RT) disturbances are supposed to be in a continuous competition of 
breaking up the droplets. The Kelvin-Helmholtz mechanism is favored by high relative 
velocities and high ambient density, while the Rayleigh-Taylor mechanism is valid for 
rapid deceleration of droplets. The Kelvin-Helmholtz mechanism is simulated by the 
WAVE model, and the Rayleigh-Taylor part is also derived from a normal mode 
analysis. 

An example of successful application of this model in KIVA 3V code is presented by 
Lee & Park [2002]. The KH-RT model is available also in FIRE, the CFD code used in 
this Thesis as a secondary breakup model. 

 
Another early attempt for distinguishing between the primary and secondary breakup 

regimes within one model is represented by the FIPA model [Habchi et al, 1997]. While 
the primary breakup regime represented by high Weber numbers is treated by the 
WAVE model, in the subsequent secondary breakup regime the time constants are 
varying based on empirically determined equations, related to Weber number. The FIPA 
model is available also in FIRE as a secondary breakup model. 
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The same idea of switching breakup mechanisms depending on Weber number is 
presented by Bianchi & Pelloni [1999]. In their model above a certain Weber number a 
model by Huh & Gosman is used, while reaching this Weber number switched breakup 
to TAB model. 

The relative success of this approach is reflected in the fact that even in the early 
2000’s there were attempts to realize such models (e.g. [Rotondi et al., 2001]). 

3.3.3. Modeling breakup with inclusion of separate primary breakup 

models 

As computational performances have increased rapidly ever since the introduction of 
the first CFD based breakup models, the latitude of developers has continually 
expanded in a similar manner. Still, the evolution of breakup models was in the first 10-
15 years moderate, and was concentrated within the framework of uniform models. 
With increase in understanding of breakup mechanisms and with increase in demand on 
accuracy of modeling, a new type of modeling approach emerged in the early years of 
the new millennium. 

This change in approach was driven not only by the expansion of opportunities, by 
increase in understanding or by elevated expectations in terms of accuracy, but also by 
the changes in the processes to be modeled. Namely, the spectacular increase in 
injection pressure of direct injection diesel engines throughout the 90’s was followed by 
introduction of more sophisticated injection strategies, i.e. various forms of split 
injection. 

These injection systems are capable of producing a number of separate injections 
within one injection cycle. This development was enabled by the appearance of highly 
flexible, rapidly reacting injector nozzles connected to a common rail that keeps the 
injection pressure on a nearly constant level independent from valve opening or closing 
(in case of conventional injection systems the necessary injection pressure was 
generated according to stroke of injection, and this pressure was employed for opening 
of valve, while the closing time was regulated by the droplet in generated pressure 
[Dezsényi et al., 1999]). 

A basic aim of this technology is to smoothen the combustion process by creating a 
small initial flame in combustion chamber (the first injection used for this purpose is 
called pilot injection). [Lenz, 2001; Moser, 2001] 

In case of high injection pressures the role of nozzle flow cavitation and liquid 
turbulence becomes more pronounced [Ganippa et al., 2001a; Ganippa et al., 2001b; 
Gavaises & Arcoumanis, 2002; Iida et al., 2000; v. Kuensberg Sarre et al., 1999; 
Soteriou et al., 1995; Soteriou et al., 1999; Winklhofer et al., 2000]. Hence, models 
focusing on aerodynamic mechanisms of secondary breakup are not capable anymore of 
accurately predicting the disintegration of the liquid column leaving the nozzle orifice. 
This situation is further exacerbated by the highly transient nature of injection processes 
in various split injection systems. 

 
As an answer to these challenges, a new generation of spray models appeared, 

specialized on modeling primary breakup separately. There are four basic approaches 
emerged. 

1. In the first approach, the primary breakup is treated without any particular 
information on the real injector flow preceding breakup. In this case some necessary 
information regarding some important input quantities for more sophisticated treatment 
of primary breakup (e.g. turbulence intensity in the nozzle flow) is estimated from some 
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basic characteristics of nozzle geometry and nozzle flow, e.g. L/D ratio and contraction 
ratio. These data have to be provided by the user. The advantage of this approach is the 
separate and hence more complex and more appropriate treatment of the initial process 
of breakup, but the detailed link to the real nozzle flow is still missing. 

2. In an alternative approach, a database of droplet spectra is created by means of 
direct numerical simulation, pre-calculated for the relevant range of injection, and the 
primary breakup model takes the necessary initial values from this database. Hence, the 
ligament formation process is simulated directly, while subsequent, time consuming 
simulation of breakup processes is treated in the framework of discrete droplet method 
[Suzzi et al., 2004]. Advantage of this approach is the use of DNS, which introduces a 
more detailed model of the free surface evolution during disintegration of the fuel jet. 
Disadvantges are the restrictions of 2 dimensional DNS and the weak link to nozzle 
flow turbulence, which is treated by Suzzi et al. [2004] via a disturbance level 
parameter simply prescribing initial disturbance as a certain percentage of the average 
nozzle flow velocity. 

3. In the framework of an Eulerian spray modeling approach, it is possible to 
integrate the nozzle flow calculation into the same calculation as where the spray 
processes are treated [v. Berg et al., 2003a]. Thus, there is a real time, uninterrupted 
connection between the nozzle flow and the spray breakup processes. Although this 
approach is very advanced and is very promising for future development, a 
disadvantage is that for every variation of the spray ambient conditions, the injector 
flow has to be simultaneously calculated each time again, even if the injection 
parameters remained unchanged. 

4. A good compromise between the first and the third solution, and the most 
commonly used approach is the use of two separate calculations, connected by means of 
a special data file [Tatschl et al., 2000; v. Berg et al., 2002; v. Berg et al., 2003b; 
Baumgarten et al., 2002]. In this case the injector flow is modeled in a separate 
calculation using the Eulerian multi-fluid model (which is a necessity in this case 
because of the presence of cavitation), and all important flow field quantities on the 
nozzle orifice are written time and space resolved into a so called nozzle file [Kadocsa 
& Kristóf, 2006]. This file can subsequently be used by any type of spray calculations 
that include the necessary primary breakup models, capable of reading the content of 
the file. Hence, the connection between the nozzle flow and the spray processes is 
created for any spray calculation in any engine geometry, time and space resolved [v. 
Berg et al., 2002; v. Berg et al., 2003b; Tatschl et al., 2000]. 

The basic assumption for this is that there is no feedback from the flow in the spray 
chamber to the nozzle flow simulation. Under diesel engine like conditions this is a 
sufficiently good approximation as long as no backward flow from spray into a 
cavitation region occurs. Still, a possible disadvantage of this approach might be the 
need to prescribe not fully known and also artificially homogenous boundary conditions 
(pressure and temperature) at the orifice in case of the nozzle flow calculation. 
However, if the range of conditions of subsequent spray calculations is known by the 
time of nozzle flow simulation, this disadvantage can be reduced to a negligible level. 

 
A representative and state of the art variation of the last category was presented in 

[Masuda et al., 2004]. This model is implemented into FIRE and is used also throughout 
this Thesis. A detailed description of the model is provided in Chapter 4.3.2. 

 
All primary breakup models are used only for modeling the disintegration of the 

initial liquid column into ligaments and droplets, and sometime to account for the 
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disintegration of larger liquid parts still to be found in the early stages of the spray. 
Hence, using a primary breakup model usually means use of a separate secondary 
breakup model as well. For this purpose any of the models discussed above are 
appropriate, still, the ones incorporating some primary breakup approach (e.g. FIPA) are 
by definition not necessary and not practical. 
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4. Characteristics of numerical simulation 

4.1. Background of investigation 

In 2003, the Toyota Central Research and Development Laboratories (TCRDL) and 
AVL List1 started co-operation with the aim of creating a methodology for simulating 
spray breakup based on separate primary breakup models. The goal of this project was 
to validate a set of partially new models based on a comprehensive set of measurement 
data, representing all important characteristics of an internal combustion engine spray. 

The first series of attempts to realize a good agreement of calculation results and 
measurement data failed already at the comparison of penetration curves, and all other 
properties of spray were far from being in satisfactory agreement. Since the author of 
this Thesis wrote his Diploma Thesis about internal combustion engine simulation with 
the FIRE code, and his Ph.D. research was started in the same topic, he received the 
opportunity to participate in this collaboration, and hence focus the Ph.D. research on 
spray breakup in internal combustion engines. 

The work this Thesis is based on was carried out in the framework of this project, 
and the investigations aiming at conclusions beyond the goals of the research project 
itself are also utilizing the validation source represented by this outstanding 
combination of measurement data. 

 
As detailed in Chapter 5.3, the investigations involved a common rail injection 

system with 5 different injector nozzles, having also a larger and a smaller variation in 
terms of nozzle bore length and diameter, respectively, related to a baseline 
configuration. The measurements, and hence the calculations were performed under 
room temperature conditions, but the injection occurred into a high pressure CO2 
atmosphere. 

The calculations were performed using versions 8.1 to 8.4 of FIRE code, extended by 
user functions, as described in Chapters 5.2 and 7. The calculations were run on single 
32 and 64 bit processors (always using a 32 bit version of the software), under Linux 
operation system. 

4.2. The CFD code applied 

The FIRE code is based on a general purpose, 3 dimensional CFD code, and is 
specialized on simulation of combustion engine related phenomena. It is capable of 
handling various types of processes – e.g. flow, chemical species transport and reactions 
– simultaneously. It provides time and space resolved solution of transient phenomena, 
and documents the results in data tables and 2 and 3 dimensional data files. 

The pre- and post-processors, as well as the solver are integrated in a common user 
interface, called CFDWM (CFD Workflow Manager). In the pre-processor called 
FAME, it is possible to build the numerical grid, and create the desired selections for 
the purpose of later associating initial and boundary conditions with them. The input 
fields for all desired physical and computational settings are also included in the 
CFDWM. 

                                                 
1 The AVL List GmbH is the world’s largest privately owned engine developer headquartered in Graz, 

Austria, and the developer of FIRE code. 
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One project (a set of standardized directories and one governing file) can contain an 
arbitrary number of grids and an arbitrary number of calculations based on any of these 
grids. Hence, a project could contain any amount of numerical models and calculations, 
but the sense of this structure is that the physical, computational (grid) or calculation 
variations of the same object can be investigated within one project. 

The post-processor, called IMPRESS also utilizes this advantage: the results of 
different calculations related to one numerical model can be visualized using the same 
visualization settings, enabling a convenient and efficient comparison of simulation 
data. The post-processor also enables visualization of subsequent time-steps of the same 
cross section of results. 

4.3. Submodels in spray calculation 

In a general CFD environment the treatment of special, separable phenomena occurs 
through various submodels. These submodels enable appropriate handling of physical 
processes that would otherwise not be covered by the general equations (the 
conservation and transport equations for mass, momentum and energy as well as scalars 
for e.g. fuel mass fraction) of the CFD code. A representative example of this is the use 
of turbulence models, but all important spray related phenomena are also treated by 
submodels. This chapter briefly describes all important spray related submodels. 

An important general characteristic of the spray calculation process is that the 
calculation of the parcel movement is done with a subcycling procedure embedded 
between the gas phase time steps taking into account the forces exerted on parcels by 
the gas phase as well as the related heat and mass transfer (all based on the results of 
last gas phase time steps). In an analogous way the gas phase receives the forces 
resulted from spray movement as source terms in the next gas time step. 

Program parameters that are adjustable by users are all denoted with Ci for both 
primary and secondary breakup. Numbering of these parameters starts for both primary 
and secondary breakup from 1. While the first two parameters, C1 and C2 have the same 
meaning for both models, the rest of parameters have different meaning and/or are 
denoted with a different index number. To avoid confusing denominations, parameters 
that can have two meanings based on whether they are associated with secondary or 
primary breakup are extended in their denomination in this Thesis with an “s” in the 
index referring to secondary breakup, and a “p” referring to primary breakup. 

4.3.1. Secondary breakup 

Although in case of a droplet primary breakup occurs by definition earlier in time 
than a secondary breakup process, it is still logical to start discussion of models used in 
this Thesis with the secondary breakup model. The reason – besides that secondary 
breakup models were developed earlier than primary breakup models, and also served 
for modeling of primary breakup – is that the secondary breakup model applied 
represents an approach, which is also implemented into the more complex primary 
breakup model. 

The calculations performed in this Thesis all use the WAVE model for predicting 
secondary breakup. Although in the framework of the research upon which this Thesis 
is based, numerous secondary breakup models available in FIRE were investigated in 
order to better understand their behavior and their capability to predict diesel sprays 
under the physical circumstances considered, the choice for WAVE model was made 
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because of its good performance, simplicity and the fact that the primary breakup model 
used is also partially based on this model, as discussed in Chapter 4.3.2. 

 
The basic idea of this model [Reitz & Bracco, 1986] is that breakup of liquid droplets 

occurs due to initial surface perturbations, amplified by the flow passing by the droplet. 
According to the rate approach (Eq. (6)), the stable diameter of the droplet and the 
characteristic timescale of breakup under the prevailing circumstances are sought. 

 

 

Figure 12. The stable diameter of a droplet resulted from breakup according to Reitz [1987] 

As shown in Fig. 12, the stable diameter of a droplet, resulting from a breakup is 
proportional to the wave length of the fastest growing surface wave, as described in Eq. 
(7). 

 
Ca Λ= 1  (7)   

 
where Λ represents the wavelength of fastest growing surface wave, and is defined in 

Eq. (8). 
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whereas 
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The breakup time is calculated with a number of factors as defined in Eq. (10). 
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where Ω represents the growth rate of fastest growing surface wave, and is defined in 

Eq. (11). 
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C1 and C2 are model constants. 
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The expressions of Eqs. (8) and (11) are gained from a fit of maximum growing 
surface wave and wave growth rate gained from a normal mode analysis of the stability 
of the liquid jet surface in a parallel shear flow. 

 
When exposed to certain conditions (e.g. high relative ambient gas velocities), the 

droplets of a parcel start “losing” diameter as prescribed by the Eq. (6). In basic case, 
the mass shed from these droplets in each subcycle is used to update the diameter of 
droplets, while the shed mass is converted into droplets of identical diameter. Hence, 
the mass in a parcel is always conserved (not considering evaporation, or child droplet 
production as described later), only the number of droplets contained is changing 
according to changes in droplet diameter. 

Shortly after introduction of the original ideas [Reitz, 1978] that are contained in the 
current WAVE model as well it was extended with a so called child droplet production 
mechanism [Reitz, 1987] to enable more vapor production in the vicinity of injector 
nozzle, and it is used since then mostly inclusive this extension. Since this mechanism 
plays a central role in the investigations of this Thesis, its working principle is described 
in more detail in Chapter 6. 

4.3.2. Primary breakup 

The Diesel Breakup model implemented in FIRE [AVL, 2005] is also based on the 
rate approach, and uses the blob injection method, i.e. introduces a predefined number 
of blobs per timestep (e.g. 30 blobs per time step in the calculations of this Thesis), 
representing the liquid column. The number of blobs is provided by the user, either in 
the nozzle file (see Chapters 3.3.3 and 4.5.2), or through the user interface of FIRE code 
to get a sufficient stochastic resolution of the spray. 

The injected mass in a timestep (as defined from the nozzle file) is equally split up 
among the desired number of blobs, whereas the droplets of each blob parcel are 
initialized based on the properties of nozzle flow in the particular place of origin, as 
contained in the nozzle file (see Chapter 4.5.2). Since the size of these blob droplets are 
usually chosen to be equal to or at least in the order of the nozzle bore diameter, the 
practical number of droplets introduced in a timestep is in the order of 10-50, and an 
appropriate timestep for spray calculation is orders of magnitudes smaller than the 
entire injection process, the mass contained in one single blob parcel initialized is small. 
Thus, the number of droplets in the parcel is around or even below 1. The latter case 
means that this piece of fluid behaves as a droplet with the theoretical dimensions 
associated with it, but its effect is corrected by its real mass. As breakup processes occur 
and diameter of droplets decreases, the number of droplets necessary to result the same 
– constant (or in case of child droplet production corrected) – mass increases, and the 
same method turns to opposite: a larger than one number of droplets are represented by 
one theoretical droplet, and the effects related to this droplet are corrected according to 
that. 

The main advantage of Diesel Breakup model is that based on the time and space 
resolved information contained in the nozzle file, besides aerodynamic break-up of 
WAVE type it takes into account also turbulence and cavitation as driving forces of 
breakup. The solution chosen in this case is the competition between this mechanism 
and the aerodynamic breakup. 

The velocity of breakup is calculated for both mechanisms according to Eq. (6) for 
each parcel in each time step, and the one resulting in a more rapid breakup will be 
accounted for it (and the other one will be neglected). As the stable diameter and the 
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characteristic time scale for breakup are in both cases adjustable through parameters, the 
dominance of one or the other model can artificially be influenced.  

Aerodynamic breakup is calculated with a slightly modified WAVE model, and 
turbulence is taken into account through the model created by Huh & Gosman [1991]. 
The stable diameter and the characteristic time scale for turbulent breakup contain the 
turbulence properties of the liquid, as described by Eqs. (12) and (13): 

 

pC C ka µ ε
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 (12)  
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ε
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 (13)  

 
The turbulent kinetic energy and turbulent dissipation rate of the liquid are assigned 

to each parcel when introduced based on the nozzle file information (as described in 
Chapter 4.5.2). Both properties are corrected during the lifetime of the parcel according 
to Eqs. (14) and (15) until the parcel considered is subject of primary breakup model. 
After being handed over to secondary breakup these properties lose their importance, 
and are not further stored. As an important cause of primary breakup cavitation is 
included in the model as a source term in the equations Eq. (14) of turbulent kinetic 
energy k and Eq. (15) of turbulent dissipation rate ε. 
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Whereas Cµ is a turbulent model constant, and equals 0.16432. 
The source term Sk is calculated based on the Rayleigh Plasset equation [AVL, 

2005], assuming that the disturbance rate caused by the collapsing cavitation bubbles is 
proportional to the change of the kinetic energy.  

 
A basic advantage of using a primary breakup model is the ability to predict spray 

angle. For this purpose the primary breakup model calculates the radial velocity of 
droplets, through which spray angle is determined. The assumption of Diesel Breakup 
model is that the radial velocity component that is initially associated with the droplets 
launched is proportional to the turbulent kinetic energy contained in the liquid, and also 
includes the radial velocity component of the liquid at the injector nozzle orifice 
location where the droplet (blob) is being initialized from. This latter value is included 
in the nozzle file. The additional radial velocity component of the droplets is calculated 
as described by Eq. (16) 

 

r 10Cv k=
2
3

 (16)  

 
The direction of this velocity component is perpendicular to the spray axis, and is 

oriented away from the axis.  
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Once a droplet reaches the conditions described in the code, e.g. critical transition 
Weber number (Weg=500), primary breakup is assumed to be completed and it is 
further treated by the secondary breakup model. 

4.3.3. Evaporation 

Evaporation models account for the mass and heat transfer between the droplets and 
the surrounding gas. Since the calculation according to the discrete droplet method uses 
only one phase (the gas phase), the vapor resulted in this process is contained and 
transported in the gas as species. 

The evaporation model is responsible for determination of mass transfer and change 
in droplet temperature through energy transfer. In equilibrium the heat flow between 
droplet and gas is only to supply the energy necessary for evaporation, otherwise a 
change in droplet temperature also occurs. 

The model elaborated by Dukowicz [1979] is one of the common evaporation 
models in diesel simulations. It utilizes the analogy between heat and mass transfer, and 
determines the proportion of these two rates. It assumes a quasi-steady gas-film around 
the droplet, and applies a number of further simplifications: e.g., the droplet is 
considered to be spherically symmetric, with a uniform temperature distribution along 
the droplet diameter. Besides these, the surrounding fluid is assumed to be physically 
uniform, and insoluble in the droplet. 

There are other models also available that consider more factors when determining 
evaporation, e.g. a recently introduced model by Frolov [2005] that considers the 
deformation of and internal flow in droplets, but still contains simplifications such as 
uniform temperature distribution on droplet surface. 

Since the conditions of the investigations in this Thesis include ambient gas of room 
temperature, the influence of evaporation is very limited (the calculated amount of 
vapor emerging under these conditions depends on transferring mass from droplets 
reaching a diameter of 1 µm directly to vapor fraction, as described in Chapter 6.2) 

4.3.4. Collision and coalescence 

To enable easier interpretation of working mechanism of other important models – 
such as breakup –, collision and coalescence were not taken into account in the 
calculations of Chapters 6 and 7. However, collision and coalescence are believed to 
play an important role in spray formation, therefore they are considered in other 
chapters. There are currently three models in FIRE accounting for collision and 
coalescence – referred to as “collision models” in this Thesis – representing slightly 
different approaches in modeling. 

The collision model based on the work of O’Rourke [1989], referred to as O’Rourke 
collision model, serves as a basis for both other collision models Schmidt and Nordin.  

 
O’Rourke collision model 
In this approach, both the number and the nature (collision or coalescence) is 

governed by a probability density function, hence it is rather a statistical than a 
deterministic approach. 

Only parcels contained within on computational cell are considered to collide with 
each other. This saves computational time, but increases dependency of results on 
computational grid structure. A Poisson distribution and a random number are used to 
determine whether a collision takes place between a certain droplet of a parcel and any 
other droplets of another parcel. If collision or a number of collisions take place 
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between this droplet and the droplet(s) of the other parcel, another random number is 
compared with a parameter containing droplet diameters, relative velocity between 
droplets and liquid surface tension, in order to determine which type of collision occurs. 

If this parameter is higher than the random number coalescence occurs, if it is lower 
only grazing collision occurs, i.e. a collision after which droplets maintain their sizes 
and temperature, but undergo velocity changes. 

In case of a coalescence type of collision, the droplets colliding with the droplet 
considered are removed from their parcel and the diameter, temperature and velocity of 
all droplets of the parcel in that the droplet considered is contained are modified 
according to conservation of mass, momentum and energy. 

In case of a grazing collision all droplets concerned are returned to their original 
parcel, and the properties of all droplets of both parcels concerned are updated 
according to conservation of mass, momentum and energy. 

 
Schmidt collision model 
This model [AVL, 2005] is similar to the O’Rourke collision model, but it contains a 

more efficient method for looping using a pre-sorting algorithm. This is more efficient 
for high number of parcels. 

 
Nordin collision model 
This model [Nordin, 2001] is also similar to the O’Rourke collision model, but since 

it considers the entire droplet population when calculating the probability of droplet 
collisions it overcomes the grid dependency of O’Rourke and Schmidt collision models. 

The precondition of droplet collision is that the droplets considered travel toward 
each other. This is determined based on the trajectories of the parcels containing the 
droplets. If there is an intersection point of the two trajectories, it is determined whether 
the two droplets reach the intersection point approximately at the same time. Then a 
minimum distance is determined in case of which the droplets considered are able to 
reach each other within one spray integration time step. 

A probability density function is calculated based on this minimum distance, 
containing also the sizes of the droplets considered and the difference in times the 
droplets need to reach the intersection point. The probability calculated from this 
probability density function is then compared with a random number to determine 
whether a collision takes place. 

This method provides more realistic modeling of droplet collision, but is very time 
consuming. The simulation time required when this model is used is approximately 
three times as much as those of the other methods in case of the calculations of this 
Thesis. 

4.3.5. Turbulent dispersion 

The interaction of droplets with the individual turbulent eddies can not be resolved 
by the flow field, therefore a turbulent dispersion model is used. The instantaneous gas 
velocity within a turbulent eddy is estimated from the mean gas field velocity and 
turbulence kinetic energy [AVL, 2005]. 
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4.3.6. Droplet drag 

For estimation of drag coefficient droplets are assumed to have spherical shape 
however a correction due to oscillation of droplets is taken into consideration [AVL, 
2005]. 

This correction is similar to the idea introduced by Liu et. al [1993], where the TAB 
model was used to correct droplet drag with droplet deformation (while using WAVE 
model for calculation of breakup). 

4.4. Computational domain 

The computational domain used throughout the calculations of this Thesis was 
specially created for the purposes of the joint research project of AVL List and Toyota 
Central Research and Development Laboratories. The domain models a simple, box 
shaped environment, but the general order of magnitude of cell sizes takes into 
consideration the usual characteristics of numerical grids for the purpose of internal 
combustion engine calculations. However, the structure of grid considers the expected 
pattern of flow field, determined mainly by the evolving spray cone. 

As depicted in Fig. 13, the injector nozzle is placed symmetrically in the middle of 
the box modeled. 

 

 

Figure 13. The numerical grid used throughout the calculations (vertical cut section) 

The numerical model consists entirely of hexahedron cells, and has total dimensions 
of 0.4x0.2x0.12 m. The structure is considerably compressed towards the injector 
orifice, and has long cells further away from the nozzle. These cells are, however, 
directed in the expected main flow direction, i.e. the characteristic direction of spray 
propagation, as depicted in Fig. 14. (The spray displayed along with the cut through 
view of the grid represents a status of 0.8 ms after start of injection, and the color data 
corresponds to the velocity of droplets, while the size of displayed droplets is chosen to 
be constant for better visibility.) 
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Figure 14: The cell structure in the vertical cut through the injection axis 

The total number of cells is 45,144. There is a temperature type wall boundary 
condition on all boundaries of the model applied, with a prescribed temperature of 300 
K, however, the droplets are not expected to reach any of these boundaries in the time 
window of the calculation. 

As the simulation results are compared to a number of measurement data that 
represent different aspects of the calculation quality, this numerical grid is accepted in 
the Thesis to provide a reasonable platform for calculation. Although it is clear that 
there can be several points found in the grid that might become target of further 
optimization, the focus of investigation involves areas (e.g. breakup models), where 
slight changes in modeling approach or model settings results in changes of the most 
important results in a much larger extent than those expected from changes in the 
numerical grid. This latter statement is examined and confirmed by a number of test 
calculations with numerical grids different from the one applied in this Thesis. Since 
these findings were important only for confirming the idea of using the original 
numerical grid, they are not discussed here. 

4.5. Input data 

4.5.1. General settings 

There is a number of input data necessary to initiate a spray calculation. Physical 
parameters of the calculations are described in Chapter 5.3. A list of all important 
software settings is contained in the Appendix. 

Some of the parameters are varied throughout the calculations of this Thesis, and the 
topical values for these parameters are given in corresponding chapters. A large portion 
of the other parameters are extensively investigated in the research behind this Thesis 
[Kadocsa, 2005; Kadocsa, 2006] and are used with a fixed value according to the results 
of these investigations. 
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4.5.2. Nozzle file 

As described in Chapter 3.3.3 the modeling approach used in the calculations of this 
Thesis includes consideration of injector nozzle flow in calculation of primary breakup 
through using a nozzle file. This file is an output of a 3 dimensional multi-phase 
calculation [Alejbegovic et al., 1999; Masuda et al., 2004], such as the one briefly 
discussed in Chapter 2.4.3 [Kadocsa & Kristóf, 2006], and contains data about the flow 
conditions at the injector nozzle bore orifice time and spatially resolved. The resolution 
both in time and spatially can be chosen independently from the time and spatial 
resolution of subsequent spray calculation with the only rule that spatial resolution must 
be higher for injector nozzle flow calculation than the one of subsequent spray 
calculation. 

The nozzle file contains following data for each injector nozzle flow simulation time 
step for each cell face on the nozzle orifice and for both phases (liquid and vapor): 

 
- velocity components 
- turbulent kinetic energy 
- turbulent dissipation rate 
- density 
- volume fraction 
- temperature 
 
Once the nozzle file is created, it can be used in an arbitrary number of spray 

simulations. 

4.6. Summary of calculation approach 

The most important characteristics of the calculation approach used throughout the 
simulations of this Thesis are summarized here. 

Liquid droplets of spherical shape (blobs) are entering the gas field (which is treated 
by an Eulerian approach) and are tracked in Lagrangian way. According to the discrete 
droplet method used (see Chapter 3.2), all droplets are contained in parcels, where an 
arbitrary number of droplets having the same properties can be represented. The 
droplets are subject to a number of physical processes treated by the CFD code or its 
submodels (see Chapter 4.3), where the most important process related to these droplets 
is droplet breakup. 

The breakup of droplets is initially treated by a primary breakup model (Diesel 
Breakup model in the calculations of this Thesis) and after fulfilling certain conditions 
(e.g. the decrease of Weber number under a predefined level) they are handed over to 
the secondary breakup model (WAVE model in the calculations of this Thesis). Hence, 
these models act on a droplet subsequently, and not at the same time. Both models 
contain a mechanism, called child droplet production (described in Chapter 6.1). 

The diameter of droplets is always tracked by the rate approach (Eq. (6)). The 
necessary inputs stable diameter a and characteristic breakup time τ are provided by the 
actual breakup model used. 

All droplets are continuously subject to evaporation (see Chapter 4.3.3). The amount 
of liquid evaporated is calculated using an evaporation model, but mass transfer to 
vapor phase also occurs (automatically) when diameter of droplets of a certain parcel is 
decreased to 1 µm (as described in Chapter 5.2.2). 
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5. Methods of investigating spray related processes 

The experimental investigation of any properties of a spray is a challenging task. The 
difficulties of measurement can be illustrated with the case of investigation of the 
beginning of the spray. Since this is usually an optically dense systems, i.e. the 
attenuation of visible light is high (typically 85 % or more) [Labs & Parker, 2003], to 
gain an insight into inner parts of the spray with a purpose of assessing the droplet 
properties is very difficult and often not even possible. 

Although there has been a great progress in measurement technology in the last 
decade, which enabled assessing areas that had been previously hidden for 
measurement, the development of numerical simulation transformed CFD into generally 
accepted peer of measurement in the process of understanding of spray related 
phenomena. 

In this Thesis, a CFD tool is used to assess spray related processes, and measurement 
is utilized for validation purposes. The aim of this chapter is to introduce the most 
important properties through which sprays can be best characterized, and explain the 
techniques usually used to measure or numerically determine them. 

5.1. About the methods in general 

5.1.1. Measurement 

The assessment of “external” properties of the spray, i.e. spray tip penetration and 
spray angle is not an easy task. These measurements are usually executed by optical 
imaging systems, a crucial problem in this case is the definition of the spray contour. As 
the investigations of Dongiovanni et al [2003a] showed, especially the spray angle is 
very sensitive to the definition of an appropriate intensity threshold to separate the spray 
region from the background of the image. 

Mostly independently from the measurement technology applied, there are various 
techniques to define this threshold level. One example of these options is when the two 
peaks of the histogram of the spray image, corresponding to the spray and the 
background, respectively, are identified, and a threshold intensity midway the two peaks 
in the cumulative histogram is chosen. Another option is to set a definite percentage 
value of the maximum image dynamics, or of the maximum image intensity level. 

A more advanced approach was presented by Dongiovanni et al [2003b]. They 
implemented an image processing technique, usually used for human face 
representation and recognition, the Karhunen-Loeve decomposition method to create a 
dynamic threshold for each image considered, individually. 

Besides the importance of threshold selection Kim et al. [2000] also emphasizes the 
significant influence of the measurement method itself. In their research, they 
investigated digital image processing, shadowgraphy and patternator, and found that 
they deliver noticeably different results. 

A traditional measurement method, mostly for measuring the length of the liquid 
core is the conductivity technique [Smallwood & Guilder, 2000]. In this method the 
electric conductivity is measured between the nozzle and a fine wire net detector, 
located downstream in the spray. Since diesel fuel does not provide sufficient 
conductivity, other liquids must be used in measurements as a substitute. 

Another option for measuring spray penetration is the use of various optical methods. 
Early variations are direct photography [Badock, 1999] and shadowgraphy [Crowe et 
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al., 1997]. Both produce line-of-sight path integrated images, and are not capable for 
investigation of internal structure related properties of the spray. 

For information about the structure of the dense core region in high-pressure 
transient diesel sprays the Mie-scattering method is considered to be the most 
appropriate method [Smallwood & Guilder, 2000]. For this purpose a planar sheet 
illumination has to be chosen, while for purposes of penetration measurement related to 
the liquid core, a volume illumination is used. The use of planar sheet illumination is 
often considered to be tomographic imaging. 

Besides providing information about penetration, laser-induced exciplex 
fluorescence is also capable of indicating liquid concentration [Smallwood & Guilder, 
2000]. Laser induced fluorescence (LIF) is also capable of measuring liquid 
concentration, but if combined with Mie-scattering, it can provide information of the 
Sauter Mean Diameter as well [Smallwood & Guilder, 2000]. 

The Sauter Mean Diameter is however more often measured by Phase Doppler 
Interferometer (PDI), Phase Doppler Anemometry (PDA) or Phase Doppler Particle 
Analyzer (PDPA) [Sommerfeld, 1997; Benajes, 2005]. These methods can be used not 
only to measure the diameter of droplets, but also the velocity of them [Hohmann, 
1999]. 

5.1.2. Numerical simulation 

A considerable advantage of numerical simulation is that it is possible to create 
calculations where the physical properties of the considered phenomena are time and 
space resolved available without the need of separately “measure” them. However, the 
amount and sometime the form of information make it very challenging to interpret the 
results. 

The FIRE code v8.4 [AVL, 2005] delivers time and space resolved data about the 
spray and about the flow in the whole domain. The frequency and the content of these 
outputs are determined by the user. The results are written to various files according to 
their type of content. Thus, a text file contains all iteration steps and aggregated and 
averaged results in the end of each time step or as defined by the user. This file serves 
also as a log file related to any regular or irregular events of calculation process. 

A program specific file contains all aggregated data for the entire calculation process, 
and serves e.g. as data source for creating graphs about quantities of interest. Another 
code specific file comprises of all 3 dimensional data for the entire calculation process. 
This file is the data source for visualization in the general user interface. The exact 
content of both the 2 and 3 dimensional data files is determined by the user before start 
of calculation. 

The output features of FIRE contain all relevant and usually used flow and spray 
properties. However, for research and for more detailed investigations with the aim of 
evaluation and development of numerical models, there might be a demand for extended 
information regarding calculation output. For this purpose user functions can be written 
by the user, in which it is possible to define an arbitrary form of output. In this Thesis, 
this option has been used extensively, as described below. 

5.2. Spray properties 

The most important properties of a diesel spray are its penetration length (and its 
temporal evolution), the average size (in most cases characterized by the Sauter Mean 
Diameter, as defined in Chapter 5.2.2) and size distribution (introduced in Chapter 
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5.2.3) of the droplets, and the overall shape, quantified by the spray angle of the spray 
cone (see Chapter 5.3.4). These properties are crucial from viewpoint of application, 
hence the validation of various spray models have always been performed based on 
some of these properties. The most commonly used property is the penetration curve, 
showing the evolution of maximum penetration of spray in time, in certain cases 
accompanied by some type of information regarding the droplets size. However, there 
are models currently still in use, which were calibrated and validated without any 
information regarding the validity of droplet sizes [Habchi et al., 1997; Rotondi et al., 
2001]. 

In the investigations of this Thesis, all the above mentioned properties were 
considered for validation. 

5.2.1. Penetration curves 

One of the two most important properties of spray is the temporal evolution of the 
distance of spray tip from the injector nozzle orifice, represented by the curve of 
maximum spray tip penetration. This can be traced back to the fact that penetration is an 
important factor promoting fuel-air mixing (which is favorable in diesel engines), but 
the maximum extent of it is limited by the physical obstacle, represented by the piston 
bowl wall, and impingement of spray droplets is to be avoided [Hiroyasu & Miao, 
2003]. 

In case of evaporating sprays, the penetration of the liquid phase and the penetration 
of vapor phase are separately interpretable. Smallwood & Guilder [2000] found that due 
to effective transport of momentum the fuel vapor propagates with the same velocity as 
the initial velocity of droplets they emerged of, although, the typical curve of vapor 
penetration lies over the one of liquid penetration usually for the entire injection 
process. 

The reason for this is that the droplet population representing the tip of the liquid 
spray is being constantly reproduced, because the droplets formerly being on the tip are 
subject to complete evaporation. Hence, although the newer and newer liquid droplets 
penetrate deeper and deeper to the combustion chamber (since the ambient gas 
environment is being accelerated during the preceding part of injection process, thus the 
droplets arriving later are subject to smaller deceleration due to the smaller relative 
velocities prevailing), this propagation is slower than the one exhibited by the vapor 
pieces leading the vapor penetration, because they are stemming from droplets that are 
no more existing due to complete evaporation. Thus, the vapor species leading the vapor 
penetration (i.e. determining the vapor penetration curve) are not faster than the droplets 
they were previously emerging from (which would not be logical), but they are simply 
in a timely advantage (i.e. they started earlier) related to the droplets leading the liquid 
penetration at the same time. After a certain time, the increase in liquid penetration even 
stops, and a constant level with certain fluctuations is reached (an equilibrium or 
stationary state is obtained). This level represents the maximum distance from the 
injector orifice where a droplet can reach without being completely evaporated. 

At the same time, the vapor phase continues to penetrate with a decreasing velocity; 
hence the curve of vapor penetration has a declining tangent. 

The measurement data used in this Thesis were obtained by measurements with Mie-
scattering method. 
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In the calculations liquid and vapor penetration is determined by a user function, in 
which the definition of liquid spray tip is fixed and it is also possible to define how the 
tip of vapor spray is interpreted. The methods for these are as follows.  

In case of liquid penetration, the distance of fuel parcel and nozzle orifice is 
investigated by the user function for all parcels contained in the calculation domain, in 
each time step. The parcels are graded according to these distance data, and the mass 
contained in the parcels is being summed starting with the parcel of the greatest distance 
from the nozzle orifice until 1 % of total mass is reached. Thus a group of parcels on tip 
of spray is identified and from these parcels an average distance value is taken. This 
method avoids erroneous detection as a consequence of a single leading parcel. 

In case of vapor penetration it is a subject of user decision to define the dedicated 
vapor concentration, below which the cells containing it are not considered to be part of 
the spray. This option for choosing vapor detection limit is necessary, since simulation 
data is usually compared to measurement data, and these latter are associated with 
uncertainties, as described in Chapter 5.1.1. Thus, users can define the desired 
percentage threshold level, e.g. 0.1, 1 or 5 %, and the user function takes the distance of 
cell with greatest distance from injector nozzle still containing a vapor level above this 
defined threshold from the nozzle orifice (i.e. the distance of the furthest cell, which is 
still reached by a considerable amount of vapor by that time) to define vapor 
penetration. All data is written in separate text files. 

Under room temperature ambient gas conditions that are considered in this Thesis 
and in the measurements used for validation the evolution of vapor is less important as 
in case of high temperature investigations. Hence, in the calculations of this Thesis and 
in the measurements used only liquid penetration was investigated. 

5.2.2. SMD 

There are a number of representative diameters, each focusing on various aspects of 
spray properties. Because of the aspect of evaporation, which is deterministic for 
subsequent combustion processes, the most commonly used mean quantity for sprays 
regarding diameter is Sauter Mean Diameter (SMD), defined in Eq. (17), while the 
definition of other representative diameters can be found in [Lefebvre, 1989]. SMD 
represents the diameter of a droplet that has same proportion between its volume (mass) 
and surface as the entire droplet population considered. Hence, it is a good identifier of 
relative surface available for evaporation, and that is a reason why it is so 
predominantly used for characterization of engine (and also other) sprays. The smaller 
SMD is, the larger is its relative surface related to its mass. 

 
∆
∆

D n
SMD

D n
= ∑
∑

3

2
 (17)  

 
Depending on the measurement available, the SMD is either determined as global 

SMD (whole spray), or SMD for a certain part of the spray (spray axis, a fixed cut or a 
point – i.e. small control volume – in the spray), either for a point in time, or more 
commonly time averaged for a certain time window. The measurement of SMD requires 
increased investment into the measurement procedure, therefore is rarely available. 

The measurements that provide the measurement data used for validation in this 
Thesis were executed using PDPA technique [Masuda et al., 2004]. A measurement 
volume of 1 mm radius was designated on the spray axis in a fixed distance from the 
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nozzle determined for each investigated nozzle type separately. Data concerning 
location of measurement points is to be found in Chapter 5.3.2. 

The lower limit of measurability for the PDPA system used was around 1 µm. In 
order to enable comparability, droplets below 1 µm were neglected also in calculations 
concerning SMD and droplet size distributions (Chapter 5.2.3). 

To match experimental conditions in simulation, a user function [Nagaoka, 2005] 
was used to determine SMD at 1 mm surrounding of the same designated point as in 
case of measurements for all injector type. This user function – referred to as point user 
function in this Thesis – collects all parcels passing through its measurement volume, 
writes their parameters into a text file each timestep, and automatically calculates a 
cumulated SMD value for each time step, referred to as point average SMD in this 
Thesis. The conditions of measurement are thus perfectly matched. However, as 
discovered during the research work, this method suffers from disadvantages in 
numerical environment (see below and in Chapter 6.6), hence another method is 
proposed and used for comparison purposes, as discussed later in this chapter. 

The basic problem of this method stems from the principle of discrete droplet method 
(introduced in Chapter 3.2). Since droplets are represented by parcels, the variety of 
droplets is lower related to real life and is grouped into parcels, hence particular droplet 
properties are not present distributed in space, but are concentrated to the location of the 
parcel in which the droplets possess these properties. Since the sampling area of point 
user function (and of measurements) is limited to a circle with 1 mm radius – which is a 
relatively small area related to the entire spray cross section with a radius of around 13 
mm at 2 ms after start of injection (SOI) at this distance from injector nozzle –, the 
number of parcels is also small related to total number of parcels that represent the 
entire spray. 

The number of droplets that pass through the 1 mm radius circle is small compared to 
the entirety of population also in case of measurements. However, in this case the 
variety of droplets is not limited due to a mechanism similar to the one in case of 
simulation, where droplets having the same properties are grouped into parcels. It 
means that although the discrete droplet method provides a reasonable representation of 
all droplets concerning the entire droplet population, it has disadvantages when 
sampling from the population is considerably limited. 

If in total only 100 to 1000 parcels pass through the 1 mm radius sampling circle (as 
it is in case of the calculations of this Thesis), the representation of droplet population is 
negatively affected. Hence, choosing the entire cut for sampling gives a better 
representation in case of simulation. 

A further disadvantage of this method is that if the droplet spectrum suffers from a 
high level of bimodality as discussed in detail in Chapter 6.3, and the different droplet 
size classes are affected by distraction by flow in a different extent as discussed in 
Chapter 6.6, the population of droplets that is sampled by the point user function is not 
representative concerning the entirety of the droplet population at this distance from the 
injector nozzle. 

Hence, another method, averaging over the entire cut by means of another user 
function – introduced in Chapter 5.2.3 – is used for most of the investigations in this 
Thesis. These values are referred to as cut average SMD. In case where results are 
compared to measurement data, comparison of point average SMD and cut average 
SMD is necessary, and in case of large differences further investigation and 
considerations are necessary. Automatically using the point user function is not 
expedient also in these cases due to the first problem mentioned in this chapter. 
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Global SMD data is available in FIRE as a standard spray output quantity for each 
time step, referred to as global average SMD in this Thesis, and is also used in cases 
where practical. 

5.2.3. Droplet size distributions 

An average SMD value gives valuable information about surface available for 
evaporation, but does not reflect from what population is this value averaged. Although 
it is probably not of primary importance for evaporation in general to know more about 
this population, it is interesting for a number of other considerations. 

A useful tool – that is used also throughout this Thesis – is to order droplets into size 
classes of a certain width – e.g. 1 µm or 5 µm – and determine their share related to the 
entire population considered (which is not necessarily the entire liquid mass injected – it 
can also be a part of the spray considered) using different weighting quantities. The 
quantities used in this Thesis are the number of droplets, their surface and their mass, 
respectively. Based on these numbers, a bar chart can be created for visualization of size 
distribution, as to be seen on Fig. 15 with sample results for size class width of 1 µm. 
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Figure 15. Size distributions of a sample droplet population weighted with a.) number, b.) surface 
and c.) mass, respectively 

Since all three distributions contain important information about the population 
considered, it is practical to visualize all three distributions in one chart. To enable 
better visibility, it is practical to use a curve covering the bar elements of the 
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distribution considered instead of using the bar elements themselves. The graph 
received with this transformation practically corresponds to a density function, and can 
be interpreted similarly – keeping in mind that the resolution of this graph is determined 
by the size class width applied when the bar charts were created. Thus, once the graph is 
set up, there is no more possibility to have information about the distribution inside a 
size class, i.e. the straight lines connecting the breaking points of the graph serve only 
better visibility of chart and they do not represent the prevalence values of topical 
droplet diameters on the horizontal coordinate axis that each point of these lines belongs 
to. 

With this transformation, the charts of Fig. 15 look as depicted in Fig. 16. 
 

 

Figure 16. All types of size distributions displayed in one chart 

If the resolution of size classes is decreased by increasing size class width, e.g. to 5 
µm as it is necessary in some of the investigations in this Thesis because of the type of 
measurement data available, the information provided by the chart decreases, but the 
transparency improves. The graphs of Fig. 16 look as to be seen in Fig. 17 if size class 
width is set to 5 µm. 
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Figure 17. Size distributions based on 5 µm size class width 
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Measurement data concerning droplet size distributions was available for comparison 
for injector nozzle Nr5 for the same 1 mm radius measurement volume as in case of 
SMD measurement, as introduced in Chapter 5.2.2. 

Size class distributions were available as a calculation output by means of the point 
user function, and also another user function already mentioned in previous chapter. 
This user function – referred to as cut user function in this Thesis – writes all data of all 
parcels crossing the designated cut into a text file. Through post-processing it is 
possible to collect all parcels for the selected time window into size classes with class 
width chosen by the user, and determine their proportion from the entire population 
weighted with all three necessary quantities (number, surface, mass). These numbers or 
the similar numbers gained through point user function can be displayed as given in 
Figs. 16 and 17. 

In most of the investigations the cut user function was used to gain droplet data for 
the droplet size distribution curves due to the same reasons as discussed in Chapter 
5.2.2. To illustrate the problem of sampling, droplet size distributions for both types of 
sampling are presented in Fig. 18. 
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Figure 18. Droplet size distribution curves prepared with point and cut user functions, respectively 

The curves prepared by means of the point user function represent 239 parcels (in 
average less than 5 parcels per size class), while the curves prepared by means of cut 
user function represent 15350 parcels (in average more than 300 parcels per size class). 
The sampling for the point user function is thus very limited, the consequences of which 
can be observed in Fig. 18. The curves of point user function are very fluctuating, 
showing the effect of the interaction of stochastic behavior and principles of discrete 
droplet method. The overall shape of these curves is however similar to the curves 
gained through using the cut user function, thus the curves of cut user function can be 
used in most of the cases. 

However, if comparison with measurement data is executed, investigations of both 
types of curves are necessary, and in case of large differences considerations must be 
made. 
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The measurements that provide the measurement data used for validation in this 
Thesis and given in confidential appendix were executed using PDPA measurement 
technique. 

5.2.4. Spray angle 

Spray angle is usually either defined based on a definite distance from the nozzle 
orifice, or defined dynamically, i.e. it is always measured at a certain percentage of the 
actual length of the spray. In the investigations of this Thesis it is defined dynamically 
as the cone angle of the first 70 % of the entire spray. 

A user function was created for determining spray angle. It was determined in each 
time step as an average of the angle determined in two perpendicular planes through the 
spray axis, and it was written into the text form output file of FIRE. 

In the measurements used for validation in this Thesis Mie-scattering method was 
used, and spray angle was determined for the moment of end of injection, i.e. for 2 ms 
after SOI. 

5.2.5. Spray shape 

Spray tip penetration and spray angle are capable of providing the most important 
information about the shape of the spray cone, since they represent three characteristics 
that mostly determine the entire form. Still, if the shape of the simulated spray suffers 
from severe deviancies from real life spray shapes it might happen that even a spray 
with realistic results concerning all three above mentioned properties look very different 
to real life sprays. One typical phenomenon is when the simulated spray has a “cap” 
around the tip, i.e. a cloud of droplets of a certain droplet size class or age. Another 
phenomenon is when so called artifacts appear in the spray, i.e. obviously unrealistic 
spray parts, for example a long “tail” on the tip of the spray (that also misleads 
determination of spray tip penetration).  

Hence, qualitative comparison of simulated spray shape with real life measurements 
– i.e. photos of the experiments – is necessary as an extension of validation through use 
of spray angle and spray tip penetration data. 

In this Thesis, spray shape was regularly controlled visually for different time steps 
of the calculation. In some cases it was a very useful tool for finding reasons of 
improper penetration curves or spray angle values. In the cases presented in this Thesis 
spray shape was in good agreement with photos of measurements, apart from the cases 
where working principle of certain model features is presented, therefore agreement in 
this field was not considered. 

The spray images used for validation in this Thesis were created using Mie-scattering 
method. 

5.3. Measurement data used for validation 

Detailed measurement data were available about five different research diesel 
injector nozzles. These nozzles are referred to as Nr4-Nr8 according to their original 
factory denomination. All nozzles have straight cylinder shape bore and the same 
housing, differing only in length and diameter of bore. Injector nozzle Nr5 represents a 
baseline case, since there is a larger and a smaller variation as well regarding both 
properties bore length respectively bore diameter. The bore length and diameter data of 
all nozzles as well as other injector nozzle related data is contained in Table 1. 
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Table 1. Data of injector nozzles investigated 

 Bore length 
[mm] 

Bore diameter 
[mm] 

Injected fuel 
[m3] 

Inlet rounding 
[% of bore 
diameter] 

Nr5 0.8 0.14 1.01316e-8 10 
Nr4 0.8 0.10 5.2345e-9 20 
Nr6 0.8 0.18 1.72209e-8 10 
Nr7 0.6 0.14 1.02653e-8 10 
Nr8 1.0 0.14 1.02155e-8 10 

 
All injector nozzles were investigated under the same conditions, i.e. room 

temperature and high pressure ambient gas, with the properties as summarized in Table 
2. 

Table 2. Relevant characteristics of measurement 

Duration of injection 2 ms 
Injected liquid diesel fuel 
Dynamic viscosity of injected liquid (µl) 0.00338 Pa s 
Surface tension of injected liquid (σ) 0.0270 N/m 
Density of injected liquid (ρl) 810 kg/m3 
Injection pressure 87.5 MPa 
Ambient gas CO2 
Ambient gas pressure (pg) 2.1 MPa 
Ambient gas temperature 293 K 

 
The properties of the injector nozzle and the circumstances of investigation represent 

up to date diesel engine conditions, with the exception that ambient gas has room 
temperature in investigations. This difference has a considerable effect on evaporation, 
but provides a good opportunity for investigation of breakup behavior.  
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5.3.1. Penetration 

Penetration of spray tip was measured from SOI until 2.25 ms (Nr5) and 2.5 ms 
(Nr4, Nr6-Nr8) respectively. Curves of all nozzle penetrations are depicted in Fig. 19. 
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Figure 19. Measured penetration curves of all injector nozzles 

5.3.2. SMD 

Droplets were collected in the 1 mm surrounding of the measuring point designated 
for the injector nozzle in consideration, and SMD was averaged from 3 ms after SOI to 
8 ms after SOI. The location of measuring point (distance from injector nozzle) and the 
average SMD vales are summarized in Table 3. 

Table 3. Average SMD values according to the measurement 

 Measuring 
location 

[mm] 

SMD 
[µm] 

Nr5 72 mm 23.2 
Nr4 62 mm 21.9 
Nr6 81 mm 23.7 
Nr7 69 mm 23.3 
Nr8 73 mm 23.0 
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5.3.3. Droplet size distributions 

Number and mass weighted droplet size distributions were available for injector 
nozzle Nr5 for the same measuring volume and same time frame as for SMD 
measurement, with a size class width of 5 µm. These curves are contained in the 
confidential appendix of this Thesis, featured in Figs. 48a-d and 51. Comparison of 
simulation output with this data provides the basis of investigation of droplet population 
concerning droplet size distribution. 

5.3.4. Spray angle 

Spray angle data of all injector nozzles are summarized in Table 4. 

Table 4. Spray angles according to the measurement 

 Spray angle [°] 
Nr5 18.9 
Nr4 18.9 
Nr6 20.0 
Nr7 21.6 
Nr8 16.8 

 

5.3.5. Spray shape 

Photos of spray shape were available for the purposes of the Thesis enabling regular 
comparison of results to real life measurement results. However, due to confidentiality 
these pictures are not shown in the framework of this Thesis. 
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6. Investigation of child droplet production 

By the time the WAVE model was developed there were not any primary breakup 
models existing, hence it was used for simulating the entire breakup process of a spray. 
The idea of introducing blobs of the size in order of magnitude of injector nozzle orifice 
and let these blobs be reduced in a continuous process by WAVE model until the final 
stable diameter is reached resulted in appropriate average droplet sizes if parameters 
were set correctly; however it was observed that the model does not enable a 
satisfactory amount of vapor being produced in the vicinity of injector nozzle, thus the 
subsequent ignition process was unrealistic in the simulations. The reason for this – 
from the viewpoint of practical application context sensitive – problem was obvious: the 
initially large droplets do not provide enough surface for evaporation in the vicinity of 
nozzle, and smaller droplets are present only further downstream of injector nozzle due 
to the working principle of the rate approach (Eq. (6)). 

Reducing droplet size of some of the droplets in a parcel was not possible because of 
the uniformity of all droplets in a parcel according to the discrete droplet method 
(Chapter 3.2), hence, another approach had to be introduced. This mechanism – called 
child droplet production – is introduced and investigated in this chapter. 

After introduction of the working principle of child droplet production its general 
effects are investigated. After that, an unfavorable effect – bimodality of droplet size 
distribution – is introduced. The factors that are influencing bimodality are investigated 
and effects caused by bimodality are shown. Throughout these investigations a 
methodology for proper assessment of spray droplet populations is elaborated and a set 
of tools for investigation is proposed. 

6.1. Working principle of child droplet production 

In order to increase the number of smaller droplets in the vicinity of injector nozzle 
while keeping the original idea of blob injection, a modification of WAVE model was 
implemented, called child droplet production mechanism. When this mechanism is used 
(it is optional also in recently used versions of WAVE and also in the Diesel Breakup 
primary breakup) a certain portion of mass shed according to Eq. (6) is time to time 
separated from the parcel, and a new parcel is created from this amount of liquid, with 
another – smaller – diameter assigned to them. These parcels are called child parcels 
and the droplets contained in them are called child droplets. 

Since the aim of this process is to increase free surface for evaporation through 
providing a large amount of smaller droplets, the radius chosen to be assigned to child 
droplets is the stable radius a characteristic to the circumstances prevailing, according to 
Eq. (7) or Eq. (12). This radius value changes from spray time step to spray time step, 
thus separation of child droplets in each and every spray time step would lead to a very 
high number of parcels (since droplets in a parcel can not differ in any of their 
properties, thus also not in their size). In order to avoid this unfavorable consequence, 
not any mass is separated until a certain limit is reached, and the droplets separated at 
this selected time point all receive the uniform stable radius valid under prevailing 
circumstances, hence they can be placed in one single new parcel.  

The criterion for child droplet production is chosen to be a relative limit. The mass 
shed from all droplets of a parcel (and being put back to the same parcel with diameter 
equaling that of all the other droplets there) is cumulated, and if this value reaches a 
certain portion of the original mass contained in the parcel child droplet production 
occurs. 



 58

This portion can be chosen by the user by setting the parameter Cs4 (denominations 
refer to secondary breakup, but Cp6 of Diesel Breakup primary breakup model has 
identical role as Cs4 discussed here, while Cp7 of primary breakup is identical to Cs5). 
The criterion including this parameter is given in Eq. (18). 

 
ch-max s∆ Cm m= 0 4  (18)  

 
It means that until the total mass shed from the parent droplets does not reach ∆mch-

max, the number of droplets in parent parcel is updated according to diameter loss as if 
no child droplet production mechanism was implemented (as described in Chapter 
4.3.1), but once this criterion is reached a certain mass amount is subtracted from the 
parcel and the number of parent droplets is corrected according to this mass loss (this 
time of course downwards). The size of those droplets that remain in parent parcel is not 
changed due to this mass transfer. 

A further parameter to be determined is the amount of mass separated from a parcel 
and transferred into a parcel containing child droplets. The logical upper limit for this is 
represented by the amount of mass already shed from all droplets of the original parcel, 
but transferring the entire shed mass to a new parcel would distort the working principle 
of the original breakup mechanism in an unfavorable extent. However, this upper limit 
gives a good basis to relate to, therefore the mass to be transferred into the new parcel 
can be determined as a portion of the entire mass shed. A user parameter – Cs5 – enables 
the user to set this portion. This criterion is given in Eq. (19). The amount ∆mch is 
transferred to the new parcel with the radius equaling stable radius a (Eq. (7), Eq. (12)). 
The number of droplets in this new parcel is calculated through division of the mass 
separated (∆mch) and the mass of one droplet (calculated from the radius to be assigned 
to the droplets). 

 
ch s s∆m m C C= 0 4 5  (19)  

 
According to the explanations given above the parameter Cs4 governs the frequency 

of child droplet production, while parameter Cs5 governs the amount of mass which is 
transferred to the child parcel. Usage of two parameters allows an independent 
adjustment of frequency and mass, which can be useful e.g. for limiting the total amount 
of parcels representing the spray. 

The process of child droplet generation is schematically displayed in Fig. 20. 
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Figure 20. Illustration of child droplet production mechanism 

As to be seen in Fig. 20. the change in the original parcel due to child droplet 
production mechanism is perceivable in the loss of – without child droplet production 
constant – mass and the repeated decrease of the – otherwise still continuously 
increasing – number of droplets. The history of diameter of those droplets that remain 
within the parent parcel is not affected by child droplet production. 

The droplets of child parcel receive all properties of parent droplets – of course 
except their size – but their radial velocity component is extended through an additional 
radial velocity component. The way of calculating this additional component depends 
on whether the child droplets were created by the aerodynamic mechanism of primary 
breakup model (according to Eqs. (7) and (10)) or according to the turbulent mechanism 
of primary breakup (Eqs. (12) and (13)), or they were created by the secondary breakup 
model (according to Eqs. (7) and (10)). 

The additional radial velocity component for aerodynamic mechanism of primary 
breakup model is calculated according to Eq. (20), 

 
r Cv ΛΩ= 9  (20)  
 

for turbulent mechanism of primary breakup model it is calculated according to Eq. 
(21), 

 

r Cv k= 10
2
3

 (21)  

 
and for the secondary breakup model it is calculated according to Eq. (22). 

 
r Bv ΛΩ= 2  (22)  
 
In case of Diesel Breakup model child droplet production mechanism was 

implemented in a different way related to the size of child droplets. The working 
principle of this solution is described in Chapter 7.1.1. 
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6.2. General investigation of child droplet production 

The measurement data that is used throughout this Thesis considers only droplets 
with a diameter above 1 µm. In order to enable comparability parcels in the simulation 
containing droplets with a diameter below 1 µm are also not considered when 
determining SMD and droplet size distributions. 

As described in previous chapter child droplets immediately receive stable diameter 
when created (or a value close to stable diameter in case of Diesel Breakup model, as 
described in Chapter 7.1), and this stable diameter can be very low under the conditions 
characterized by high relative velocities. Parent droplets are also continuously 
approaching stable diameter with a pace determined by rate approach (Eq. (6)), but this 
stable diameter is constantly updated according to the circumstances and by the time 
they reach stable diameter it is already a considerably higher value as in case of child 
droplets that are created in the vicinity of injector nozzle. Thus, the probability having 
droplets under the measurement threshold of 1 µm is significantly higher when child 
droplet production is taken into account. 

Since neglecting a large portion injected mass due to droplet sizes below 1 µm leads 
to unfavorable distortion of simulation results, it is important to investigate what 
proportion of droplets are affected by this measure. 

 
In this section it is shown that taking child droplet production mechanism into 

account can result in a large number of droplets under 1 µm, and hence the droplet 
population containing only droplets above this threshold represents a large distortion 
related to the entire simulated droplet population. 

This effect is presented based on the comparison of a reference case with no child 
droplet production versus a case with usual child droplet production settings (Cp6=0.1, 
Cp7=0.2, Cs4=0.1, Cs5=0.6 – meaning of parameters is discussed in Chapter 6.5.1 and 
6.5.2). 

If no child droplet production is taken into account the total number of parcels 
introduced during the entire simulation time frame equals the injected blob parcels per 
time step times the number of time steps with injection. The number of injected blob 
parcels per time step can be chosen by the user and according to general practice is set 
to 30 in all calculations of this Thesis. This number is not influenced by the amount of 
liquid injected per time step, since the latter value is considered only when calculating 
the initial number of droplets in a parcel. It means that the volume of a single droplet 
with the initial radius value is calculated, and the injected volume per time step is 
divided with this value to receive the number of droplets per time step. The number of 
droplets introduced per time step are then divided by the number of parcels introduced 
that time step and an equal number of droplets is assigned to each parcel (thus a blob 
parcel might contain also less or more than one droplet, according to the volume 
injected that time step and the number of parcels initialized). 

The number of time steps featuring injection is 200 in all calculations since total time 
of injection is 2 ms, and time step width is 10-5 s. Hence, total number of parcels 
introduced if no child droplet production is considered equals 6000 (200 time steps 
times 30 parcels per time step). 

The diameter of these blobs starts to decrease immediately after introduction. The 
diameter of all parcels converges to the stable diameter calculated by the breakup 
models used. Although the stable diameter can be very low in the beginning of a parcel 
life time (that’s how child droplets with a diameter close to 1 µm come to existence), it 
increases as the droplets in the parcel considered become smaller and are decelerated. 
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It means that under cold ambient gas conditions – where evaporation is expected to 
be not intensive – the probability that parent droplets – thus all droplets of the case 
where child droplet production is not taken into account – reach a diameter of 1 µm – 
and thus must be neglected – is low. This is confirmed by the graphs of Fig. 22. The 
total number of parcels introduced and the total number of parcels containing droplets 
with a diameter above 1 µm are represented by the same line for the case with no child 
droplet production mechanism, since all values of the two curves are the same (all 
parcels always contain droplets above 1 µm).  

Since child droplets are being produced mostly in the vicinity of injector nozzle (the 
intensity of breakup and thus the diameter loss is fastest there, and trigger for child 
droplet production as given in Eq. (18) refers to shed mass, which is exponentially 
proportional to this), high relative velocities are considered when stable diameter is 
calculated. High relative velocities mean small stable diameter as determined by Eqs. 
(7) and (8). 

A sample calculation is presented in Fig. 21. Stable diameter according to Eq. (7) is 
calculated as a function of relative velocity between the droplet and ambient gas, for a 
sample parent droplet with a diameter of 40 µm for three sample ambient gas densities. 
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Figure 21. Stable diameter according to WAVE model for two sample ambient gas densities as a 
function of relative velocity 

As depicted in Fig. 21, at high ambient gas densities such as the one characteristic for 
the calculations of this Thesis the stable diameter resulted from the equations of WAVE 
model is lower than 1 µm for relative velocities above 200 m/s. Since injection velocity 
is e.g. around 350 m/s for injector nozzle Nr5, there must be a large number of child 
droplets that are smaller in time of creation than the threshold of 1 µm. 

In case when child droplet production mechanism is taken into account with the 
parameters discussed in the first paragraph of this chapter the total number of droplets 
introduced is much higher than 6000 of the other case. Due to frequent child droplet 
production the total number of parcels introduced throughout the calculation time frame 
is 54526, approximately 9 times the value of the case with no child droplet production.  

As expected, a considerable part (40118 parcels, or 74 %) of this parcel amount most 
be neglected because containing droplets with a diameter below 1 µm is abolished 
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because reaching 1 µm in diameter. Thus, only 14408 parcels (or 26 %) can be subject 
of investigation and at the last time step of calculation. 

If the filtering of droplet population is done for all time steps, the evolution of 
number of parcels containing droplets below the threshold value of 1 µm can be 
depicted, as given in Fig. 22. 
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Figure 22. Total number of parcels introduced and neglected if child droplet production is taken or 
not taken into account, respectively 

The amount of parcels neglected increases throughout the entire time frame of 
injection (first 2 ms of calculation), and it drops rapidly immediately after end of 
injection time and continues decreasing through the rest of calculation. This reflects the 
phenomenon discussed earlier in this chapter that the breakup process of new blobs 
entering the calculation domain and having large diameter and high velocity results in a 
large number of parcels containing very small child droplet, which are subsequently 
either already smaller than 1 µm when created or are subject to evaporation leading to 
size reduction to 1 µm in a short time. 

The increase of number of new parcels neglected per time step throughout the 
injection time frame of 2 ms is due to increase in total number of parcels already in the 
system, since apart from the very beginning of injection when injection speed not yet 
reached its nominal value the difference between the velocity of droplets and ambient 
gas is expected to decrease with time (i.e. the ambient gas is being accelerated by 
injected liquid, while the average velocity of droplets does not continue increasing after 
run-up phase of injection), hence the average size of child droplets is smaller in the first 
part of injection than towards the end of it (see Eqs. (7) and (8) respectively Eq. (12)). 

 
It can be concluded that taken into account child droplet production into account in 

its original standard implementation can lead to an unrealistic large proportion of very 
small droplets that must be neglected in order to enable comparability of simulation data 
with measurement results. 

As introduced in Chapter 6.5, the amount and average size of child droplets are 
influenced by physical and numerical parameters of the child droplet production model, 
hence the extent of the unfavorable effect introduced in this chapter also depends on 
these values. Since the correlation between these parameters and the properties of child 
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droplet population is not obvious and has not been researched yet, this characteristic of 
child droplet production results in unfavorable insecurities concerning the amount of 
droplets that has to be neglected when droplets size spectrum is compared to 
measurement data. 

Hence, more understanding about the cause and effects of child droplet production is 
necessary, and are provided in upcoming chapters of this Thesis. 

6.3. Bimodality caused by child droplet production 

An outstanding symptom of having a large amount of very small droplets in size 
spectrum is the high proportion of droplets that have to be neglected in order to 
maintain comparability with measurement data. A large amount of droplets with a 
diameter above but rather close to 1 µm also mean unrealistic characteristics of droplet 
size distribution. This effect is called bimodality of droplet size distribution is , 
introduced in this chapter.  

 
When no child droplet production mechanism is considered, droplets are approaching 

the stable diameter with a pace defined by the characteristic breakup time through the 
equation of rate approach (Eq. (6)). If child droplet production is used, this mechanism 
is still generally valid, but child droplets are exempted from it. As discussed earlier they 
receive the stable radius a according to Eq. (7) or Eq. (12) valid under the circumstances 
considered, immediately when created. 

As parent droplets are much larger than their stable diameter, this mechanism results 
in two well distinguishable populations of droplets, i.e. the spectrum of droplet sizes 
becomes bimodal. This phenomenon can be demonstrated by comparison of the two 
cases of previous chapter, i.e. a case with and one without child droplet production are 
considered. 

6.3.1. Method of investigation 

For investigation of the spray population the droplet size distributions received and 
visualized in a way as described in Chapter 5.2.3 are used. A fundamental question is 
however what part of spray population should be captured in what approach and over 
which time frame. 

 
What approach? 
If the entire droplet population is considered and a droplet size spectrum is intended 

to be determined, only one moment in time can be considered, since averaging over 
time would mean averaging old respectively new droplets over a very different time 
window. Therefore, investigating only the droplets passing through a plane and 
averaging them over time is a good compromise, since droplets are captured always on 
same spot (more precisely in a plane in same distance from injector nozzle) and still a 
comprehensive picture of almost the entire droplet population is captured. Besides that, 
this approach is similar to the one typically used in measurements.  

 
Which time frame? 
The time window of investigation is chosen to be between 3 and 8 ms after SOI in 

case of the measurements the data of which are used for validation in this Thesis, as 
described in Chapter 5.3.2. However, if the effect of a certain modeling approach is 
investigated, it is expedient to consider the entire population, thus a time frame of 
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investigation from 0 to 8 ms after SOI should be chosen. Hence, averaging over this 
entire calculation time frame is used here and in all chapters where direct comparison to 
measurement data is not done. 

 
What part? 
Another important issue is to decide how far from the injector nozzle the plane of 

investigation should be located. In case of comparison with measurement data of course 
the plane at the same distance from injector nozzle as in case of measurements must be 
chosen. However, in case of investigations concerning the effects of model changes – 
just as in case of choosing the time frame – the most of the droplets (parcels) produced 
is supposed to be captured. Since parcels with droplets reaching the threshold size of 1 
µm are neglected, and smaller droplets are decelerated stronger than large droplets 
while even not all the larger droplets reach some of the furthest possible measurement 
plane within the entire time frame of simulation, choosing a location close to the 
injector nozzle is necessary. 

However, if this plane is located too close to the injector nozzle there are child 
droplets that are being produced only after the parcel considered passed through the 
plane considered, thus they are not included in the spectrum determined. Therefore, the 
plane that is able to capture most of the droplet population must be selected for 
investigation. 

To determine the point closest to the injector nozzle where no more child droplet 
production occurs the evolution of number of new parcels introduced should be 
investigated for the case with child droplet production. As to be seen in Fig. 23, the 
introduction of new parcels is finished by approximately 2.3 ms after SOI, which means 
that no child droplets are produced after this time. The plane of investigation is 
supposed to be located in a distance from injector nozzle where the production of all 
child parcels is already accomplished. 
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Figure 23. Number of droplets introduced per time step and net increase per time step of number of 
parcels taken into account if child droplets production is considered 

Since the last portion of injected mass is introduced at 2 ms into the calculation 
domain, it also means that a new parcel entering the domain is no longer than 0.3 ms 
subject of child droplet production. If the plane to determine droplet size distribution is 
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set to a distance which droplets can not reach within 0.3 ms starting from the injector 
nozzle, all introduced parcels (that are still in the system) will be captured there (i.e. no 
child droplet production will occur in case of any parcel after passing this plane).  

For determining how far droplets get within 0.3 ms, the penetration curve gives a 
good basis for orientation. As to be seen in Fig. 24 the tip of spray reaches 
approximately 22 mm downstream of the injector nozzle by 0.3 ms after SOI. Since 
droplets that are introduced later are expected to face more favorable flow conditions 
related to their preservation of velocity (smaller relative velocity of droplets related to 
ambient gas), the droplets that are introduced by the end of injection are expected to 
succeed slightly further away from the injector nozzle in the same time frame. 
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Figure 24. Penetration curve of the case with child droplet production 

However, as a counter effect, neglecting of droplets below 1 µm reduces the number 
of parcels taken into account from the very beginning of simulation, as to be seen in 
Fig. 23. Thus the location where the most of the spray population can be captured 
depends on the balance between neglecting small droplets and introduction of new child 
droplets. The end effect can be determined if planes are set up for e.g. each 5 mm away 
from the injector nozzle, one after the other, and the number of parcels passing through 
in the time frame of the entire calculation and containing droplets with a diameter above 
1 µm is determined. The results for the case with child droplet production are displayed 
in Fig. 25. 
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Figure 25. Number of parcels passing through the planes of investigation and containing droplets 
with diameter above 1 µm for the case with child droplet production 

As to be seen, the number of parcels passing through each plane with droplets with 
diameter above 1 µm peaks at Plane 4, i.e. in a distance of 20 mm downstream of the 
injector nozzle at a value of around 31000 parcels. Since for the investigation of child 
droplet production mechanism perceiving the results of most possible number of child 
droplet productions is important – even on a price that with increasing distance from 
injector nozzle an increasing number of droplets produced earlier must be neglected –, 
and for comparability of results for other cases of this Thesis, where child droplet 
production might be located in time slightly differently, choosing the plane 5 mm 
further away from injector nozzle is a practical solution. Thus, Plane 5 at 25 mm 
distance downstream of injector nozzle is selected for investigation of droplet 
population for all cases of this Thesis, and the plane at the same distance from injector 
nozzle as in case of measurements is retained for cases where results are compared with 
those of measurements. 

As shown by the results of this chapter, choosing the right location for investigation 
of droplet population is a critical point of investigation methodology. As also 
demonstrated by the results in Chapters 6.3.2 and 6.3.3, the properties of the droplet 
population captured are significantly different depending on the location chosen for 
investigation. This must also be considered when determining measurement locations. 
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6.3.2. Bimodality at 25 mm downstream of injector nozzle 
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Figure 26. Size distribution curves of two sample cases without and with child droplet production, 
respectively, at 25 mm downstream of injector nozzle 

As shown in Fig. 26, the entire droplet population is located between 20 and 70 µm 
when no child droplet production is considered. It means that droplets are reduced in 
their diameter maximum to 20 µm until reaching the plane 25 mm downstream of 
injector nozzle, and some of them have still almost half the original size. 

In case if child droplet production is considered the droplet population is 
spectacularly split up into two parts. One part is still located in the same range as in the 
case when no child droplet production is considered – these are the parent droplets –, 
but another population with diameter between 1 and 10 µm also appears, representing 
child droplets. Since the number of droplets is much higher in this range than in the 
range of parent droplets, the proportion of the two populations – child droplets and 
parent droplets – can be best seen in case of mass weighted droplet size distributions, 
and is hardly visible in case of number weighted droplet size distributions. 

To see what would be perceivable from this difference in case of comparison with 
the measurement data, evaluations for the plane at 72 mm downstream of injector 
nozzle (measuring location for injector nozzle Nr5) for the time from of 3-8 ms after 
SOI (as in case of measurement) are presented in Chapter 6.3.3. 

6.3.3. Bimodality at 72 mm downstream of injector nozzle 

At 72 mm downstream of injector nozzle the case with no child droplet production is 
expected to have a very similar character to that of the plane at 30 mm downstream of 
injector nozzle. Contrary to that, for the case with child droplet production a smaller 
number of parcels are expected to be above 1 µm, since a large number of child droplets 
reach the threshold diameter of 1 µm until they would reach this plane of investigation. 
Since parent droplets generally do not reach 1 µm in diameter, the relative weight of 
child droplets is expected to be much lower for all weightings, and hence the bimodality 
is supposed to be more perceivable. 
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According to these expectations, the monomodal character of the case with no child 
droplet production respectively the bimodal character of the case where child droplet 
production is considered are both preserved at the plane 72 mm downstream of injector 
nozzle, as displayed in Fig. 27a. 
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Figure 27a. Size distributions of two sample cases without and with child droplet production, 
respectively, at 72 mm downstream of injector nozzle 

A difference is that the droplet spectrum of the case with no child droplet production 
respectively the spectrum of parent droplets of the case with child droplet production 
both became narrower, occupying a range of approximately 25 µm. The population of 
child droplets is still in the same range of 1 to 10 µm, but – as expected – the relative 
weight of all quantities relative to those of the parent droplets decreased significantly 
due to neglecting a high number of small child droplets. The bimodality of the case with 
child droplet production is pronounced. 

According to real life measurements as displayed in the confidential appendix of this 
Thesis, bimodality is not present in real spray populations. This effect is only a result of 
an original intention, to produce enough vapor in the vicinity of the nozzle that would 
otherwise be absent due to the working principle of simple blob injection. 

If the results of either of the two calculations are compared to measurement results, 
the agreement of all types of droplet size distributions is poor and unsatisfactory. As 
introduced in further chapters, new models are proposed and tested in the framework of 
this Thesis with the aim of improving agreement of simulated droplet size distributions 
with those of measurements. 

6.4. Quantifying bimodality 

Bimodality is easy to be assessed based on visual investigation of droplet size 
distribution curves, and especially through comparison of these curves with those 
gained from measurement (reflecting no bimodality). However, it is not easy to assess 
the difference in extent of bimodality between cases with very different shape of droplet 
size distributions. Therefore, an index to quantify bimodality is introduced in this 
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chapter, with the intention to establish a solid quantitative base for comparison of 
different cases. 

 
Since all three curves of droplet size distribution graphs are created based on number 

and size data of droplet population, there is a certain – but not mathematically direct – 
connection between these three curves. Being this connection mathematically not direct 
stems from the fact that the curves used are just covering curves of bar charts 
representing the proportion of droplets of different size classes from the entire droplet 
population. Hence, the contribution of specific droplet sizes to the representation of a 
droplet size class remains hidden in these curves. The wider the size classes are defined 
relative to the width of the entire droplet population, the larger this loss of information 
is, and more difference can exist between the other curves of two cases having exactly 
the same curve for one of the distributions (e.g. the number weighted droplet size 
distributions of two cases look exactly the same, but their surface and mass weighted 
distribution curves are differing). 

 
The most important curve related to droplet size distribution bimodality in the 

context of diesel sprays is surface weighted size distribution because of its connection to 
Sauter Mean Diameter. Therefore, quantification of the bimodality of this curve seems 
most applicable for practical use. 

Since the shape of real life distributions can not be mathematically described with 
general validity, bimodal spectra can not be judged based on assessing its differences to 
one particular shape considered as reference. However, a general property of real life 
droplet size distributions – as to be seen in case of the measurement curves in the 
confidential appendix of this Thesis – is that they follow a general, unbroken shape, i.e. 
either have a constantly decreasing curve with an exponential shape (number weighted 
size distribution), or have a shape resembling a normal distribution (mass weighted size 
distribution). 

In optimal case, a general property of mass and surface weighted droplet size 
distributions is that starting from the size class value representing the highest proportion 
of the entire population (i.e. it has the highest relative prevalence), the subsequent size 
classes will have always lower prevalence values considering one size class after the 
other in both directions. A characteristic property of a bimodal spectrum is that starting 
from the highest prevalence value, after initial decrease in the neighboring size classes 
this value can increase again representing another peak of the distribution considered. 

Since real life surface weighted size distribution curves are considered to have an 
even shape resembling a normal distribution, the size class of the peak value must be 
located around the value of Sauter Mean Diameter. When stating the relative prevalence 
value belonging to the SMD in this case, stepping from size class to size class in both 
directions will always give lower and lower prevalence values. When bimodality is 
present, the absolute peak of the size distribution curve will not be in the direct vicinity 
of the SMD, and starting from the prevalence value belonging to the SMD and stepping 
from one size class to the other will not provide continuous decrease of relative 
prevalence values. 

The higher the cumulative increase calculated throughout this investigation process 
is, the more bimodal is the size spectrum in terms of height of the two bimodal peaks. 
However, another important characteristic of bimodality is how far the two peaks are 
located from the SMD value in terms of droplet diameters. This property provides 
information about how much are the droplets of which the average SMD is determined 
distant in terms of diameter from the SMD value itself. 
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In order to incorporate both of these properties – height and distance of bimodal 

peaks – to a quantity representing the extent of bimodality of a spectrum the difference 
in relative prevalence values of consecutive size classes is determined, and values 
representing a deviation from the expected decreasing tendency of curve (sign of a 
possible bimodal peak) in both directions starting from the value belonging to the SMD 
are multiplied by their distance in terms of diameter from the target diameter value 
represented by the SMD of the population considered. 

To normalize the results, this product should be divided by the SMD of the droplet 
population considered. This quantity is appropriate for this purpose since relative 
magnitude of bimodality measured in nominal values is proportion to the average size 
of the droplet population. 

Eq. (23) gives a general description of modality index. In the denomination M stands 
for modality, nsc is to be substituted with the number of size classes that constitute the 
entire droplet population, and the index “s” stands for surface weighted distribution. 

The differentiation regarding number of size classes used also in name of the index is 
important, since the larger the size classes relative to the spectrum of entire population 
are, the more information about bimodality is hidden. After a certain size class width 
value, bimodality disappears from the graphs, and also from the modality index. 
However, a “perfect resolution” can be defined neither for the modality index, nor for 
the size distribution graphs. Thus, the choice of resolution is subject of consideration 
and limitations regarding possibilities. But providing information related to the size 
class width used to calculate the modality index and size class width used to draw the 
droplet distribution curves is important for correct evaluation and comparability of these 
values and graphs, respectively. 

Since interpretation of size class width depends on the entire width of size spectrum 
of the entire spray, it is practical to use the number of size classes used to represent the 
entire droplet population to refer to the (relative) width of the size classes the modality 
index is based on. Hence, the higher is the value used in the name of the index, the 
better the resolution of the data the index is based on is, and thus the better the 
informational value of the modality index is. However, when comparing cases, it is 
important to use the same size class width and same number of size classes, even if it is 
covering a wider than necessary spectrum for one of the cases. Using uniformly 1 µm 
size classes and 80 size classes in total for all cases expected to have a spectrum in this 
range is a good solution to establish a platform fro comparability. 

The higher the value of modality index (Eq. (23)) is, the more bimodal is the 
spectrum. 
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Whereas ∆pi is the difference between the relative prevalence of two subsequent size 

classes and is defined as displayed in Eq. (24), and Ddiff is the absolute value of 
difference of mean size class diameter and SMD of the population considered, as 
defined in Eq. (25). 
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i idiff scD D SMD= −  (25)  

 
The modality index can be applied for the two demonstration cases used in Chapter 

6.3. Results for both 80 and 16 size classes respectively (with size class width of 1 µm 
and 5 µm respectively, both based on parcels collected in the plane 72 mm downstream 
of injector nozzle) are presented in Table 5. 

Table 5. Modality index of two demonstration cases from Chapter 6.3 

Child droplet production M80s M16s 
 Plane 5 (25 mm) 
not considered 0.031 0.040 
considered 0.176 0.096 
 Plane 11 (72 mm) 
not considered 0.004 0.017 
considered 0.094 0.113 

 
As to be seen in Table 5, the modality index with 80 size classes is an order of 

magnitude higher for the case with child droplet production mechanism considered, 
than with no child droplet production. A higher than 0 value for the case with no child 
droplet production is due to the deviances of surface weighted distribution curve of this 
case from a fully even shape with one distinct peak. However, if size classes are defined 
wider (16 size classes instead of 80 size classes, 5 µm each) these slight deviances 
remain hidden, and the modality index is 0. 

In the case with child droplet production mechanism the M16s value is slightly 
higher than the M80s value. This must be due to the reason that some of the peaks of the 
distribution curve based on 1 µm size classes are located in size classes with a mean 
diameter value further away from the SMD value than the mean diameter values of 5 
µm size classes they are incorporated in for calculating M16s. 

Since M80s gives a better resolution and more reliable results concerning bimodality, 
and it is expected to be capable of covering all calculations of this Thesis with a size 
class width of 1 µm, this format will be used throughout this Thesis. 

6.5. Factors influencing bimodality stemming from child droplet production 

Bimodality is an unfavorable consequence of child droplet production mechanism. 
The extent of bimodality is however different depending on the settings of breakup 
models related to child droplet production. The two parameters – Cs4 and Cs5 of 
secondary breakup or Cp6 and Cp7 of primary breakup – influence the amount and 
properties of child droplets – hence also bimodality of size spectrum – based on the 
working principle described by Eqs. (18) and (19). However, the practical effect of 
changes in these parameters on the characteristics of droplet population is not a priori 



 72

clear. Therefore, investigations have been made in the framework of this Thesis and 
results are presented in Chapters 6.5.1 and 6.5.2.  

An important difference between the two parameters of child droplet production – 
Cs4 and Cc5 in case of secondary breakup or Cp6 and Cp7 for primary breakup – is that 
the parameter influencing the proportion of mass transferred to child droplets – Cs4 or 
Cp6 – is considered to be a physical parameter, while the parameter influencing the 
frequency of child droplet production – Cs5 or Cp7 –is numerical parameter of the model. 
However, they both influence child droplet production based on physically valid and 
logical considerations. 

6.5.1. Proportion of child mass from all shed mass 

As described in Chapter 6.1, users have options to influence the amount of mass put 
into child parcels, and also the frequency of child droplet production. The mass put into 
child parcels is given as a proportion of the initial mass of parent droplet m0, and is 
described by Eq. (19). The parameter used for setting this proportion is called Cs5 in 
secondary breakup and Cp7 in primary breakup. 

 
Hypothetical calculation 
To obtain an insight into the orders of magnitude for the change in important 

properties of the droplet population, a hypothetical calculation is presented first, for a 
population initialized with one single parent droplet. This droplet enters the calculation 
domain with its pre-set size of 140 µm and is reduced to reach a diameter of 50 µm, an 
approximate average parent droplet size of all calculations of this chapter, by the time of 
reaching the measurement plane (see Fig. 28a.). The mass transferred into child parcels 
is split up into child droplets of a uniform diameter of 3 µm, an approximate average of 
child droplet sizes in all calculations of this chapter, by the time of reaching the 
measurement plane (see Fig. 28a). 

The change in important cumulative quantities and proportions are calculated in case 
of different settings of child droplet mass proportion equaling those investigated in this 
chapter (see Table 7). The results of this model calculation are given in Table 6. 
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Table 6. Results of the model calculation 

 Number of new Total increase in 

Cp7, Cs5 
parent 

droplets 
child 

droplets number surface 

0.03 20 2910 292932 % 306 % 

0.1 19 9700 971786 % 599 % 

0.3 15 29100 2911367 % 1436 % 

0.6 8 58200 5820738 % 2692 % 

 Portion in total 
number 

Portion in total 
surface 

Portion in total 
mass 

Cp7, Cs5 parent child parent child parent child 

0.03 0.69 % 99.31 % 67.06 % 32.94 % 97.14 % 2.86 % 

0.1 0.19 % 99.81 % 36.25 % 63.75 % 90.46 % 9.54 % 

0.3 0.05 % 99.95 % 13.01 86.99 % 71.37 % 28.63 % 

0.6 0.01 % 99.99 % 4.29 % 95.71 % 42.73 % 57.26 % 
 
As to be seen in Table 6., during the time the parent droplet diameter is reduced from 

140 µm to 50 µm, the portion of child droplets from the entire new population increases 
to a value between 99.31 % and 99.99 %, depending on settings. It means that already 
in case of a value of 3 % mass transferred to child droplets the number of child droplets 
produced will be 143 times the number of new parent droplets. In case if child droplet 
mass proportion is set to 60 % this latter value increases to 6944. 

These values give a basis for comparison when real simulations are investigated. 
 
Simulation settings 
4 reference simulations were accomplished to investigate the effect of increasing 

mass put into child parcels, and the same calculation with no child droplet production 
that was already introduced in Chapter 6.2 was used as a reference case. All calculations 
have the settings introduced in the calculations of Chapter 6.2, except for the child 
droplet production parameters. The parameter influencing child droplet introduction 
frequency (Cp6 respectively Cs4) is set to 0.1 for both primary and secondary breakup, 
allowing relatively frequent child droplet production, while avoiding too extreme 
values. The parameter influencing mass put into child parcels (Cp7 respectively Cs5) is 
gradually increased from a very moderate value of 0.03 (resulting in a mass transfer of 3 
% of total shed mass) to 0.6 (resulting in a mass transfer of 60 % of total shed mass). 

The child droplet production parameter settings of the 4 cases and the reference case 
are given in Table 7. Cases are referred to later in the text according to these names. 
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Table 7. Child droplet production parameter settings of investigated cases 

Case name Cp6, Cs4 Cp7, Cs5 
Case_C5/7_00 0 0 
Case_C5/7_01 0.1 0.03 
Case_C5/7_02 0.1 0.1 
Case_C5/7_03 0.1 0.3 
Case_C5/7_04 0.1 0.6 

 
Results 
Droplet size spectra were determined for all four cases Case_C5/7_01 to 

Case_C5/7_04 and the reference case Case_C5/7_00 in the plane 25 mm downstream of 
injector nozzle, in the time frame of 0 to 8 ms after SOI, as selected in Chapter 6.3.1. 

The increase of child droplet mass proportion by definition increases contribution of 
child droplets to the entire droplet population for all weightings. This increase is 
however almost not perceivable in terms of number weighted distribution when 
graphically represented (see Fig. 28a), since – as shown by the hypothetical calculation 
– the number of child droplets is orders of magnitudes higher than number of parent 
droplets already by lowest child droplet mass proportion value. As to be seen in the first 
graph of Fig. 14a, all number weighted droplet size distribution curves reflect a similar 
dominance of droplets under 10 µm. The reference curve of the Case_C5/7_00 (no child 
droplet production) shows the spectrum, approximately where the parent droplets of all 
other cases are also located (between 20 and 66 µm), but in these latter cases the parent 
droplets are not visible in graphs due to the much higher number of child droplets. 

If the same curves are shown in a higher resolution as in the second graph of Fig. 
28a, a slight increase in the proportion of droplets between 1 and 2 µm is perceivable 
with increasing mass proportion parameter. 

If surface and mass weighted droplet size distributions are considered, the increase of 
portion of child droplets from the entire spectrum is more pronounced, due to the in 
general higher relative contribution of larger droplets than smaller droplets to the 
surface and mass of the entire droplet population (see Figs. 28b and 28c). In both types 
of droplet size distributions it is clearly visible that the characteristics of parent droplet 
population remains the case with increasing child droplet production, only their relative 
proportion in the entire droplet population decreases. With increasing child droplet 
proportion a further range of child droplets can be identified additionally to the range 
below 10 µm containing a high number of child droplets. This range is between 10 and 
25 µm, and is only visible in case of mass weighted droplet size distributions, since only 
the third potential of droplet radius (as it is represented in the formula of droplet 
volume) is able to elevate this part of the curve into visible height.  

 



 75

0

0,1

0,2

0,3

0,4

0,5

0,6

0 10 20 30 40 50 60 70 80

size classes [size class width: 1 micron]

re
la

tiv
e 

pr
ev

al
en

ce

Case_C5/7_00
Case_C5/7_01
Case_C5/7_02
Case_C5/7_03
Case_C5/7_04

 

0

0,1

0,2

0,3

0,4

0,5

0,6

0 1 2 3 4 5 6 7 8 9 10

size classes [size class width: 1 micron]

re
la

tiv
e 

pr
ev

al
en

ce

Case_C5/7_00
Case_C5/7_01
Case_C5/7_02
Case_C5/7_03
Case_C5/7_04

 

Figure 28a. Number weighted droplet size distribution curves of investigated cases – a.) complete 
range, b.) enlarged range 
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Figure 28b. Surface weighted droplet size distribution curves of investigated cases 
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Figure 28c. Mass weighted droplet size distribution curves of investigated cases 

To quantify these effects for the real calculations and compare them with results 
from the hypothetical case of 1 parent droplet producing child droplets with uniform 
diameter of 3 µm, all droplets under 10 µm respectively between 10 and 25 µm are 
collected for all cases, and are given in Table 8. 
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Table 8. Proportion of droplets under 10 µm respectively between 10 and 25 µm from the number, 
surface and mass of the entire population, respectively, as a function of child droplet mass 
proportion parameter 

Proportion of droplets 
<10 µm from 

Proportion of droplets 
10-25 µm from 

number surface mass number surface mass Case name 
of entire population 

(values of hypothetical calculation) of entire population 

Case_C5/7_00 0 % 
(0 %) 

0 % 
(0 %) 

0 % 
(0 %) 5.41 % 1.91 % 1.01 % 

Case_C5/7_01 99.35 % 
(99.31 %) 

33.54 % 
(32.92 %) 

3.21 % 
(2.86 %) 0.05 % 1.08 % 0.69 % 

Case_C5/7_02 99.78 % 
(99.81 %) 

63.40 % 
(63.75 %) 

10.49 % 
(9.54 %) 0.04 % 1.41 % 1.40 % 

Case_C5/7_03 99.90 % 
(99.95 %) 

84.34 % 
(86.99 %) 

27.41 % 
(28.63 %) 0.05 % 1.95 % 3.73 % 

Case_C5/7_04 99.90 % 
(99.99 %) 

89.34 % 
(95.71 %) 

40.43 % 
(57.26 %) 0.07 % 3.07 % 8.17 % 

 
If all droplets under 25 µm are considered to be child droplets – as it must be the case 

– the numbers of simulation are in line with the numbers of hypothetical calculation. 
The differences (perceivable especially in case of mass weighted distribution) are due to 
the assumption of a uniform diameter of 3 µm in case of hypothetical calculation (which 
was based only on a qualitative investigation), and because of the large number of 
droplets (parcels) that are not considered because containing droplets with a diameter 
below 1 µm or because they do not reach the plane of determination.  

The amount of these parcels is given in Table 9. Since the number of parent parcels 
is constantly 6000 in all cases (and they are generally too large to reach 1 µm in 
diameter), it is logical to neglect this portion of parcels in both total number introduced 
and considered when calculating the proportion of parcels above 1 µm, in order to see 
the changes only in child parcel proportions. 

In all cases featuring child droplet production approximately half of child parcels 
introduced contain droplets reaching 1 µm, i.e. these droplets are not considered when 
determining droplet size distribution and SMD. 
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Table 9. Total number of parcels introduced versus number of parcels passing through the plane of 
investigation and containing droplets with a diameter above 1 µm 

Number of  
SMD 
[µm] M80s 

Case name 
parcels total 
introduced 

(normalized to 
Case_C5/7_00) 

child parcels with 
droplets below 1 

µm or not passing 
through the plane 
as % of total child 
parcels introduced 

(normalized to 
Case_C5/7_00) 

Case_C5/7_00 6000 
(1) 0% 43.8 

(1) 
0.031 

(1) 

Case_C5/7_01 54587 
(9.10) 53.5 % 31.4 

(0.72) 
0.140 
(4.52) 

Case_C5/7_02 54394 
(9.07) 52.5 % 18.2 

(0.42) 
0.230 
(7.42) 

Case_C5/7_03 54537 
(9.09) 52.5 % 9.0 

(0.21) 
0.242 
(7.81) 

Case_C5/7_04 54428 
(9.07) 52.6 % 6.4 

(0.15) 
0.200 
(6.45) 

 
The amount of parcels introduced does not depend on the value of mass proportion 

parameter, since it is regulated by Eq. (18), which does not contain the parameter Cs5 (or 
Cp7 for primary breakup). The amount of parcels with droplets below 1 µm does not 
depend on this parameter either, since only the number of droplets contained in this 
same amount of parcels increases with increase of Cp7 and Cs5 parameters (see Eq. (19)). 

 
The average SMD value determined in the same plane for the same time frame gives 

a cumulated effect of increase of child droplet mass proportion parameter. This value 
decreases continuously and significantly with increase of child droplet mass proportion, 
as given in Table 9. 

Already 3 % of mass put into child droplets causes a significant decrease in SMD (to 
72 % of SMD of Case_C5/7_00) due to the very high number weighted proportion 
represented by child droplets. However, when 60 % of mass is represented by child 
droplets (Case_C5/7_04), the SMD decreases to approximately one sixth (16 %) of the 
original value, represented by the case with no child droplet production 
(Case_C5/7_00). 

These values however suffer under the fact that a significant – and with increase of 
child droplet mass proportion parameter increasing – portion of very small droplets are 
not considered because of being smaller than 1 µm. Hence, if also these parcels were 
considered, all SMD values – of course except that of Case_C5/7_00 – would be even 
smaller than given in Table 9, and the difference would be higher with increasing child 
droplet mass proportion parameter. 

This uncertainty reflects again the unfavorable effects of child droplet production if 
applied in its original form. 

 
The modality index – given in Table 9 – is determined for all 4 cases and they are 

compared to the case with no child droplet production. As expected, the modality index 
increases with increasing child mass proportion, however it decreases again in the last 
case. The decrease in this case is due to the phenomenon that after child droplets start to 
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represent the majority of droplet surface, they become (in terms of droplet surface) the 
representative population concerning the entire spectrum. Hence, the smaller the height 
of the surface weighted curve representing parent droplet population is (the peak that is 
“disturbing” the dominant monomodality represented by the child droplet population), 
the less bimodal is the spectrum. In the extreme case when all mass is transferred into 
child droplets the spectrum becomes fully monomodal again. These phenomena are 
reflected in the modality index. 

 
It can be concluded that the value of child droplet mass proportion parameters – Cp7 

for primary breakup and Cs5 for secondary breakup – significantly influences the 
bimodality of droplet size spectrum and the proportion of very small droplets that below 
the threshold of measurability. These characteristics are results of the working principle 
of child droplet production mechanism, hence can not be entirely changed in the recent 
framework. However, providing a child droplet population that differs from the parent 
droplet population – by definition – less in terms of droplet size reduces both 
unfavorable effects. Hence, the need for a better child droplet production mechanism is 
underpinned also in this respect. 

6.5.2. Frequency of child droplet production 

As described in Chapter 6.1 users have the opportunity to influence frequency of 
child droplet production according to Eq. (18), i.e. – independently from the amount of 
mass designated for child droplets – how frequent a new parcel containing child 
droplets is initialized (and frequency is meant here not according to its usual physical 
definition – it’s a relative property with no quantitative value). The parameter 
influencing child droplet production frequency is called Cp6 for primary breakup and Cs5 
for secondary breakup, and they both work according to the same mechanism as 
described in Eq. (18). 

 
Simulation settings 
The cases investigated are based on the same settings as in Chapter 6.5.1, with a 

child mass proportion setting (Cp7 respectively Cs5) enabling a large number of child 
droplets to be produced, still avoiding too extreme values. The frequency of child 
droplet production is increased gradually from case to case, as summarized in Table 10. 

Table 10. Child droplet production parameter settings of investigated cases 

Case name Cp6, Cs4 Cp7, Cs5 
Case_C4/6_00 0 0 
Case_C4/6_01 0.03 0.3 
Case_C4/6_02 0.1 0.3 
Case_C4/6_03 0.3 0.3 
Case_C4/6_04 0.6 0.3 

 
The plane used for investigation (25 mm downstream of the injector nozzle) and the 

time frame of investigation (0 to 8 ms after SOI) are the same as in Chapter 6.5.1 
according to the same considerations as previously. The question may arise, if delaying 
child droplet production in such an extent as in Case_C4/6_04 (waiting until 60 % of 
original parcel mass shed) does not mean child droplet production occurs after passing 
the designated plane at 25 mm downstream of the nozzle. However, the increase in total 
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number of parcels introduced stops at approximately 0.3 ms after end of injection also 
in this case (at 223. time step), thus the same logic can be applied as in Chapter 6.5.1. 

 
Results 
Contrary to the parameters of child droplet mass proportion, the parameters 

influencing child droplet introduction frequency directly influence the amount of 
parcels produced. The graphs representing total number of parcels introduced and total 
number of parcels with droplets below 1 µm are presented in Fig. 29. 
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Figure 29. Total number of parcels introduced and neglected because containing droplets under 1 
µm for all investigated cases 

As a logical consequence of Eq. (18) the total number of parcels introduced 
throughout the simulation time frame significantly decreases with reduction of child 
parcel introduction frequency. However, the change in the proportion of parcels 
containing droplets below 1 µm, i.e. the extent of parcel loss due to evaporation at 1 µm 
limiting diameter is significantly different for the cases considered. 
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Table 11. Total number of parcels introduced, not passing through the determination plane with a 
droplets of diameter above 1 µm and containing droplets below 1 µm at the end of simulation time 

Number of child parcels with droplets 
below 1 µm 

or not passing 
through the plane 

at the end of 
simulation Case name 

Number of 
parcels total 
introduced 

(normalized to 
Case_C4/6_00) as % of total child parcels introduced 

Case_C4/6_00 6000 
(1) 0% 0 % 

Case_C4/6_01 143116 
(23.9) 67.4 % 85.8 % 

Case_C4/6_02 54537 
(9.1) 52.5 % 73.6 % 

Case_C4/6_03 40413 
(6.7) 29.3 % 48.9 % 

Case_C4/6_04 11997 
(2.0) 6.6 % 36.5 % 

 
In Table 11 the total number of parcels with droplets below 1 µm at the end of 

simulation respectively total number of child parcels below 1 µm or not passing through 
the plane as % of total number of child parcels introduced are given. 

When either of the two proportion data – the one concerning the plane of 
determination or the one concerning the entire simulation –, it can be stated that the 
number of parcels below 1 µm decreases with reduction of child parcel introduction 
frequency, but not only in nominal terms, but also relative to the size of the entire parcel 
– or child parcel – population considered. 

The reason can be traced back to the principle of child droplet production. The stable 
diameter that child droplets receive is oppositely proportional to the size and velocity of 
parent droplets respectively oppositely proportional to their age – depending on whether 
Eq. (7) (aerodynamic breakup of Diesel Breakup model respectively WAVE model) or 
Eq. (12) (turbulent breakup of Diesel Breakup model) are applied for the droplets 
considered. The smaller and slower a parent droplet is, the larger child droplets it will 
produce. Since parent droplets continuously lose diameter and velocity with time, the 
child droplets produced later from the same parent parcel will have larger diameter than 
the ones produced earlier. 

Reducing the frequency of child droplet production means that a certain amount of 
mass will receive one uniform droplet diameter valid in the time of child droplet 
production, while this same amount of mass would be put into more than one child 
parcel in case of higher child droplet production frequency, meaning more than one 
diameter assigned to them, with the diameters calculated in earlier time steps being all 
smaller than the one in the end (that would be applied for the case where this same mass 
is put into one single parcel).  

Hence, reducing child droplet production frequency reduces production of very early 
child droplets having a size close to the limit of 1 µm.  

 
This phenomenon is also demonstrable when investigating the actual number and 

size of droplets above 1 µm and passing through the plane of investigation, as shown in 
Fig. 30. 
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Figure 30. Number of parcels and number and mass of droplets above 1 µm and passing through 
the plane of investigation 

The total mass of droplets above 1 µm passing through the plane of investigation 
continuously increases with decreasing child droplet production frequency, and 
approaches the level of Case_C4/6_00, where practically the entire droplet population 
has a diameter above 1 µm and also passes through the plane of investigation. At the 
same time, the total number of droplets above 1 µm and passing through decreases in 
the last two steps, meaning that the average diameter of child droplets really shifted 
towards higher values, since a higher nominal mass is contained in much less droplets. 
The increase between Case_C4/6_01 and Case_C4/6_02 is supposed to be due to the 
fact that this latter tendency is overcompensated by the decrease in relative proportion 
of very small child droplets in Case_C4/6_01. 

 
The size distribution curves are displayed for all cases in Figs. 31-33., for all three 

types of curves in a separate chart. 
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Figure 31. Number weighted droplet size distributions of investigated cases – a.) complete range, b.) 
enlarged range 
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Figure 32. Surface weighted droplet size distributions of investigated cases 
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Figure 33. Mass weighted droplet size distributions of investigated cases 

The number weighted distribution is overwhelmingly concentrated in the range under 
10 for all cases, and they have a very similar shape with the exception of 
Case_C4/6_04. Surface weighted droplet size distributions have also similar shape for 
all cases with no clear tendency concerning the slight differences. 

When mass weighted droplet size distributions are considered, a clear tendency is 
observable between the groups containing the first two child droplet cases 
(Case_C4/6_01 and Case_C4/6_02) and the second two of them (Case_C4/6_03 and 
Case_C4/6_04), respectively. However, an unexpected behavior is observable in 
Case_C4/6_04, where the size range covered by parent droplets also changes. It shifts 
towards higher values and at the same time covers a wider range. 
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The cumulated effect of the phenomena discussed above is reflected also in the 
average SMD values of the cases considered. They are determined in the same cut for 
the same time frame as in previous chapter and are displayed in Table 12. 

Table 12. SMD in the plane of investigation as a function of child droplet introduction frequency 
parameter 

SMD M80s Case name (normalized to Case_C4/6_00) 

Case_C4/6_00 43.8 µm 
(1) 

0.031 
(1) 

Case_C4/6_01 8.8 µm 
(0.20) 

0.236 
(7.61) 

Case_C4/6_02 9.0 µm 
(0.18) 

0.242 
(7.81) 

Case_C4/6_03 15.2 µm 
(0.35) 

0.264 
(8.52) 

Case_C4/6_04 16.1 µm 
(0.37) 

0.204 
(6.58) 

 
According to the phenomena discussed above the reduction of child droplet 

production frequency increases SMD due to the larger average diameter of child 
droplets because of relatively later child droplet production. This effect is so significant 
that decreasing child droplet production frequency from 0.03 to 0.6 almost doubles 
SMD. 

 
The modality index for these cases for the plane at 25 mm is also displayed in Table 

12. The modality index generally increases with decreasing child droplet introduction 
frequency, with the only exception of Case_C4/6_04. This tendency is due to the 
smaller amount of parcels containing droplets with diameter below 1 µm with 
decreasing child droplet introduction frequency. However, an opposite tendency would 
be observable if these droplets were also included in the investigation. 

 
It can be concluded that although the parameter Cp6 and Cs4 are numerical 

parameters, and an infinitely low value of them would correspond to the original 
physical idea of child droplet production, choosing very high child droplet production 
frequency (low Cp6 and Cs4 values) amplifies the unfavorable side-effect of child droplet 
production of producing a large amount of too small droplets. On the other hand, if 
child droplet production frequency is chosen to be very low – the value of Cp6 
respectively Cs4 approaching or exceeding 0.5 – a considerable part of shed mass is by 
definition excluded from child droplet production, hence the working principle is 
severely distorted. 

In case of these parameters – similarly to the ones discussed in previous chapter – the 
basic working principle can not be entirely altered in recent framework. However, 
providing a better mechanism for determination of child droplet size reduces the 
unfavorable side-effects of too high child droplet introduction frequency. 

In general it can be stated that too high or too low levels of child droplet production 
frequency is to be avoided in simulations. Corresponding to this, in all simulations 
presented in this Thesis a Cp6 and Cs4 value of 0.1 is applied. 
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6.6. Consequences of bimodality caused by child droplet production 

As described later in this Thesis and as demonstrated by the size distribution 
measurement results contained in the confidential appendix, bimodality is not in line 
with the character of real droplet size distributions shown by measurements. This 
property is only a consequence of an original intention to provide more droplet surface 
for evaporation in the vicinity of injector nozzle. However, providing an unrealistic 
droplet size distribution has some further consequences, as illustrated by the problem of 
comparability of measured and simulated droplet populations due to being 
disproportionately high number of droplets below 1 mm, or by the small droplet 
distraction problem, discovered during the research work of this Thesis, and introduced 
in this chapter. 

 
This problem was discovered through comparison of point SMD and cut SMD of a 

set of calculation results. For some of the cases these two values were in a good 
agreement, but for some others they showed a considerable – and apparently systematic 
– difference. Good agreement means that the size spectra covered by the point user 
function and the cut user function are supposed to be in agreement as well (since the 
systematic distraction of both small and large droplets to the same parts of the spray –
towards center or towards outskirt – while distraction of the size classes in between to 
another part of the spray at the same time seems illogical and improbable), while a 
considerable difference implies a difference in size spectra along the spray cut. 

 
Each of two basic cases was varied with respect to child droplet production. In one 

case the characteristic breakup time was set low (Cp4=1) while in the other case it was 
set higher (Cp4=7). For both cases a variation with no child droplet production taken into 
account were prepared. These settings are summarized in Table 13. All other settings 
are same in all cases. 

Table 13. Child droplet production settings of demonstrative cases 

Child droplet production Cp4=1 Cp4=7 
considered Case_1A Case_1B 
not considered Case_2A Case_2B 

 
Since the parameters of child droplet production mechanism are set equal for both 

basic cases (Cp6=Cs4=0.1, Cp7=Cs5=0.2), the total amount of mass transferred into child 
droplets is supposed to be equal too. However, the difference in characteristic breakup 
time has an effect on the droplet size spectra. 

Faster breakup of parent droplets in Case_1A has the consequence of more frequent 
child droplet production in terms of nominal time, i.e. by the time in Case_1A a 
considerable portion of total mass is already transferred into child parcels, in Case_1B 
only a small portion of this mass transfer already happened. Hence, the child droplets of 
Case_1A are created in the vicinity of injector nozzle, while those of Case_1B are 
created further downstream. The parent droplets of Case_1A have the same diameter by 
the time of first, second etc. child droplet production as those of Case_1B (since the 
time point of child droplet production is determined based on the mass – i.e. diameter – 
loss according to Eq. (18)). However, the same size parent droplets of Case_1A are 
much closer to the injector nozzle than those of Case_1B, hence the first ones have a 
much higher velocity than the latter ones, which already lost a considerable part of their 
kinetic energy on their much longer way in terms of nominal time. 
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Since size of child droplets equals the stable diameter under prevailing 
circumstances, and stable diameter gets larger with decreasing parent droplet size 
respectively with decreasing droplet velocity, the child droplets for the same parent 
droplet size will be smaller for Case_1A than for Case_1B. Since parent droplets of the 
same parcel are always faster for Case_1A than for Case_1B when having the same 
diameter, child droplets for Case_1A will be in case of all child droplet productions 
smaller than for Case_1B. 

 
It means that the amount of child droplets that are probable to reach the threshold 

diameter of 1 µm is higher for Case_1A than for Case_1B. This effect is further 
strengthened by the fact that child droplets of Case_1A are being produced earlier – i.e. 
closer to the injector nozzle –, thus there is more time for evaporation left in the time 
frame of investigation, or before they reach a designated plane of investigation. 

Another difference between the two cases is that the stable diameter that is reached 
by the parent droplets in the end is smaller for Case_1A than for Case_1B. The stable 
diameter inserted to Eq. (6) is updated from spray time step to spray time step, and all 
droplets approach this size with the rate defined by Eq. (6). By the time Case_1B 
reaches its stable diameter and stops breaking up, it is already much further away from 
the injector nozzle than the corresponding parcel of Case_1A, thus is much slower and 
hence has larger stable diameter. The total amount of mass transferred to child parcels is 
proportional to the entire mass shed throughout the breakup process of parent droplet. If 
the final diameter reached by the parent droplet is higher for Case_1B than for 
Case_1A, the amount of mass transferred to child parcels will be smaller for Case_1B. 

 
As a cumulative effect of all these phenomena, the droplet size distributions 

determined at 72 mm downstream of injector nozzle (the location where simulated 
droplet size spectrum can be compared to measurement data) will be significantly 
different for the two cases. These droplet size distributions can be seen in Fig. 34. 
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Figure 34. Droplet size distributions of Case_1A and Case_1B at 72 mm downstream of injector 
nozzle 

The droplet size distributions of Case_1A are much more even than those of 
Case_1B, where there is a certain bimodality perceivable. This is due to the 
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phenomenon that on one hand since child droplets of Case_1A are smaller in general a 
higher portion of them is neglected due to being smaller than 1 µm, on the other hand 
there is more time for evaporation – and hence a higher probability for reaching the 1 
µm threshold – for all child droplets of this case until reaching the 72 mm investigation 
plane. 

It means that in planes which are closer to the injector nozzle Case_1A has a similar 
presence of child droplet population, as displayed in Fig. 35. 

 
Case_1A - 5 mm

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0 20 40 60 80 100 120 140

size classes [size class width: 1 micron]

re
la

tiv
e 

pr
ev

al
en

ce

Number weighted
Surface weighted
Mass weighted

Case_1B - 5 mm

0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0 20 40 60 80 100 120 140

size classes [size class width: 1 micron]
re

la
tiv

e 
pr

ev
al

en
ce

Number weighted
Surface weighted
Mass weighted

Case_1A - 15 mm

0

0,1

0,2

0,3

0,4

0,5

0,6

0 10 20 30 40 50 60 70 80 90 100

size classes [size class width: 1 micron]

re
la

tiv
e 

pr
ev

al
en

ce

Number weighted
Surface weighted
Mass weighted

Case_1B - 15 mm

0

0,1

0,2

0,3

0,4

0,5

0,6

0 10 20 30 40 50 60 70 80 90 100

size classes [size class width: 1 micron]

re
la

tiv
e 

pr
ev

al
en

ce

Number weighted
Surface weighted
Mass weighted

Case_1A - 20 mm

0

0,1

0,2

0,3

0,4

0,5

0,6

0 10 20 30 40 50 60 70 80 90 100

size classes [size class width: 1 micron]

re
la

tiv
e 

pr
ev

al
en

ce

Number weighted
Surface weighted
Mass weighted

Case_1B - 20 mm

0

0,1

0,2

0,3

0,4

0,5

0,6

0 10 20 30 40 50 60 70 80 90 100

size classes [size class width: 1 micron]

re
la

tiv
e 

pr
ev

al
en

ce

Number weighted
Surface weighted
Mass weighted

Case_1A - 25 mm

0

0,1

0,2

0,3

0,4

0,5

0,6

0 10 20 30 40 50 60 70 80 90 100

size classes [size class width: 1 micron]

re
la

tiv
e 

pr
ev

al
en

ce

Number weighted
Surface weighted
Mass weighted

Case_1B - 25 mm

0

0,1

0,2

0,3

0,4

0,5

0,6

0 10 20 30 40 50 60 70 80 90 100

size classes [size class width: 1 micron]

re
la

tiv
e 

pr
ev

al
en

ce

Number weighted
Surface weighted
Mass weighted



 89

Case_1A - 30 mm

0

0,1

0,2

0,3

0,4

0,5

0,6

0 10 20 30 40 50 60 70 80 90 100

size classes [size class width: 1 micron]

re
la

tiv
e 

pr
ev

al
en

ce
Number weighted
Surface weighted
Mass weighted

Case_1B - 30 mm

0

0,1

0,2

0,3

0,4

0,5

0,6

0 10 20 30 40 50 60 70 80 90 100

size classes [size class width: 1 micron]

re
la

tiv
e 

pr
ev

al
en

ce

Number weighted
Surface weighted
Mass weighted

Case_1A - 72 mm

0

0,1

0,2

0,3

0,4

0,5

0,6

0 10 20 30 40 50 60 70 80 90 100

size classes [size class width: 1 micron]

re
la

tiv
e 

pr
ev

al
en

ce

Number weighted
Surface weighted
Mass weighted

Case_1B - 72 mm

0

0,1

0,2

0,3

0,4

0,5

0,6

0 10 20 30 40 50 60 70 80 90 100

size classes [size class width: 1 micron]

re
la

tiv
e 

pr
ev

al
en

ce

Number weighted
Surface weighted
Mass weighted

 

Figure 35. Droplet size distributions of Case_1A and Case_1B in different planes with increasing 
distance from injector nozzle 

It is clearly observable how quicker the parent droplet population loses on average 
diameter in Case_1A. A considerable portion of parent droplets approach a diameter 
range similar to those of child droplets already at 15 mm downstream of injector nozzle, 
while at the same plane most of the mass is still over 50 µm for Case_1B. 

Between 25 and 30 mm there is not much change in Case_1A, while the parent range 
of Case_1B still becomes narrower since breakup process is not yet accomplished for 
many of the droplets due to longer characteristic breakup time. As an end effect, a 
narrower parent droplet range will be characteristic for Case_1B than for Case_1A, due 
to the longer time available for parent droplets to undergo breakup before reaching final 
stable diameter. 

The presence of child droplet population is similar for both cases in all planes 
considered, but these child droplets become smaller than 1 µm and hence not considered 
in the spectrum in the plane 72 mm downstream of injector nozzle due to the effects 
described above. 

It means that even in case of similar child droplet settings the droplet size 
distributions determined in this plane will be significantly different related to the entire 
droplet population for two cases where characteristic breakup times are different. In 
Case_1B the spectrum will still reasonably reflect the entire population at 72 mm 
downstream of injector nozzle, while in Case_1A the child droplets (that are otherwise 
even smaller and are present in a larger extent than in Case_1B) will be completely 
missing from the spectrum. 

 
The different role of child droplet production in the two cases can be demonstrated 

by comparison of the two cases with their variations where no child droplet production 
was considered. In Case_2A the average SMD values determined in the plane 72 mm 
downstream of injector nozzle do not significantly change related to Case_1A. It means 
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that the droplet population that was perceived in the plane of investigation for Case_1A 
was basically equal to the parent droplet population, since almost all child droplets were 
become smaller than 1 µm and hence are not included in the spectrum or could not 
reach the plane of investigation until the end of time frame (because they were created 
earlier in time, and hence had a longer way until the measurement plane and were also 
exposed to deceleration for a longer time). 

For Case_2B the average SMD values determined increase significantly compared to 
Case_1B, since in this case the absence of child droplets from the spectrum considered 
is really perceivable even at 72 mm downstream of injector nozzle  

Table 14. SMD values for the 4 sample cases according to different methods of determination 

[in µm]  
measurement 23.2 
 Case_1A Case_1B 
point average 16.5 19.1 
cut average 16.5 22.4 
 Case_2A Case_2B 
point average 16.7 30.9 
cut average 15.9 31.0 

 
However, another interesting difference exists between the Case_1A and Case_1B. 

While in Case_1A point average and cut average are basically the same, there is an over 
3 µm difference between them in Case_1B. Since the same difference is not present in 
Case_2A and Case_2B where droplet size distributions are even due to the total absence 
of child droplets (see Fig. 34), this phenomenon is attributed to the presence of child 
droplets. 

The behavior of droplets related to surrounding flow is different for different droplet 
sizes. Due to their relatively smaller momentum related to the drag force they are 
exposed to, smaller droplets are more sensitive to gas flow around them. It means that 
they can “resist” to be carried by the gas flow less then larger droplets, or in other 
words, they can keep their original trajectory less when exposed to surrounding flow 
directions different to that. 

The radial velocity component droplets receive when created (as described in 
Chapters 4.3.2 and 6.1) is subsequently altered only by surrounding flow conditions 
(and will not be updated e.g. related to the same initial liquid turbulence value again).  

Since entrained gas exhibits an explicit inward flow in the upper part of the spray, all 
droplets are tried to be distracted by this inward flow towards the axis of spray. Large 
droplets can better resist this airflow, while smaller droplets are more tending to be 
carried into the center of spray. Since in the upper part of the spray child droplets are 
much smaller than parent droplets, this difference between behavior of small and large 
droplets is remarkable. 

 
Cases where a large proportion of very small child droplets is present (such as 

Case_1B) are highly exposed to this effect. As a consequence, the difference between 
the droplet population along the entire cut in the spray and in the small vicinity of the 
measuring point (which is located on the spray axis, hence is exposed to a large number 
of very small droplets) will be large concerning SMD. This is the effect reflected in the 
high differences between the point average and cut average of these cases. 
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The question might arise that a similar mechanism might cause similar phenomenon 
in reality. However, the problem in case of calculation is the unevenness of size 
distribution, i.e. the presence of disproportionately large amount of very small droplets 
(which are extremely sensitive to this phenomenon). Hence, the symptom experienced 
in case of these size determination discrepancies highlight a conceptual weakness of the 
idea of child droplet production in the basic standard implementation. 

 
It means that size spectra with relatively large proportion of child droplets articulate 

an effect that exists independently concerning very small droplets, and hence, mislead 
the computational determination focusing only on the 1 mm surrounding of a point 
located on the axis of spray. Better interpreted, the point user function correctly 
measures the droplets passing through its measurement volume, but these droplets do 
not represent the entirety of the spray. 

 
Bimodality as a discrepancy from real droplet size spectra has other consequences as 

well. Having a strongly bimodal spectrum in calculation might e.g. severely mislead 
pollutant formation models, or cause unrealistic results in cases where track of spray 
elements are investigated e.g. in case of an air guided direct injection gasoline engine. 

Results that are validated only based on penetration curve and/or other usual 
quantities of spray (spray angle or SMD) are not guaranteed to deliver satisfactory 
results from these aspects. However, child droplet production is necessary to overcome 
the unsatisfactory behavior related to evaporation caused by the principle of blob 
injection. Hence, a new approach enabling a more realistic droplet size distribution is 
needed. The next chapter describes the efforts done in the framework of the research 
behind this Thesis to obtain such a new model. 



 92

7. New child droplet production models 

As described in Chapter 6, child droplet production is necessary to compensate for 
the shortcomings of the blob injection method (described in Chapter 3.2). However, the 
original basic implementation suffers from conceptual weaknesses causing strong 
bimodality in droplet size spectrum and leading to disproportionately large number of 
very small droplets, and also leading to anomalies in droplet sampling. 

Therefore attempts have been made in the framework of the research work behind 
this Thesis, in co-operation with Advanced Simulation Technologies of AVL List 
GmbH to provide alternative approaches for child droplet production [v. Berg, 2006]. 
Modifications with showing best results have already entered the actual version 8.5 of 
the FIRE code [AVL, 2007]. 

 
Since the measurement data contained in the confidential appendix of this Thesis are 

available for comparison and validation, the most important characteristics of the new 
models proposed are the droplet size distributions for the plane 72 mm downstream of 
injector nozzle and the time frame of 3-8 ms after SOI (these circumstances correspond 
to those of the measurements). Besides that, in order to better understand and to have a 
more comprehensive picture about the new mechanisms – just as in case of the 
calculations of Chapters 6.3 and 6.5 – size distributions in the plane 25 mm downstream 
of injector nozzle were also considered. 

SMD values were also determined for the plane 72 mm downstream of injector 
nozzle, and compared to measurement data. 

The investigations presented in this chapter focus on droplet size distributions and 
SMD values, and hence do not contain penetration curves and other spray quantities, 
since these can be subject of further optimization and do not directly determine the 
quality of the models presented. However, all calculations presented here show a 
reasonable agreement with measurements in terms penetration curves. 

Figures that include the measurement data concerning droplet size distributions 
introduced in Chapter 5.3.3 are contained in the confidential appendix of this Thesis. 

 
Since the effect of child droplet production in primary breakup and secondary 

breakup are not easy to be distinguished spatially and in time, the most reliable way to 
investigate the new models is to either consider child droplet production for only one of 
the breakup models (and completely neglect it in the other breakup model, i.e. switch it 
off), or to use the same mechanism for both models. Since switching off child droplet 
production for one of the breakup models provides unrealistic limitations, in this Thesis 
the latter method was chosen, i.e. using always the same method for both breakup 
models of one calculation. 

All calculations of this chapter use the same settings as introduced in Chapter 6.2, 
hence a basis for comparison for all calculations is the case with child droplet 
production in Chapter 6.2 (containing no modifications related to child droplet 
production). 

First the theory of all proposed new models is presented, and then results are 
discussed. 
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7.1. Introduction of new child droplet production mechanisms 

7.1.1. Chi-square distribution 

According to the original idea of Reitz [1987], child droplets receive the stable 
diameter prevailing under the circumstances considered. When Diesel Breakup model 
[AVL, 2005] was implemented into FIRE, an alternative approach was used as an 
attempt to introduce a more sophisticated approach to child droplet production, but the 
solution for WAVE model implemented in FIRE remained unchanged. 

The idea implemented in case of Diesel Breakup model [AVL, 2005; v. Berg, 2006] 
is that the diameter to be assigned to a child droplet produced is not set to the fixed 
stable diameter, but is rather chosen from a distribution function. Physical background 
for this consideration is that from the normal mode analysis [Reitz & Bracco, 1986] 
underlying the WAVE model not only a single unstable surface wave is predicted, but 
there is a spectrum of unstable waves, however, with different growth rate. Further there 
are also stochastic influences from the wave detachment process. Hence, if an 
appropriate distribution function is set up, it is possible to assign a diameter selected 
from a range. 

For mathematical formulation of this idea, it is practical to introduce a non-
dimensional droplet radius, given in Eq. (26). 

 
crz
a

=  (26)  

 
In case of original implementation of Diesel Breakup model, presumably for 

simplicity as a reason, a chi-square distribution has been gained from integration of the 
general chi-square probability density function, fk(x) with parameter k, as given in Eq. 
(27). 
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After integrating and choosing 
 

x
2

z=  (28)  

 
the cumulative distribution functions are obtained as given in Table 15. Applying 

different parameters in the distribution of Eq. (27) can be used to shift the mean value 
and the standard deviation for the child droplet size produced. Cumulative distribution 
functions (F(k)) are hence different depending on the parameter k chosen, as to be seen 
in Table 15. 
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Table 15. Cumulative distribution functions in case of different k parameter values 

Parameter k Cumulative chi-square function 
2 zezF −−= 1)(  
4 )1(1)( zezF z +−= −  
6 )2/1(1)( 2zzezF z ++−= −  
8 )6/2/1(1)( 32 zzzezF z +++−= −  

 
The version originally implemented in FIRE uses a cumulative function with k=8. 

All cumulative distribution functions are displayed in Fig. 24 and analyzed and 
compared in Chapter 7.1.4. 

To receive child droplet diameter via the inverse function on the non-dimensional 
diameter coordinate axis, a random number chosen on the ordinate of the cumulative 
distribution diagram is used. This value is assigned to the child parcel under 
consideration. Hence, the child parcels produced under similar flow conditions provide 
a representation of the size distribution applied, instead of reflecting all the same stable 
diameter. 

The higher k is chosen, the higher the mean value of z will be, and the wider the 
range of non-dimensional radii received will be. While in case of k=2 the probability of 
receiving a child droplet radius smaller than the actual stable radius (z<1) is over 60 %, 
and it is still over 25 % for k=4, it reduces to a negligible level for k=8 (z is mostly 
higher than 1) . In this latter case the probability of having a child droplet radius at least 
four times the actual stable radius is higher than 50 %.  

However, a problematic feature of chi-square distribution function – even when 
using k=8 – is that it does not take into consideration the parent droplet diameter. Thus, 
it might occur that the child droplet size calculated from the distribution is higher than 
the actual parent droplet size. Such a situation is shown in Fig 36, where zp1 represent 
the non-dimensional radius belonging to a certain – relatively small – parent droplet. As 
to be seen, a large part of chi-square distribution gives higher non-dimensional radius 
values than the one belonging to the parent droplet considered. Since providing a child 
droplet radius higher than that of the parent droplet is not logical, the part of the 
distribution beyond zp1 has to be cut off (see dotted curve in Fig 36). This means that in 
many cases child droplets will receive the diameter of the parent droplet – hence the 
original parcel will practically only be split up into two parcels containing similar 
droplets – and only in a smaller part of cases they will receive real smaller radius 
values. 
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Figure 36. Cumulated chi-square probability density function for k=8 with hypothetical parent 
droplet size indicated 

On the other hand, if parent droplet size is very large compared to actual stable 
radius –  as shown in Fig 36 for parent size zp2 –, the chi-square distribution will yield 
always child radii considerably smaller than that of the parents, which favors again the 
bimodal nature of the overall distribution. This latter shortcoming of this approach is 
exactly most problematic in case of primary breakup, where droplets are usually much 
larger than the stable diameter under prevailing conditions. It means that using chi-
square distribution in this case is only expected to spread the spectrum of child droplets, 
but they will all have a size in the order of magnitude of typical stable diameters of 
primary breakup conditions. 

This can be observed on the results presented in Chapter 6.3, where the droplet size 
spectrum received was strongly bimodal when child droplet production was taken into 
account, although standard Diesel Breakup model was used, chi-square distribution with 
k=8 is implemented. 

A much stronger effect is expected when chi-square distribution is used for 
secondary breakup. Therefore, as a first step towards more realistic simulation of child 
droplet production, the chi-square distribution was introduced into the WAVE model in 
the framework of this research. To understand the working mechanism in more detail, 
the solution chosen was to provide a choice on parameter k for the user to influence the 
mean value and the standard deviation of child droplet sizes. 

Since it is favorable from aspect of better interpretability to have the same 
mechanism for both breakup models, the variability of parameter k was implemented 
also into Diesel Breakup model. 

7.1.2. Triangular shape distribution 

As another alternative model, a triangular shape size distribution function was also 
introduced. The basic idea is to assign highest probability to the stable diameter under 
prevailing circumstances, determine two diameters as limiting diameter, and assign a 
homogenously, constantly decreasing probability to all diameters in between, starting 
from the highest probability of stable diameter in direction of both limiting diameters 
having zero probability. 
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In the implementation chosen, the lower limit for possible child droplet size (zl in 
non-dimensional form) can be estimated from the minimum wavelength with positive 
growth rate, which can be gained from the normal mode analysis for vanishing growth 
rate based on Mayer’s [1993] results, as given in Eq. (29). 
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The upper limit (zu in non-dimensional form) is chosen to be represented by parent 

droplet size. The probability density function for the triangular distribution in non-
dimensional form is given in Eq. (30). 
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Where fm is defined as in Eq. (31). 
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Piecewise integration yields the corresponding cumulative distribution, as given in 

Eq. (32). 
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The shape of cumulative distribution function is similar to the ones of chi-square 

distribution, but big advantage of this approach is that it follows the parent droplet size 
with its maximum non-dimensional diameter. 

7.1.3. Homogenous distribution 

As a third option a homogenous distribution of child droplet sizes is assumed 
between the lower limit of stable droplet radius a respectively the upper limit taken as 
parent droplet radius r of the considered parcel. This approach assumes a constant value 
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of the probability density function for the child droplet size between the lower and an 
upper limiting value and a linear increase of the cumulative distribution. 

The probability density function is thus as given in Eq. (33). 
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The corresponding cumulative function is given in Eq. (34). 
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The cumulative distribution of this approach covers a similar range of droplet sizes 

as triangular distribution discussed in previous chapter (their upper limit are identical, 
while their lower limit are in the same order of magnitude), however always giving a 
higher mean value for the same conditions. 

7.1.4. Comparison of distributions 

Cumulative distributions with examples on different parent droplet sizes are 
presented in Fig. 37 for all mechanisms presented. 
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Figure 37. Cumulative distributions for different parent droplet sizes 

Cumulative distribution curves are prepared for the hypothetical cases zu=2, zu=5, 
zu=10 and zu=20, in order to simulate various cases ranging from large parent droplets 
giving very small stable droplet radii to smaller parent droplets giving relatively large 
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child droplet radii. The lower limit, which is variable only in case of triangular 
distribution is kept zl=0.5 in all cases, since changes in this value does not have a very 
significant effect (it can range only between near 0 and 1). 

In case of droplets that are more distant from the injector nozzle, i.e. in cases where 
parent droplet sizes are close to stable diameter (e.g. zu=2), only chi-square distribution 
with k=2 gives smaller values than triangular and homogenous distribution. Chi-square 
distributions with k=4-8 give higher values in average, however a large proportion of 
these values equals the parent droplet diameter and they are hence uniform (since the 
distribution curves are cut off at this point, i.e. for all z>zu parent radius is assigned to 
child droplets as discussed in Chapter 7.1.1). 

Having parent droplets closer to the injector nozzle, i.e. having parent droplet sizes 
that are more distant from the stable diameter under circumstances considered (e.g. 
zu=5), the graphs of triangular and homogenous distributions are shifted towards higher 
mean values, while having their starting point only slightly changed, hence providing 
wider variety of droplet diameters than in previous case. These curves are located in the 
vicinity of chi-square distributions with k=4 and k=6 respectively, but they provide a 
more equal distribution related to the size spectrum covered by them (which is however 
slightly narrower than the ones covered by chi-square distributions, since these latter 
ones theoretically start at zl=0, or at 1 µm in practice). 

When droplets even closer to the injector nozzle are considered, i.e. cases where 
parent droplet diameters are multiples of stable diameter under prevailing circumstances 
(e.g. a case where zu=10, stemming from e.g. 2rp=50 and 2a=5), the triangular 
distribution has a very similar shape to that of chi-square distribution with k=8, while 
homogenous distribution give in general higher diameter values for the similar interval. 
In this case the difference between triangular and homogenous distributions is getting 
more pronounced, which tendency it just further amplified when further increasing zu. 

Considering droplets in the vicinity of the injector nozzle, i.e. cases where parent 
droplets are in an other order of magnitude as child droplets concerning their diameter 
(e.g. a case where zu=20, stemming from e.g. 2rp=70 and 2a=3.5), triangular and 
homogenous distributions cover a much wider range of diameters than any of chi-square 
distributions. 

In the closest region to the injector nozzle, i.e. for parent droplet diameters between 
the entry size of 140 µm and the hypothetical example of 70 µm of last case displayed 
in Fig. 37, the differences between chi-square versus triangular and homogenous 
distributions become much more pronounced concerning the range of diameters they are 
covering, and also the differences between triangular and homogenous distributions 
become more perceivable concerning the mean value of droplet diameters they are 
delivering. 

Since most of child droplet productions occur by definition exactly in this range 
(because reducing droplets size from 140 µm to 70 µm results in a mass loss of almost 
90 %), the difference between the child droplet production mechanisms proposed are 
explicitly perceivable, as discussed in Chapter 7.2. 

7.2. Analysis of results with the new child droplet production mechanisms 

Simulations were accomplished using all types of user functions presented in Chapter 
7.1.1. Droplet size distributions are investigated in the plane 25 mm downstream of 
injector nozzle, where most parcels are expected to be captured, and also at 72 mm 
downstream of the injector nozzle, where comparability with measurement data 
contained in the confidential appendix of this Thesis is possible. As an important factor 
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influencing evaluation of droplet size distributions the number of parcels introduced, 
captured by the planes of investigation and disappearing throughout the simulation is 
also presented and discussed.  

As cumulative quantities, SMD and modality index are presented for both planes of 
determination. 

7.2.1. Evolution of number of parcels 

Since it is regulated by Eq. (18), and the use of different user functions do not 
influence any of the factors behind this equation, the number of parcels introduced is 
approximately same for all calculations of Chapter 7 (it is between 54233 and 54419 for 
all cases). 

However, the portion of parcels containing droplets with diameter below 1 µm from 
the population is directly proportional to the probability that a certain number of very 
small child droplets are produced by the child droplet production mechanism 
considered. I.e., the smaller the average diameter of child droplet population is, or 
simply the more of very small child droplets are being produced by a certain child 
droplet production mechanism (independently from the average of child droplet 
diameters), the more of the parcels containing child droplets will reach the threshold of 
1 µm. 

The quantified characteristics of all calculations related to this are presented in Table 
16. All numbers are based only on child parcels, since the number of parent droplets 
equals 6000 for all cases (30 blob parcel per time step times the 200 time steps featuring 
injection). 

Table 16. Total number of child parcels introduced, and total number of child droplets not passing 
through the determination plane with droplets of diameter above 1 µm respectively portion of 
parcels with droplets below 1 µm at the end of simulation time, as a percentage of original number 
of child parcels introduced 

Number of child parcels with droplets below 1 µm 
or not passing through the 

plane 
at the end of 
simulation 

as % of total child parcels introduced 
Case name 

25 mm 72 mm  
original implementation 43.9 % 78.5 % 82.7 % 
chi-square k=2 57.0 % 80.9 % 90.6 % 
chi-square k=4 33.9 % 74.1 % 82.1 % 
chi-square k=6 20.5 % 66.8 % 76.5 % 
chi-square k=8 9.0 % 67.6 % 72.5 % 
triangular 3.8 % 36.6 % 36.6 % 
homogenous 2.4 % 29.2 % 18.4 % 

 
The most important quantity that directly reflects the phenomenon discussed above is 

the portion of child droplets that contain droplets becoming smaller than 1 µm for the 
end of the simulation. Since the case with chi-square distribution and k=2 produces by 
definition even smaller child droplets than if no user function is applied (see Chapter 
7.1.1), the highest proportion of such parcels is characteristic to this case. Here over 90 
% of child parcels introduced contain so small droplets that they reach the threshold 
diameter of 1 µm until the end of simulation. 
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Since choosing parameter k equaling 4 produces in approximately two third of child 
droplet productions higher child droplet diameter than the case where no user function 
is applied (see Chapter 7.1.1) this case has a slightly lower rate of such child parcels. 
With further increase of parameter k this tendency is continued and decreases to 72.5 % 
for k=8. 

As discussed in Chapter 7.1.4, the difference between chi-square distribution versus 
triangular and homogenous distributions and also between triangular and homogenous 
distribution is most pronounced exactly in the near of injector nozzle where most of 
child droplet productions occur. This is clearly reflected in the number of parcels with 
droplets below 1 µm. Changing child droplet production mechanism from chi-square 
with k=8 (the case with least proportion of parcels with very small droplets among all 
chi-square distribution cases) to triangular distribution halves the amount of parcels 
reaching the threshold (from approximately 72 % to approximately 36 %), while 
switching from triangular to homogenous distribution results in a further halving (from 
approximately 36 % to approximately 18 %). 

Hence, applying homogenous distribution for child droplet production results in a 
child droplet population where the proportion of parcels containing droplets below 1 µm 
is reduced to under one fifth of the original number of child parcels. 

 
If proportion of child droplets that do not pass through or are smaller when passing 

through the planes of investigation is considered the effects are similar, with some 
differences. This difference has two reasons. First, some of the parcels simply do not 
reach the plane considered within the time window of simulation (although they still 
contain droplets above 1 µm at the end of simulation). Second, some of the parcels start 
containing droplets below 1 µm only after passing the plane. The first case is more 
probable with increasing distance of plane from injector nozzle, while the second case is 
less probable with it. 

In cases where child droplets are in general very small the proportion of parcels with 
droplets below 1 µm is already high at the plane 25 mm downstream of injector nozzle, 
while for the cases with generally larger child droplets it is considerably lower than the 
proportion at the end of simulation time. The proportion of parcels not reaching the 
plane 72 mm downstream of injector nozzle or containing droplets below 1 µm at the 
time of passing is smaller than the proportion of entire number of parcels with droplets 
below 1 µm at the end of simulation for the cases with smaller child droplets (first five 
cases of Table 16). It means that more parcels do not reach this plane until the end of 
simulation than the number of parcels that start having droplets below 1 µm only after 
passing this plane. 

In case if child droplets are generally higher – as in case of triangular and 
homogenous distribution – this latter proportion turns around. For triangular distribution 
the proportion of these two groups of parcel is equal, while for homogenous distribution 
there are more parcels starting to have droplets below 1 µm after passing the plane than 
the proportion of parcels that do not reach the plane until the end of simulation. This is 
due to two effects. First the probability that droplets reach 1 µm towards the end of 
simulation time is higher for these cases than for those where a major part of child 
droplets already reached this threshold earlier. Second, the generally larger child 
droplets are subject to relatively lower deceleration and thus reach this plane of 
investigation with a higher probability. 
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7.2.2. Droplet size distribution 25 mm downstream of injector nozzle 

Number, surface and mass weighted droplet size distributions for the plane 25 mm 
downstream of injector nozzle are displayed in Fig. 38-40. 
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Figure 38. Number weighted droplet size distributions of investigated cases 25 mm downstream of 
injector nozzle – a.) complete range, b.) enlarged range 
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Figure 39. Surface weighted droplet size distributions of investigated cases 25 mm downstream of 
injector nozzle – a.) complete range, b.) enlarged range 
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Figure 40. Mass weighted droplet size distributions of investigated cases 25 mm downstream of 
injector nozzle – a.) complete range, b.) enlarged range 

The difference between the child droplet production mechanisms considered is 
logically most pronounced in case of mass weighted droplet size distributions. Here, in 
case of no user function applied, i.e. when always the stable diameter is assigned to 
child droplets two distinct group of droplets – child droplets and parent droplets – is 
observable between 1 and 10 µm and 25 and 70 µm respectively. 

If chi-square distribution is applied with any of k parameters, the rise of mass 
weighted distribution curve between 10 and 20 µm indicates the changes, but the two 
distinct groups of droplets are still preserved. 

However, since triangular distribution by definition produces child droplets that can 
have any size between stable diameter and parent droplet size (and in a small extent also 
between 1 µm and stable diameter), if this mechanism is applied the difference between 
the two groups of droplets almost entirely disappears. 
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If homogenous distribution is applied the mass weighted droplet size distribution 
curve becomes almost straight decreasing, indicating the equal distribution of child 
droplets between stable diameter and parent droplet size. 

The mass represented by child droplets is much higher in case of triangular and 
homogenous distributions than in the other cases, since the proportion of parcels not 
reaching this plane with a diameter above 1 µm is much smaller in these cases (see 
Table 16 of Chapter 7.2.1). 

However, even with a considerable part of child droplets not reaching the plane 
considered, in the cases with chi-square distribution and in the case with no user 
function child droplets almost entirely account for the surface of the droplet population. 
The even droplet size distribution of both triangular and homogenous distribution is 
clearly perceivable, since the larger child droplets produced by these mechanisms do not 
account for an overwhelmingly high proportion of the surface of the entire population. 

In case of number weighted droplet size distributions the dominance of child droplets 
is clear for all mechanisms, however a wider range covered by triangular and 
homogenous distributions – especially by homogenous distribution – indicates the better 
results in case of the other two distribution types. 
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7.2.3. Droplet size distribution 72 mm downstream of injector nozzle 

When same curves are considered in plane 72 mm downstream of injector nozzle, 
although fewer parcels are considered, the overall picture is similar. 
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Figure 41. Number weighted droplet size distributions of investigated cases 72 mm downstream of 
injector nozzle – a.) complete range, b.) enlarged range 
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Figure 42. Surface weighted droplet size distributions of investigated cases 72 mm downstream of 
injector nozzle 
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Figure 43. Mass weighted droplet size distributions of investigated cases 72 mm downstream of 
injector nozzle 

The effects discussed in previous chapter become even more pronounced with all 
cases other than the one with triangular respectively homogenous distribution becoming 
explicitly bimodal also in terms of surface weighted droplet size distributions. This is 
due to the high proportion of child droplets below 1 µm, what makes the contribution of 
parent droplets visible, and hence allowing seeing the two distinct groups of droplets. 

Based on the comparison of number and mass weighted droplet size distributions 
with measurement data as displayed in Fig. 41b and 43b in the confidential appendix it 
can be concluded that the mass weighted droplet size distribution has a very good 
agreement for the case with homogenous distribution, an acceptable agreement for 
triangular distribution, and no agreement for all the other cases. 
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When number weighted distributions are considered, the difference is less 
perceivable, but the homogenous distribution gives best results also in this case, and 
triangular distribution provides also a satisfactory agreement. 

Hence, using homogenous distribution for child droplet production is a good way to 
realize droplet size distributions in simulations that show a good agreement with real 
life measurement data. 

7.2.4. SMD 

SMD values for both planes of investigation are displayed in Table 17. 

Table 17. SMD and modality index according to different child droplet production mechanisms 

SMD M80s 
(Normalized to case “original configuration” Case name Plane 5 

(25 mm) 
Plane 11 
(72 mm) 

Plane 5 
(25 mm) 

Plane 11 
(72 mm) 

original configuration 6.1 
(1) 

18.0 
(1) 

0.235 
(1) 

0.094 
(1) 

chi-square k=2 5.4 
(0.89) 

13.8 
(0.77) 

0.269 
(1.14) 

0.076 
(0.81) 

chi-square k=4 5.0 
(0.82) 

12.1 
(0.67) 

0.268 
(1.14) 

0.080 
(0.85) 

chi-square k=6 5.5 
(0.9) 

11.6 
(0.64) 

0.250 
(1.06) 

0.079 
(0.84) 

chi-square k=8 6.3 
(1.03) 

11.4 
(0.63) 

0.224 
(0.95) 

0.081 
(0.86) 

triangular 13.8 
(2.26) 

14.3 
(0.79) 

0.106 
(0.45) 

0.038 
(0.40) 

homogenous 18.8 
(3.08) 

17.8 
(0.99) 

0.083 
(0.35) 

0.036 
(0.38) 

 
The high proportion of parcels where droplets reach the 1 µm threshold between the 

plane 25 mm downstream of injector nozzle respectively 72 mm downstream of injector 
nozzle results in a large increase of SMD for all cases with chi-square distribution and 
with the case with no user function. This increase becomes minor for the case with 
triangular distribution. However, the logical tendency must be decreasing, since droplets 
lose diameter between Plane 5 and Plane 11 due to breakup and evaporation. This is 
well reflected if homogenous distribution is applied, since here the SMD value at 25 
mm downstream of injector nozzle is higher than the one at 72 mm downstream of 
injector nozzle. 

This characteristics of homogenous distribution further strengthens the validity and 
superiority of this mechanism related to the other mechanism. 

7.2.5. Modality index 

The modality indices for all investigated cases for both planes of investigation are 
displayed in Table 17. 

In the plane 25 mm downstream of injector nozzle, where highest part of parcels pass 
through with droplet with a diameter above 1 µm, the cases with chi-square distribution 
and k=2, k=4 and k=6 show an even higher bimodality than the case with no user 
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function, due to the fact that if no user function is applied the model used for primary 
breakup is a chi-square distribution with k=8. When chi-square distribution and k=8 is 
applied for both breakup types, the bimodality decreases under the level of the case with 
no user function. 

This effect disappears at 72 mm, and highest bimodality is shown by the case with no 
user function. The bimodality is somewhat lower when chi-square distributions are 
applied and – just as at 25 mm downstream of injector nozzle – considerably lower for 
the cases with triangular respectively homogenous distribution. 

 
Best results are achieved for the case with homogenous distribution, where the value 

of modality index is close to that of the case with no child droplet production 
considered. Thus, bimodality could be almost completely ceased while keeping child 
droplets mechanism. 

The behavior of spray cloud in the combustion chamber between injection and entire 
evaporation is strongly dependent on the properties of droplets (whether there is a 
bimodal or an even size spectrum). Thus, providing a model that compensates the 
shortcomings of the original blob injection model, while it does not suffer under the 
negative side effects of the original child droplet production mechanism contributes to 
more realistic simulation of spray evolution and mixture formation. 
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8. Analysis of different injector nozzle variations 

In the previous chapters the shortcomings of the original child droplet production 
mechanism contained in WAVE and Diesel Breakup models were discussed and new 
models to overcome the negative effects of child droplet production were proposed, 
analyzed and validated. The best results could be obtained by the homogenous 
distribution user function, through which the unfavorable bimodality of droplet size 
distribution that is characteristic for the original child droplet production mechanism 
and also for some of the new solutions proposed is not present, and the shape of droplet 
size distributions are in very good agreement with measurement data. 

In this chapter this modeling approach is extended with different models accounting 
for droplet collision and coalescence, and their effect on all important spray properties 
is assessed. 

An important aspect of numerical simulation is to provide modeling approaches by 
means of which different physical variations of the phenomenon in consideration can be 
modeled with a reasonable accuracy. Therefore, the modeling approach featuring the 
new, homogenous size distribution introduced in Chapter 7, with an optimized set of 
parameters is used for simulation of the four other injector nozzles introduced in 
Chapter 5.3. All results are compared with measurement data. 

8.1. Investigation of collision and coalescence modeling 

In the calculations presented in previous chapters collision and coalescence of 
droplets were neglected – i.e. the collision models were not used – in order to facilitate 
interpretability of results regarding the primary aspects of investigation (characteristics 
of child droplet production mechanism and effect of new child droplet production 
models). However, use of such models is otherwise logical and desirable when real 
physical processes are intended to be modeled as accurate as possible. 

In this chapter the effects of all three collision models available in FIRE are assessed, 
and results with these models are compared to those when no collisions and 
coalescences were taken into account. Since all elements of calculation other than 
collision models are already optimized, assessment of the results presented in this 
chapter provides an understanding that which of the approaches regarding droplet 
collision and coalescence enables best capability to predict spray formation processes. 
Hence, all aspects of results introduced in Chapter 5 are considered and compared to 
measurement data. 

 
The case “Nocollision_Nr5” is identical to the case “homogenous” of Chapter 7. All 

settings of the other cases are identical to the settings of this case, except that in these 
cases different collision models are applied. The cases are referred to in upcoming parts 
of this Thesis as given in Table 18. 

Table 18. Denomination of the cases investigated 

Name Collision model 
Nocollision_Nr5 No collision model 
Orourke_Nr5 O’Rourke collision model  
Schmidt_Nr5 Schmidt collision model 
Nordin_Nr5 Nordin collision model 
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8.1.1. Effect of taking collision and coalescence into account 

Besides the results usually considered as introduced in Chapter 5 it is expedient to 
investigate other properties of spray in order to better understand the effect of not taking 
respectively taking into account collision and coalescence. Grazing collision (discussed 
in Chapter 4.3.4) changes only the trajectory and velocity of droplets thus does not 
directly influence droplet size distribution. Coalescence influences droplet size 
distribution through merging droplets thus increasing average droplet sizes. 

In order to analyze this effect, droplets were collected for all four investigated cases 
in the plane 5 mm downstream of injector nozzle, and also in subsequent planes of 
determination. Most interesting results are experienced in the plane 5 mm downstream 
of injector nozzle, since results can be here best related to the original size of blobs of 
140 µm. All parcels (and their droplets) were sorted, and the number of parcels and the 
mass contained in the parcels relative to the entire mass injected was calculated for 
cumulative ranges of droplets sizes. Hence – as depicted in Fig. 44 – parcels containing 
droplets with a diameter over 140 µm, over 130 µm etc. were collected. 
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Figure 44. Proportion of parcels with droplets above different droplet sizes within the entire 
injected population in terms of parcel number respectively mass contained in the parcels, at the 
plane 5 mm downstream of injector nozzle 
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As to be seen in the graphs of Fig. 44, in all calculations containing droplet collision 
and coalescence modeling the proportion of number of parcels and also proportion of 
the mass contained in these parcels is higher from the entire number of parcels 
introduced respectively entire mass injected for the ranges above 100 µm, than in case 
of the same ranges of the case Nocollision_Nr5 (the total number of parcels introduced 
is approximately the same for all cases – it ranges from 53272 to 54255; the total mass 
injected is by definition the same for all cases). On the other hand, parcels containing 
droplets of smaller sizes are less represented for these cases relative to 
No_collision_Nr5. It means that if collision and coalescence are taken into account with 
any of the three collision models, smaller droplets are absorbed by larger ones.  

This effect is outstandingly valid for Schmidt collision model, where both in terms of 
number of parcels and mass contained in these parcels droplets sizes above 100 µm are 
overrepresented relative to any other case of this investigation. 

8.1.2. Results for injector nozzle Nr5 

Penetration 
Penetration curves of all cases are depicted in Fig. 45 and are compared to 

measurement data. 
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Figure 45. Penetration of spray tip as a function of time for all investigated cases and according to 
measurement 

The penetration is in best agreement with measurement for the case where no 
collision and coalescence are taken into account. However, the cases Orourke_Nr5 and 
Nordin_Nr5 give also a good agreement. An exception is the case where Schmidt 
collision model was used. In this case penetration is overpredicted for most of the 
investigation time window. 

This phenomenon is due to the fact that – as discussed in Chapter 8.1.1 – Schmidt 
collision model results in an outstanding overrepresentation of large droplets. These are 
more able to retain their velocity, hence are quicker and penetrate further than the 
average droplets of the rest of the droplet population. 

Extreme symptoms of this phenomenon are represented by droplets that are even 
larger than the original blobs when passing the plane 5 mm downstream of injector 
nozzle. In case Schmidt_Nr5, there are 27 parcels representing in total approximately 12 
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droplets accounting for 0.21 % of entire mass injector nozzle that are larger than 140 
µm when passing this plane. In case when no collision and coalescence are taken into 
account these values are by definition zero, but they are also zero for case Nordin_Nr5. 
For Orourke_Nr5 there are 16 parcels with approximately 9 droplets accounting for 0.15 
% of total injector nozzle mass. 

A large difference between the cases Schmidt_Nr5 and Orourke_Nr5 is however that 
while in case Orourke_Nr5 the largest droplets are also below 160 µm, in case 
Schmidt_Nr5 the largest droplets reaches a diameter of 189 µm (and all other large 
droplet diameters are equally distributed between 140 µm and 189). 

 
Occurrence of coalescences that lead to such large droplets might also occur in 

reality, but a problem with this phenomenon in the current framework of modeling is 
that the size difference of these droplets relative to other droplets is in some extent 
preserved throughout the rest of the calculation due to the general validity of rate 
approach (Eq. (6)). Thus, while in reality larger ligaments that might come to existence 
due to intensive collision and coalescence are logically subsequently subject to a more 
intensive breakup because of their special shape and large size, the spherical droplets 
representing them are also only decreased in diameter just as any of the other droplets 
under same conditions. 

As an end effect, this small population of very large droplets is preserved with their 
size advantage relative to the rest of population throughout most of the calculation. 
Since they preserve their velocity more relative to the rest of the droplet population they 
can also be visually observed in the spray, as depicted in Fig. 46. The small nub consists 
of the small group of parcels that contain these larger droplets. 

 

 

Figure 46. Artifact on spray due to overprediction of droplet size with Schmidt collision model 

Since penetration is determined with neglecting of the furthest parcels accounting for 
1 % of mass contained in the system (see Chapter 5.2.1), these droplets representing 
0.21 % of total mass injected are included into penetration only in earlier time steps 
when the mass in the system (i.e. the mass injected before the time point considered) is 
much smaller than the total mass injected, and if the number of these droplets are not 
proportionately smaller at the same time (since their total number determined at the 
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plane 5 mm downstream of injector nozzle is valid for the entire calculation time 
frame). 

However, the number of large droplets below 140 µm is also significantly higher for 
Schmidt_Nr5 than for the other cases. The droplets above 130 µm represent 1.26 % of 
total mass injected for Schmidt_Nr5, while the same value is only 0.56 % for 
Orourke_Nr5, 0.10 % for Nordin_Nr5 and 0.05 % for Nocollision_Nr5. It means that 
the significantly higher penetration for the case where collision and coalescence are 
taken into account with use of the Schmidt collision model is due to this small group of 
droplets that are result of coalescence leading to disproportionately large droplets. 

With increase of total mass injected (i.e. with passing of time) the proportion of the 
droplets causing the overprediction of penetration decreases, and less and less of them 
are included in penetration determination. Thus the penetration curve of Schmidt_Nr5 
approaches the penetration curves of the other cases. 

 
SMD 
The cut SMD values of all four cases for the plane 72 mm downstream of injector 

nozzle (location of measurement point) are given in Table 19. 

Table 19. SMD values of the four investigated cases and according to measurement 

 SMD [µm] SMD normalized to 
measurement data 

Measurement 23.2 1 
Nocollision_Nr5 17.8 0.77 
Orourke_Nr5 21.2 0.91 
Schmidt_Nr5 20.7 0.89 
Nordin_Nr5 18.0 0.78 

 
The SMD value of all four cases is within a reasonable range relative to the 

measurement data. However, the increase of SMD when droplet collision and 
coalescence are taken into account is perceivable, especially in the two cases – 
Schmidt_Nr5 and Orourke_Nr5 – where the presence of very big droplets was 
discovered, as discussed in previous paragraphs. The case Orourke_Nr5 is within a 10 
% range relative to the measurement data and thus gives best results. 

 
Droplet size distributions 
The droplet size distributions of the case Nocollision_Nr5 was already presented in 

Chapter 7.2.3, and as shown in Fig. 41b and 43b of the confidential appendix of this 
Thesis use of the homogenous size distribution user function proposed in Chapter 7 
provides very good agreement of simulated droplet size distributions with droplet size 
distributions according to measurements. Here the change in these droplet size 
distributions is discussed as an effect of including modeling collision and coalescence. 

Droplet size distribution for all four cases are displayed in Figs. 47a-47c. 
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Figure 47a. Number weighted droplet size distribution curves of investigated cases 72 mm 
downstream of injector nozzle 
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Figure 47b. Surface weighted droplet size distribution curves of investigated cases 72 mm 
downstream of injector nozzle 
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Figure 47c. Mass weighted droplet size distribution curves of investigated cases 72 mm downstream 
of injector nozzle 

As it was already seen in case of SMD values, using Nordin collision model does not 
significantly changes droplet sizes. All three types of droplet size distribution curves of 
Nordin_Nr5 is hence very similar to those of Nocollision_Nr5, however mostly having 
slightly higher prevalence values for larger droplet diameters. 

The other two cases – Orourke_Nr5 and Schmidt_Nr5 – produce droplet size 
distributions consisting of considerably larger droplets. The entire droplet size spectrum 
is shifted towards higher droplets size values for both of these cases. 

As shown in Figs. 48a-48d in the confidential appendix of this Thesis, all cases show 
good agreement with measurement data, however the cases Orourke_Nr5 and 
Schmidt_Nr5 show best agreement if all aspects are considered. 

 
Spray angle 
Spray cone angle values according to simulation and measurement are given in Table 

20. 

Table 20. Spray angles according to the measurement 

 Spray angle [°] 
Measurement 18.9 
Nocollision_Nr5 20.1 
Orourke_Nr5 22.2 
Schmidt_Nr5 20.8 
Nordin_Nr5 21.5 

 
All simulation results show a reasonable agreement concerning spray angle. 
 
Spray shape 
Spray shape is in good qualitative agreement with measurement photographs for the 

cases Nocollision_Nr5, Orourke_Nr5 and Nordin_Nr5, and Schmidt_Nr5 shows 
discrepancies as discussed in Chapter 8.1.1. 
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It can be concluded that taking collision and coalescence into account in general 
improves agreement of simulation results with measurement data. However, the three 
collision models available in FIRE give different results. The Schmidt collision model 
causes also a small number of very large droplets besides improving droplet size 
distribution and SMD in general, and the presence of these large droplets can not be 
properly handled in the general framework of simulation containing rate approach. The 
oversize of these droplets is mostly preserved throughout the simulation time frame, and 
these droplets result in artifacts on spray surface and also have a negative impact on 
realistic simulation of spray tip penetration. 

The Nordin collision model – although has no negative consequences – has very 
limited effects on droplet size distribution. The O’Rourke collision model provides 
significant improvements both in terms of droplet size distribution and SMD, while 
reasonable agreement in terms of penetration and spray angles are retained, thus the use 
of this model for taking collision and coalescence into account is recommended. 

8.2. Application of optimized modeling approach on simulation of sprays of 

other injector nozzles 

Since detailed measurement data is available for four other injector nozzles besides 
the one used in all previous chapters of this Thesis, there is an opportunity to test the 
validity of the new modeling approach for changed physical parameters. As shown in 
Chapter 5.3 and in Table 21 in this Chapter 8.2.1, the four other injector nozzles 
represent a variation for both larger and smaller nozzles both in terms of nozzle bore 
diameter and nozzle bore length. This favorable set of measurement data provides the 
rare opportunity to test an optimized modeling approach for extended validity. 

A nozzle file was created for each of these nozzles in separate simulations at Toyota 
Central Research and Development Laboratories. These files were used as simulation 
input similarly to all other cases in this Thesis, and all other settings of the calculations 
were kept the same as the optimized set used for the calculations of Chapter 7. 
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8.2.1. The investigated cases 

Simulations were prepared with O’Rourke collision model and also without collision 
model for all four new injector nozzles. The denominations are given in Table t4.  

Table 21. The investigated cases 

Case name Bore length 
[mm] 

Bore diameter 
[mm] 

Collision model 

Nocollision_Nr5 no collision model 
Orourke_Nr5 

0.8 0.14 
O’Rourke 

Nr4_Nocollision no collision model 
Nr4_Orourke 

0.8 0.10 
O’Rourke 

Nr6_Nocollision no collision model 
Nr6_Orourke 

0.8 0.18 
O’Rourke 

Nr7_Nocollision no collision model 
Nr7_Orourke 

0.6 0.14 
O’Rourke 

Nr8_Nocollision no collision model 
Nr8_Orourke 

1.0 0.14 
O’Rourke 

 

8.2.2. Results 

Penetration 
Penetration of spray tip as a function of time is presented for all nozzle types and all 

cases in Figs. 49a-d. 
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Figure 49a. Penetration of spray tip as a function of time for injector nozzle Nr4 (smaller diameter 
nozzle bore) 
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Figure 49b. Penetration of spray tip as a function of time for injector nozzle Nr6 (larger diameter 
nozzle bore) 
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Figure 49c. Penetration of spray tip as a function of time for injector nozzle Nr7 (shorter nozzle 
bore) 
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Figure 49d. Penetration of spray tip as a function of time for injector nozzle Nr8 (longer nozzle 
bore) 
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All cases give a good agreement with measurement data. Largest difference is in case 
of injector nozzle Nr7 for both types of simulation results (without and with collision 
modeling). 

This injector nozzle has a shorter nozzle bore than that of nozzle Nr5, for which the 
parameter set of the calculation was optimized. This means that the impact of cavitation 
is larger at the injector nozzle exit than in case of nozzle Nr5, since cavitation stems 
mostly from the phenomena at the nozzle bore inlet, and decreases towards the injector 
nozzle exit (see Chapter 2.4.1). Having the same injector nozzle except for that it has a 
shorter bore means having more cavitation at injector nozzle exit. 

As also shown by investigations of Hiroyasu & Arai [1990], and discussed in 
Chapter 2.4.1, this higher level of cavitation results in quicker breakup of droplets and 
hence in slower penetration of spray tip (because droplets reach smaller sizes earlier, 
and hence are subject to more intensive deceleration also earlier). This is reflected in the 
penetration curves according to measurement, as displayed in Fig. 19 of Chapter 5.3.1. 
Penetration of the spray stemming from injector nozzle Nr7 is smaller than that of 
injector nozzle Nr5. 

Although cavitation is included in the modeling approach as a source term of the 
equations of turbulence (see Chapter 4.3.2) the results of this chapter show that the 
effect discussed in previous paragraph is not properly captured. 

Further increasing injector nozzle bore length does not have a significant effect on 
penetration according to measurement (the decrease of cavitation is not significant after 
a certain distance from injector nozzle bore inlet), and this effect – i.e. the absence of 
any significant changes – is correctly reflected in simulation results, if collision and 
coalescence are taken into account. 

Decreasing injector nozzle bore leads to smaller pieces of liquid emerging from 
injector nozzle orifice, and thus quicker slowing down of droplets. This is reflected in 
the notably smaller penetration of spray tip according to measurement (see Fig. 19 of 
Chapter 5.3.1.), which is in accordance with results of Hiroyasu & Miao [2003], as 
discussed in Chapter 2.4.1. This effect is very well captured by the calculation, since the 
penetration curves according to simulation entirely follow this trend, and are in the 
same level of agreement with measurement data as those of injector nozzle Nr5. 

An opposite effect is valid for injector nozzle Nr6, where larger parts of liquid 
emerge from the injector nozzle orifice. The increase of penetration is however valid 
only after 1 ms after SOI according to measurement. Contrary to that, in case of 
simulation the increase of penetration occurs for the entire investigation time frame. 
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SMD 
SMD values for all cases are given in Table 22. 

Table 22. SMD values of all investigated cases 

Case came 

Simulation 
(normalized to 

Nocollision_Nr5 
respectively 

Orourke_Nr5) [µm] 

Measurement 
(normalized to Nr5) 

[µm] 

Nocollision_Nr5 17.8 (1) 
Orourke_Nr5 21.2 (1) 

23.2 (1) 

Nr4_Nocollision 16.7 (0.94) 
Nr4_Orourke 19.6 (0.92) 

21.9 (0.94) 

Nr6_Nocollision 18.5 (1.03) 
Nr6_Orourke 21.9 (1.03) 

23.7 (1.02) 

Nr7_Nocollision 17.7 (0.99) 
Nr7_Orourke 20.7 (0.98) 

23.3 (1) 

Nr8_Nocollision 18.0 (1.01) 
Nr8_Orourke 21.9 (1.03) 

23.0 (0.99) 

 
Results in brackets Table 22 are normalized to the Nr5 value of the corresponding 

case/the measurement. 
In case of smaller nozzle bore diameter (Nr4) the SMD decreases, as shown by the 

measurement values. This decrease is correctly followed by the simulation results. 
Similarly, SMD increases with increase of injector nozzle bore diameter. This effect is 
also correctly captured by simulation results both when collision and coalescence are 
taken into account respectively not taken into account. 

The change in injector nozzle bore length practically does not modify SMD. This is 
partially reflected also in measurements, however, slight differences are observable in 
this case, and the tendency is not correctly captured for injector nozzle Nr8. 

In general it is observable that simulation results show better agreement if no 
collision and coalescence are taken into account. However, cases where collision and 
coalescence were considered are also in good agreement, but they seem more sensitive 
to changes in physical parameters of calculation. 

 
Droplet size distribution 
Since measurement data concerning droplet size distribution was available only for 

injector nozzle Nr5, this can be used as a point of orientation also in case of the other 
injector nozzles concerning the shape of droplet size distribution curves of simulation 
results. In order to facilitate this qualitative comparison, droplet size distribution curves 
of all cases are given with 5 µm size class width, as in case of measurement data. All 
three types of distribution curves are given for all injector nozzle in Fig. 50a-e, while 
the graph containing distribution curves of Nr5 containing and also measurement are 
given in Fig 51. in the confidential appendix of this Thesis. 
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Figure 50a-e. Droplet size distribution curves of all cases investigated at locations of measurement 

Droplet size distribution curves of all injector nozzles look very similar in shape. No 
bimodality or other irregular shape is observable in any of the cases. Thus, the quality of 
results could be preserved according to the original aim of the research, as discussed in 
Chapters 6 and 7. 
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Spray angle 
Spray angle data according to simulation and measurement are given in Table 23 

respectively. 

Table 23. Spray cone angle values of all investigated cases 

Case name 

Simulation 
(normalized to 

Nocollision_Nr5 
respectively 

Orourke_Nr5) [°] 

Measurement 
(normalized to Nr5) [°] 

Nocollision_Nr5 20.1 (1) 
Orourke_Nr5 22.2 (1) 

18.9 (1) 

Nr4_Nocollision 24.9 (1.24) 
Nr4_Orourke 23.7 (1.07) 

18.9 (1) 

Nr6_Nocollision 21.1 (1.05) 
Nr6_Orourke 24.3 (1.09) 

20.0 (1.06) 

Nr7_Nocollision 19.5 (0.97) 
Nr7_Orourke 20.9 (0.94) 

21.6 (1.14) 

Nr8_Nocollision 23.7 (1.18) 
Nr8_Orourke 19.1 (0.86) 

16.8 (0.89) 

 
Spray angle is predicted in tendency with reasonable agreement if collision and 

coalescence are taken into account, except for the case Nr7_Oruorke. Here, the increase 
of spray cone angle due to the higher turbulence values of liquid at the injector nozzle 
orifice exit cause higher spray angles according to measurement, which is not reflected 
in simulations. 

If collision and coalescence are taken into account the agreement of simulation and 
measurement data is in most cases better. 

 
Spray shape 
All cases good qualitative agreement with measurement photos, no artifacts can be 

observed in any of the cases. 
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Theses 

Thesis 1 
Using parameter ranges determined through analysis of injection and spray formation 

process in diesel engines, I accomplished numerical simulations by means of a CFD 
software widely used in automotive development. I demonstrated that the location of 
droplet sampling significantly influences comparability of SMD and droplet size 
distribution with measurement data. Corresponding to the characteristics of Discrete 
Droplet Method I proposed use of a sampling plane. For location of this plane I 
proposed a distance from injector nozzle orifice that takes both child droplet production 
and threshold of measurability of droplet size into account (Chapter 6.3.1). 

 
Thesis 2 
 
2.1 Using the methodology determined in Thesis 1 I demonstrated that original 

implementation of child droplet production mechanism leads to bimodality of droplet 
size distribution under high injection pressure and high ambient gas pressure conditions 
(Chapter 6.3). I proposed a non-dimensional number capable of describing 
quantitatively the level of bimodality (Chapter 6.4). 

 
2.2 I showed that in case of high level of bimodality the spatial droplet size 

distribution in simulated spray cone is different from that in measurements (Chapter 
6.6). 

 
2.3 Based on theoretical considerations and numerical experiments I determined the 

parameters affecting bimodality and the extent of their influence (Chapter 6.5). 
 
Thesis 3 
 
3.1 Based on the results summarized in Thesis 1 I initiated and participated in 

development of new models of child droplet production. Based on results of numerical 
experiments with these models I proposed a new model of child droplet production that 
properly describes real life processes (Chapter 7.2). This model is available in the latest 
version of the software applied. 

 
3.2 Based on comparison of simulation results with measurement data I proposed use 

of the collision and coalescence model providing best agreement with measurement data 
(Chapter 8.1.1). 

 
3.3 I validated the proposed child droplet production model with measurement data 

stemming from further four injector nozzles having different injector bore diameters and 
lengths, and I found good agreement for all cases (Chapter 8.2.2). 
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Summary 

Spray formation process plays an important role concerning efficiency and 
environmental friendliness of diesel engines. Numerical simulation has been used to 
model spray formation processes for over 20 years, however new requirements induced 
development of new approaches in modeling breakup procedure. The inclusion of 
separate primary breakup models makes it possible to take injector nozzle internal flow 
conditions into account when calculating disintegration of the liquid leaving the injector 
nozzle orifice. 

In the framework of the Thesis a widely used 3 dimensional CFD code was applied 
for simulation of spray formation under diesel engine like injection pressure and 
ambient gas density conditions. Modeling of primary and secondary breakup was 
investigated with special respect to child droplet production mechanism. 

In order to enable detailed analysis of these processes investigations were made with 
the aim of setting up a proper method of assessment. Averaging over time and use of a 
plane perpendicular to the spray axis at a given distance downstream of injector nozzle 
taken into account the properties of spray formation models were proposed. 

Effects of child droplet production were investigated, and it was shown that using the 
original basic implementation of child droplet production mechanism leads to a 
disproportionately high number of very small droplets, with a large part of them also 
being smaller than the usual threshold of measurability. As a further consequence of 
child droplet production bimodality of droplet size distribution was found. Bimodality is 
not in line with real life droplet size distributions according to measurements, and – as 
shown in the Thesis – it causes further discrepancies such as unequal spatial droplet size 
distribution along the spray cross section. 

The effect of parameters influencing child droplet production on properties of droplet 
population was also determined, showing that choice of child droplet production 
frequency and child droplet mass proportion considerably influence the properties of 
droplet size distribution, and hence other important spray properties such as SMD. 

With the aim of quantifying bimodality, a non-dimensional number capable of 
describing the level of bimodality is proposed. 

Based on these findings, development of new models of child droplet production was 
initiated. After investigation of these models a homogenous size distribution method 
was chosen based on good agreement of its results with measurement data.  

Effect of models accounting for droplet collision and coalescence were investigated 
and the model providing best agreement with measurement data is proposed for use. 

The new child droplet production model was validated for four injector nozzle other 
than the one used throughout the rest of investigations, with each injector nozzle 
representing a smaller or larger variation in terms of either bore diameter or length. All 
spray properties – spray tip penetration, SMD, spray angle and spray shape – show good 
agreement with measurement data, and simulated droplet size distribution data is also in 
good agreement with measurement results available for the baseline nozzle. 
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Összefoglaló 
 
A spray képződés minőségének fontos szerepe van a dízelmotorok hatékonyságában 

és környezetbarátságában. A numerikus szimulációt már több mint 20 éve használják a 
spray képződési folyamat modellezésére, de új követelmények megjelenése új 
modellezési megközelítések megjelenését indukálta. Az elsődleges cseppfelbomlás 
különálló modellel történő számítása lehetővé teszi a befecskendező fúvóka belsejében 
zajló áramlási folyamatok figyelembevételét a befecskendezett folyadék felbomlásának 
számítására a felbomlás korai szakaszában. 

A Disszertáció keretében egy széles körben alkalmazott numerikus áramlástani 
szoftvert alkalmaztam a dízelmotorokéhoz hasonló befecskendezési nyomás és 
környezeti gáz sűrűség által jellemzett befecskendezési folyamat modellezésére. Ennek 
során az elsődleges és másodlagos cseppképződés modellezését vizsgáltam különös 
tekintettel a gyermekcsepp képződés sajátosságaira. 

Ezen folyamatok részletes elemzésének igénye által vezérelve vizsgálatokat 
végeztem egy megfelelő vizsgálati módszertan felállításának céljával. Javaslatot tettem 
a sprayképződési modellek sajátosságait figyelembe vevő távolságban elhelyezett, a 
spray tengelyére merőleges síkon áthaladó cseppek időbeli átlagolására a 
cseppképződési modellek vizsgálatához. 

Megvizsgáltam a gyermekcsepp képződési mechanizmus hatásait, és kimutattam, 
hogy a gyermekcsepp képződési modell eredeti formában történő alkalmazása 
aránytalanul nagyszámú kis csepp kialakulásához vezet, amelyeknek egy jelentős része 
kisebb a mérés szokásos küszöbértékénél. A gyermekcsepp képződési mechanizmus 
használatának egy további következményeként kimutattam a cseppeloszlás 
bimodalitását. A bimodalitás – amellett, hogy a valós csepp eloszlásokra a mérések 
szerint nem jellemző – további eltéréseket okoz, például a cseppméret egyenlőtlen 
térbeli eloszlását a spray keresztmetszet mentén. 

Meghatároztam a gyermekcsepp képződést befolyásoló paramétereknek a csepp 
populáció tulajdonságaira gyakorolt hatását, és megmutattam, hogy a gyermekcsepp 
képződési frekvenciát és a gyermekcsepp tömegarányt befolyásoló paraméterek 
megválasztása jelentősen befolyásolja a cseppméret eloszlás tulajdonságait, és ezen 
keresztül más fontos sprayjellemzők, például az SMD alakulását. 

A bimodalitás mértékének számszerűsítésének céljából javaslatot tettem egy 
dimenziótlan mérőszám bevezetésére. 

Ezekre a megállapításokra alapozva kezdeményeztem új gyermekcsepp képződési 
modellek létrehozását. Ezeknek a modelleknek a vizsgálata során megállapítottam, hogy 
a homogén eloszlású gyermekcsepp képződési modell nyújtja a legjobb egyezést a 
mérési eredményekkel. 

Megvizsgáltam a rendelkezésre álló csepp ütközési és összeolvadási modelleket, és 
az eredmények alapján javaslatot tettem a mérési eredményekkel legjobb egyezést 
szolgáltató modell használatára. 

Az új gyermekcsepp képződési modellt validáltam másik négy befecskendező 
fúvókára is, melyek az eredeti fúvókához képest vagy furatátmérőjükben vagy 
furathosszukban jelentenek egy kisebb illetve nagyobb variációt. Mind a négy 
sprayjellemző – spray csúcs behatolás, SMD, spray szög és spray alak – jó egyezést 
mutat a mérési eredményekkel. Az alapfúvókához rendelkezésre álló cseppméret 
eloszlással is jól egyezik a számítás eredménye. 
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Appendix 

- list of important software settings - 
 
 

Basic settings 

 Run mode: unsteady   

 Time step: 1e-05 s   

 Number of time steps: 800   
 

Discretization 

 Calculation of boundary 
values: extrapolate   

 Calculation of derivatives: Least Sq. Fit   

 Discretization algorithm: simple   
 

Activated equations and models 

 Momentum & continuity: yes   

 Turbulence: k-epsilon   

 Energy: yes (total enthalpy)   

 Scalar: no   

 Two stage pressure 
correction: yes   

 Compressibility: compressible   

 Wall treatment: standard wall 
function   

 Heat transfer wall model: standard wall 
function   

 

Underrelaxation factors 

 Momentum: 0,6   

 Pressure: 0,1   

 Turbulence kinetic energy: 0,4   

 Turbulence dissipation rate: 0,4   

 Energy: 0,8   
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 Mass source: 1   

 Viscosity: 1   

 Scalar: 0,8   

 Species transport equations: 0,8   
 

Differencing scheme 

 Momentum: AVL SMART Relaxed   

 Continuity: Central Differencing   

 Turbulence: AVL SMART Relaxed   

 Energy: AVL SMART Relaxed   

 Scalar: AVL SMART Relaxed   
 

Linear solvers 

  Min. 
iteration 

Max. 
iteration Tolerance 

 Momentum GSTB 0 50 0.01 

 Continuity AMG 0 500 0.001 

 Turbulence GSTB 0 50 0.01 

 Energy  GSTB 0 50 0.01 

 Scalar  GSTB 0 50 0.01 
 

Convergence criteria per crank-angle 

 Max number of iterations: 100   

 Min number of iterations: 3   

Normalized residuals   

 Pressure: 0.0001   

 Momentum: 0.0001   

 Turbulence kinetic energy: 0.0001   

 Turbulence dissipation rate: 0.0001   

 Energy: 0.0001   

 Scalar: 0.0001   
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Solver 

 Solve equations: U-velocity   

  V-velocity   

  W-velocity   

  Mass   

  Heat   

 Couple equations: U-momentum   

  V-momentum   

  W-momentum   

  Mass   

  Heat   

Integration options   

 Interpolation mode: constant   

 Reference condition: ½-Rule   
 

Spray submodels 

 Turbulent dispersion model: enable   

 Particle interaction model: varied   

 Wall interaction model: Walljet1   

 Evaporation model: Dukowicz   

  E1=1   

  E2=1   

Breakup model: Wave   

 Model constants: C1 0.61  

  C2 varied  

  C3 1  

  C4 varied  

  C5 varied  

Primary breakup model: Diesel breakup   

 Model constants: C1 0.61  

  C2 80  

  C3 10  



 138

  C4 varied  

  C5 varied  

  C6 varied  

  C7 0.2  

  C8 1e+12  

  C9 0.188  

  C10 1  

  C11 0.9  
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